


Dear colleague, 

We are pleased to present to you the papers submitted for the 4th Eurasphalt & 
Eurobitume Congress to be held 21-23 May 2008 in the Bella Center in Copenhagen. 

This pdf-file contains the full text of the 200 papers that were accepted for publication. The 
papers have been assigned into one of the eight sessions and each session has its own 
clear subject(s). A Scientific Committee of 139 experts has reviewed all the received papers 
and several papers were rejected to have high level papers for the congress. On the basis of 
the review results and the rating of the papers 22 of the best and most interesting papers 
were selected for oral presentation at the congress on May 21-23, 2008. 

The Technical Programme Committee wishes to express its gratitude to the members of the 
Scientific Committee for their work reviewing, rating and highlighting the most significant and 
interesting parts of the papers in order to assist the moderators in their work. 

We also wish to express our appreciation to all the authors who have submitted papers. 
Several of the authors took advantage of the Meet-the-author Poster Session for displaying 
and promoting the messages from their papers. The authors had been asked to be present 
with their posters during the Meet-the-author Poster Session, which gave the participants a 
further opportunity to discuss ideas, and to take notice of those papers that were not 
presented. 

On behalf of the Technical Programme Committee of the Eurasphalt & Eurobitume Congress 
2008 and the Steering Group I wish you a warm welcome to Copenhagen and a very 
rewarding participation. 

Egbert Beuving 
Chairman of the Technical Committee 



Provisional Programme Eurasphalt & Eurobitume Congress 2008 

Tuesday 20 May 2008 

Pre-registration available at  
 The Bella Center  10.00 – 16.00  hours 
 Admiral Hotel    17.00 – 21.00  hours 
 Radisson Scandinavia Hotel 17.00 – 21.00  hours 

Wednesday 21 May 2008 

8.00 Registration in the Bella Center 

9.30-10.45 Opening Session 

Opening by the Organisers 
Welcome greetings by Ms. Carina Christensen, Danish Minister for 
Transportation

Key note addresses  
Mr. Daniel Tardy, President FIEC (European Construction Industry 
Federation)  
Mr. Zoltán Kazatsay, Deputy Director-General of DG Transport and 
Energy, the European Commission 

Opening of exhibition 

10.45-11.15 Coffee Break 

11.15-12.30 Session One – Drivers for Good Infrastructure  

Panel discussion led by Manuel Battista of World Highways Magazine 

Panel Members: 
Christophe Nicodème, European Union Road Federation - ERF  
Aline Delhaye, Federation of European Motorcyclists' Associations 
- FEMA 
Steve Phillips, Forum of European National Highway Research 
Laboratories - FEHRL  
Representative of Danish Road Administration  
Vilrid Femoen, Norwegian Road Federation 

12.30-14.00 Lunch in the Exhibition area  

14.00-15.30 Session Two – Financing of Road Infrastructure  

Panel debate with short presentations by the panel members, led by 
Michel Demarre, Colas  



Panel Members:  
Brigitte Wesierski; Bundesverband Öffentlicher Banken 
Deutchlands (VöB), European Association of Public Banks, “New 
Developments in PPP for Road Infrastructure in Germany” 
John D’Angelo; Federal Highways Administration, “Technology 
transfer in an evolving industry”  
Eric Brangier; Colas, “Municipalities and PPP – The Portsmouth 
Example” 
Alberto Jimenez; Grupo SyV, Spain, “Developments and 
experiences within road concessions”  

15.30-16.00 Coffee Break 

16.00-17.30 Session Three - Whole Life Responsibilities 

Chairman: Dariusz Sybilski (IBDiM, Poland) 

Moderator One: László Gaspar (KTI, Hungary)  

Dale S. Decker; D. S. Decker LLC, USA, “Comparison of quality 
assurance versus quality control test results from Maryland State 
Highway Administration” 

André-Gilles Dumont, Chairman PIARC Committee 4-3.1  
EPFL-Lavoc, Switzerland, “The success story of Long Life 
Pavements” 

Moderator Two: Andrew Collop (Nottingham University, UK) 

Frank Stephan, Deutag GmbH & Co. KG, Germany, “Recycling 
of reclaimed asphalt from porous asphalt” 

Jiri Fiedler, Eurovia Services, s.r.o., Czech Republic, “Influence 
of accelerated curing on cold recycling” 

9.30-17.30 Exhibition & Posters  

19.00-21.00 Congress Reception hosted by the Lord Mayor of Copenhagen – the
venue Copenhagen Town hall 

Thursday 22 May 2008 

9.00-10.30 Session Four – Today's Technical Answers to today’s challenges  
part one:  Focus on binders and the characterisation of their properties 

Chairman: Carl Robertus (BP, UK) 

Moderator One: Chris Southwell (Refined Bitumen Association, 
UK) 



Graziella Durand, Colas S.A .,  France “Chromatographic and 
thermogravimetric analyses of bituminous binders” 
 
Moderator Two: Erik Nielsen (Danish Roads Institute, Denmark)  
 
Gerald Reinke, Mathy Technology and Engineering Services, 
USA, “Utilization of binder stress sensitivity to investigate the 
impact of applied load, binder type, and aggregate structure on 
the rutting behaviour of bituminous mixtures” 
 
Konrad Mollenhauer, Technische Universität Braunschweig, 
Germany, “Relation between rheological bitumen characteristics 
and the resistance of asphalt against fatigue and cold 
temperatures” 

 
Félix Pérez Jiménez, Technical University of Catalonia, Spain,  
“Effect of the nature and filler content on cohesion, adhesiveness 
and rheological behaviour of the bituminous mastics”. 

 
10.30-11.00 Coffee break 

 
11.00-12.30 Poster Session – Meet-the-author 

 
12.30-14.00 Lunch in Exhibition area 

 
14.00-15.30 Session Five - Today's Technical Answers to today’s challenges  
 part two: Focus on Hot Mixes, Pavements and the advanced testing of  
 their properties and performance.  

 
Chairman: Lothar Drüschner (Deutag GmbH & Co. KG, 
Germany) 
 
Moderator One: Jean-Paul Michaut (Chairman EAPA Technical 
Committee, France)  

 
André Molenaar, Delft University of Technology, The 
Netherlands,  
 “Advanced mechanical testing of Polymer Modified base course 
mixes”  

 
Erik Denneman, CSIR, South Africa, “Forensic investigation into 
the performance of hot-mix asphalt” 
 
Moderator Two: Nils Ulmgren (NCC, Sweden)  

 
Ferhat Hammoum, Laboratoire Central des Ponts et 
Chaussées, France, “Laboratory evaluation of the resistance to 
tangential forces of bituminous surfacing”  

 



Christiane Weise,  University of Technology Dresden, 
Germany, “Determination of the fatigue behaviour of asphalt 
mixes with the triaxial tensile test”  

 
15.30-16.00 Coffee Break 

 
16.00-17.30 Session 6 – Tomorrow's Technical Opportunities and Challenges 
 

Chairman: Slovenko Henigman (ZAS, Slovenia) 
 
Moderator One: Jean-Pascal Planche (Total, France)  

 
Cristina Flego, Eni R&M Div., Italy, “Structural and rheological 
properties of aged modified bitumen: Effect of SBS architecture” 

 
Claus Thorup, Colas, Denmark, “High Modulus GAB II: A 
Danish experiment”  

 
Moderator Two: Juan José Potti (ASEFMA, Spain)  

 
Stefan Vansteenkiste, Belgian Road Research Centre, 
Belgium, “Validation of the indirect tensile strength ratio (ITSR) 
as a performance indicator for water sensitivity of asphalt 
pavements” 

 
Brice Delaporte, SETEC – groupe ROGER MARTIN, France, 
“New mastics and mixtures made with ultrafine particles: 
presentation and linear properties” 

9.00-17.30 Exhibition & Posters  
 
19.00   Pre-congress dinner drinks at Oksnehallen 
20.00  Congress Dinner  
 
Friday 23 May 2008 
 
8.30-8.45 Special pre-session lecture by Mike Acott (NAPA, USA)  

“State-of-the-art of Warm Mix Asphalt use and developments in the  
USA”  

 
8.45-10.15 Session Seven: Energy reduction/ Lower temperature  

technologies/ Technology Transfer 
 

Chairman: Mike Southern (Eurobitume, Belgium) 
 
Moderator One: Norbert Simmleit (Strabag S.E., Germany)  
 
Hilde Soenen, Nynas Bitumen AB, Belgium, “A laboratory study 
on the use of waxes to reduce paving temperatures”  
 



Moderator Two: Harry Roos (VBW-Asfalt, The Netherlands)  
 

François Olard,  EIFFAGE Travaux Publics, France, “Low 
energy asphalts for sustainable road construction” 
 
Moderator Three: Bernard Eckmann (IBEF, France) 
 
Ray J Farrelly, Centre for Pavement Engineering Education,  
Australia, “Innovation to implementation via awareness and 
acceptance” 

 
10.15-10.45 Coffee Break 

 
10.45-12.15 Session Eight – Innovation showcase  

 
Egbert Beuving, (EAPA, Belgium)  “Developments during 4 
E&E congresses”  
 
Cristina Marolda, Directorate-General for Research - Surface 
Transport, European Commission (Belgium) 
 
Sergei Miller,  University of Twente, The Netherlands, “Paving 
the way forward: A case study in innovation and process control”
   

 
Paul Phillips,  Aggregate Industries UK Ltd., UK, “Development 
of a Life Cycle Assessment Tool for sustainable construction of 
asphalt pavements”   

 
Emre Gencer, E-MAK, Turkey, “Energy saving and cost 
reduction by integrating the new closed aggregate preparation 
system to asphalt plants”  
 
Announcement of the Best Poster and presentation of the Best 
Poster Award  
 

12.15-12.35 Closing session  
 

Congress closure: EAPA and Eurobitume presidents  
 
12.35-14.00 Lunch in Exhibition area 

 
8.30-15.00 Exhibition & Posters  
 



Sessions 
 
Session 1 - Drivers for Good Infrastructure 

No papers in this session 
 
Session 2 - Financing of Road Infrastructure 
 3 papers in this session 
 
Session 3 - Whole Life Responsibilities 
 33 papers in this session 
 
Session 4 - Today's Technical Answers to today’s challenges part one 
 43 papers in this session 
 
Session 5 - Today's Technical Answers to today’s challenges part two 
 40 papers in this session 
 
Session 6 - Tomorrow's Technical Opportunities and Challenges 
 42 papers in this session 
 
Session 7 - Energy reduction/ Lower temperature technologies/ Technology  

Transfer 
 39 papers in this session 
 
Session 8 - Innovation showcase  
 3 papers in this session 
 



Session 2 
 
200-003 Finch Andrew 
The Portsmouth Street Ahead “Portsmouth Street Ahead 
 
200-002 OZENEN CEM 
Public Private Partnerships and Turkish Experience 
 
200-001 Prozzi Jorge 
Usage – based pricing of highway construction cost 
 
 



Session 3 
 
403-026 Ahadi M. R. 
THE INFLUENCE OF RECLAIMED ASPHALT PAVEMENT (RAP) ON TENSILE STRENGTH OF HOT MIX 
ASPHALT 
 
403-007 Ballié Michel 
Cold recycling of surface dressings with bitumen emulsion for low traffic road surfacings. 
 
403-021 Ballié Michel 
Cold recycling processes for bitumen emulsion, technical appraisal of in-situ performance and advantages 
on environmental impacts. 
 
403-002 Bang Sangchul 
Full Depth Reclamation on Existing Asphalt Pavements 
 
403-003 Carswell Ian 
RECYCLING SURFACE COURSE MATERIALS BACK INTO THIN SURFACING 
 
300-549 Dafa Nissim 
ENHANCING THE QUALITY OF ASPHALT THROUGH CONTINUOUS CONTROL AT THE PRODUCTION 
PLANT 
 
403-020 Dave Eshan 
Forensic Methods for Detection of Recycled Asphalt Materials 
 
300-002 Davis Lita 
Performance-Based Specifications for Chip Seal Contracts 
 
300-016 Decker Dale S. 
Comparison of Quality Assurance Versus Quality Control Test Results for Maryland State Highway 
Administration 
 
403-025 Didier Thouret 
The general council of the Charente Ma ritime innovates with a  geogrid. in a  cold in place recycling process 
 
403-019 Dubois Vincent 
Mix design of bituminous materials including reclaimed asphalt pavement 
 
300-017 Dumont André-Gilles 
The success story of Long Life Pavements 
 
403-008 ECKMANN Bernard 
Stiffness of cold recycled materials 
 
403-004 Fiedler Jiri 
The influence of accelerated curing on cold recycling 
 
403-009 LOPEZ Emile 
THE REGENERATION OF THE BITUMEN OF THE USED ASPHALTS: THE SUSTAINABLE 
DEVELOPMENT FOR ROAD BITUMINOUS MATERIALS 
 
 
 



Session 3 
 
300-556 Miller S.R. 
PAVING THE WAY Forward: A CASE STUDY IN INNOVATION AND PROCESS CONTROL 
 
300-006 Nicholls Cliff 
Encouraging Durability in the Specification, Manufacture and Laying of Asphalt Pavements 
 
300-007 Nicholls Cliff 
Performance Data on Thin Surfacing Systems after up to 15 years in Service 
 
403-527 OLARD François 
VERY HIGH RECYCLING RATE (>50%) IN HOT MIX AND WARM MIX ASPHALTS FOR SUSTAINABLE 
ROAD CONSTRUCTION 
 
403-006 Porot Laurent 
Laboratory mixture ageing protocol for RAP production 
 
300-012 Refsdal Geir 
The sevice life – The factor that persides over the economy in asphalt surfacing 
 
403-017 Renken Peter 
Aging and recycling aspects of porous asphalt layers 
 
300-014 Schindler Kerstin 
Deformation Properties for the analytic design of asphalt structures 
 
300-010 Sivapatham Pahirangan 
PERFORMANCE OF ASPHALT PAVEMENTS WITH HIGH POLYMER MODIFIED BITUMEN -A Life-Cycle 
Study- 
 
403-022 Soto Sanchez José Antonio 
Warm in-plant recycling with bituminous emulsions 
 
300-004 Spoof Harri 
How to design long-term maintenance contracts? – Pilot project in Finland 
 
403-011 Stephan Frank 
Recycling of Reclaimed Asphalt from Porous Asphalt 
 
300-015 Su Zhao 
PREVENTIVE MAINTENANCE OF DENSE ASPHALT PAVEMENTS BY MEANS OF REJUVENATION 
TECHNOLOGY 
 
403-014 Tebaldi Gabriele 
Laboratory Evaluation of the effect of additive type on cold-recycling mixture performance 
 
403-015 Thomas Todd 
Analytical Modeling and Field Performance of a Full Depth Reclamation Pavement 
 
403-001 van deWall Alex R.G. 
From Porous asphalt to Porous Asphalt 
 
 



Session 3 
 
300-013 Wang Hui 
Evaluation Method of Asphalt Pavement Performance Based on Data Envelopment Analysis 
 
300-005 Widyatmoko Iswandaru 
LABORATORY AND PILOT SCALE ASSESSMENT OF LONG LIFE SURFACING FOR HIGH-TRAFFIC 
ROADS 
 



Session 4 
 
402-018 Ballié Michel 
Innovative plant- based binder for road mixes and pavement surfacings 
 
402-009 Barra Breno 
ANALYSES OF ASPHALT PAVEMENT STRUCTURES COMPRISING MECHANISTIC-COMPUTERIZED 
TOOLS, EMPIRICAL DESIGN METHODOLOGIES AND LABORATORY FATIGUE TEST DATA 
 
402-064 Chailleux Emmanuel 
Evaluation of the three-point bending test as a tool to qualify the low temperature behaviour of bituminous 
binders 
 
402-091 DURAND Graziella 
Chromatographic and  thermogravimetric analyses of bituminous binders 
 
402-049 ECKMANN Bernard 
Complex modulus of bituminous binders. Results of the Round Robin Test of the GE1 working group 
(France) 
 
402-114 Gajári George 
Asphalt as a granular material 
 
402-054 Giuliani Felice 
Experimental evaluation of asphalt binders high specification temperature based on low-shear viscosity 
concept. 
 
402-043 Graczyk Miroslaw 
THE SELECTED PROBLEMS OF MULTI-LAYER PAVEMENTS MODELLING IN DESIGN AND 
DIAGNOSTICS. 
 
402-089 Guericke Rolf 
A new “softening point” – Based on asphalt pavement performance figures 
 
402-014 Hagner Tobias 
An Analysis Procedure for the Quantitative Evaluation of Deformation Energy of Binders 
 
402-059 Hase Manfred 
The influence of low temperature behaviour of polymer modified binders and of cryogenic tensile stress in 
asphalt on the  life of cycle traffic areas 
 
402-060 Hase Manfred 
Optimization of testing conditions for measurement and interpretation of performance related tests on 
bituminous binders with Dynamic Shear Rheometer 
 
402-092 Kiehne Alexander 
Design of flexible pavement layers 
 
402-061 Kriz Pavel 
Temperature dependendence and thermo-reversibility of physical hardening of asphalt binders 
 
402-031 Krol Jan 
Microstructural characterisation of polymer modified bitumen by computer image analysis 
 



Session 4 
 
402-076 Leite Leni 
Atomic force microscopy on asphalt binders and modified asphalts 
 
402-012 Lu Xiaohu 
A Simple Test Method for Determination of Waxes in Crude Oils and Bitumens 
 
402-093 Ludwig Stefan 
Design and development of asphalt long life pavements 
 
402-085 Lynn Todd 
Integrated Testing and Modeling Approach to Develop Accelerated Testing Sections for Asphalt Overlay-
Interlayer Systems Over PCC 
 
402-040 Maliszewski Maciej 
Theoretical models of road meshes and their use in standard pavement designing software 
 
402-083 Mehta Yusuf 
An Evaluation of the Rutting Prediction Using Nationally Calibrated Models in the Mechanistic- Empirical 
Pavement Design Guide 
 
402-084 Mehta Yusuf 
A Framework for Validation of the Nationally Calibrated Models in Mechanistic-Empirical Pavement Design 
Guide for a State Agency 
 
402-048 Micaelo Rui 
DISCRETE ELEMENT MODELLING OF ASPHALT MIXTURES COMPACTION 
 
402-042 Miró Recasens Rodrigo 
Characterization of bitumen from cohesion, tenacity, rheology and fatigue cracking resistance 
 
402-019 Nigen-Chaidron Sophie 
Rheometrical quantification of Bituminous Binders for specification purposes 
 
402-020 Nigen-Chaidron Sophie 
Peeling of Bituminous Binders 
 
402-115 Nunn Mike 
IS NOW THE TIME TO REVISE OUR  Thoughts ON FLEXIBLE PAVEMENT DESIGN? 
 
402-044 Pérez Jiménez Félix 
Relation between the fatigue behavior of bitumens and bituminous asphalt mixtures 
 
402-045 Pérez Jiménez Félix 
Effect of the nature and filler content on cohesion, adhesiveness and rheological behavior of the bituminous 
mastics. 
 
402-120 Peth  Laszlo 
Influence of temperature distribution on the design of pavement structures 
 
402-110 Puello Méndez Juliana 
Colombian bitumens: Rheological, chemical and FTIR analysis during their accelerated aging 
 



Session 4 
 
402-094 Puzic Olga 
Defining Binder Quality Acceptance Based on Established Testing Reproducibility 
 
402-112 Reinke Gerald 
Utilization of Binder Stress Sensitivity to Investigate the Impact of Applied Load, Binder Type, and Aggregate 
Structure on the Rutting Behavior of Bituminous Mixtures 
 
402-077 Renken Peter 
Relation between rheological bitumen characteristics and the resistance of asphalt against fatigue and cold 
temperatures 
 
402-037 Robert Jurczak 
The Effectiveness Estimate of Asphalt Modification  using SBS Elastomer , based on the application of low 
curves 
 
402-038 Soenen Hilde 
Evaluation of binder recovery methods and the influence on the properties of polymer modified bitumen. 
 
402-104 SUCH Christian 
Properties and performances of asphalt binders and asphalt mixes modified with poliphosphoric acid 
 
402-108 SUCH Christian 
CHARACTERISTICS OF THE  Bitumious  BINDERS AND their consequnces on the mechanical 
performances of asphalt 
 
402-117 Thimm Laima 
Qualitive discrimination of bitumens and quantitative determination of their additives by infrared spectroscopy 
 
402-087 Vacin Ota 
The Evaluation of Performance Related Properties of Czech Road Bitumens 
 
402-021 Vonk Willem 
The relevance of ductility specifications for polymer modified bitumen 
 
402-039 Wörner Thomas 
Optimization of BBR-Testing for Low Temperature Behaviour 
 
402-006 Zolotarev Victor 
Influence of joint introduction of polymers and adhesive agents on bitumens properties 
 



Session 5 
 
402-101 Bochove, van Gerbert 
The state of the art in the field of silent road surfaces 
 
402-102 Bochove, van Gerbert 
A new type Asphalt Surface Layer on Steel Bridge Decks 
 
402-002 Brennan Michael 
The Accoustic Performance of a Rubber Crumb Modified Asphalt Surfacing 
 
402-011 Carswell Ian 
Improved design of asphalt overlay treatments to concrete pavements 
 
402-065 Collop Andrew 
The Effects of Simulated Trafficking on Bond Between Asphalt Layers 
 
402-008 De Jonghe Tony 
Healing: important factor for the design of asphalt pavements 
 
402-066 Delorme Jean-Luc 
Fatigue resistance of bituminous mixes: variability analysis in the pavement and correspondence with the 
type testing 
 
402-028 Denneman Erik 
Forensic investigation into the perfomance of hot-mix asphalt 
 
402-088 GAUDEFROY Vincent 
Compactability of cold bituminous mixes: a new device devoted to emulsion-treated gravel characterization 
 
402-105 GAUTHIER Gilles 
Stiffness and fatigue properties of bituminous mixtures : effect of the bitumen type and the bitumen content 
 
402-058 Genaro Daroca 
USE OF EAF STEEL-MAKING SLAG AGGREGATES FOR HOT-MIX ASPHALT FOR SURFACE LAYERS 
 
402-069 Hakim Hassan 
Evaluation of indirect tensile test according to en standard 
 
402-100 HAMMOUM Ferhat 
Laboratry evaluation of the resistance to tangential forces of bituminous surfacing 
 
402-113 Jenkins KJ 
CHARACTERISTICS OF MATERIALS STABILISED WITH FOAMED BITUMEN 
 
402-013 Karcher Carsten 
Assessment of the deformation behaviour of asphalt in the cyclic compression test 
 
402-005 Liyan Shan 
Healing Characteristicof Asphalt 
 
402-050 Lobach Thomas 
Effects of different bonding systems on the mechanical properties of laboratory compacted two-layer asphalt 
systems 



Session 5 
 
402-029 McHale Michael 
Performance of asphalt surfacings in Scotland 
 
402-055 Mollenhauer Konrad 
Testing of fatigue and deformation properties in uniaxial tension tests 
 
402-056 Mollenhauer Konrad 
Comparison of fatigue characteristics in swelling tensile and 4-Point-Bending tests 
 
402-032 Nielsen Erik 
Danish Asphalt Rut Tester – bridging the gap between laboratory and real life 
 
402-017 Páez Antonio 
The use of asphaltic mixtures in high-speed track. An approach 
 
402-097 POUTEAU Bertrand 
Tack coats performance – towards a design method? 
 
402-098 POUTEAU Bertrand 
Laboratory assessment of road macrotexture durability 
 
402-119 PRAPOORNA BILIGIRI KRISHNA 
PAVING MATERIAL PROPERTIES AND TIRE / PAVEMENT NOISE 
 
402-080 Praticò Filippo Giammaria 
Asphalt concretes for fuel – resistant roads 
 
402-116 Pszczola Marek 
EFFECTIVENESS OF  GEOGRIDS REINFORCEMENT OF SELECTED ASPHALT PAVEMENTS IN 
POLAND 
 
402-071 Renken Peter 
Testing of cold characteristics of asphalt 
 
402-067 Ripke Oliver 
Improving porous asphalt by research on the clogging process 
 
402-022 Scholten Erik 
Advanced mechanical testing of polymer modified base course mixes 
 
402-046 Schünemann Marco 
Stone Mastic Asphalt:  New design for asphalt Binder Courses Mixes with increased Stability and Resistance 
to Fatigue 
 
402-034 Sivapatham Pahirangan 
IMPACTS OF THE COMPACTION DEGREE OF ASPHALT MIXES ON THE ASPHALT PAVEMENT 
PERFORMANCE – Temperature Dependent Resilient Modules, Rutting and Fatigue– 
 
402-118 Taormina Sabina 
SENSITIVITY ANALYSIS OF ASPHALT CONCRETE MATERIAL PROPERTIES IN THE MECHANISTIC-
EMPIRICAL PAVEMENT DESIGN 
 



Session 5 
 
402-007 Thau Mikael 
1st Generation system for specification and documentation of asphalt surfacings exhibiting noise-reducing 
properties 
 
402-081 Varaus Michal 
Experience with the functional tests of asphalt concrete mixtures according to the new European standards 
in the Czech Republic 
 
402-015 Weise Christiane 
Determination of the Fatigue Behaviour of Asphalt Mixes with the Triaxial Tensile Test 
 
402-086 Wilanowicz Jaroslaw 
EVALUATION OF QUALITY AND FUNCTIONAL PROPERTIES OF BAGHOUSE FILLERS FROM A DUST 
EXTRACTOR 
 
402-025 Xu Hui-ning 
The influence of the change of gradation on asphalt mixute’s volume parameters 
 
402-024 Zhang Hongchao 
Investigations of the Asphalt Pavements Failures in China 
 
402-016 Zofka Adam 
Investigation of Asphalt Mixture Creep Compliance at Low Temperatures Using Thin Beam Specimens 
 



Session 6 
 
406-003 Adorjányi Kálmán 
Water sensitivity evaluation of AC mixes with antistripping additive by different mechanical tests 
 
401-001 Al-Hadidy Abdul-rahim I.Jasim 
Sulfur Waste-Asphalt as a Waterproofing Materials 
 
401-018 Alves Pereira Paulo António 
Comparison between Asphalt Rubber and Conventional Mixtures in Overlay Design 
 
406-018 Ammendola Rachele 
Assessing longitudinal joints quality in road flexible pavements 
 
406-005 Bausano Jason 
A Testing Suite for Characterizing Moisture Damage 
 
401-030 Bennert Thomas 
Polyphosphoric Acid in Combination with Styrene-Butadiene-Styrene Block Copolymer : Mix Fatigue 
Resistance and Permanent Deformation Evaluation 
 
401-006 Besamusca Jeroen 
Problems with Dutch regulations regarding pmb recovery 
 
404-004 BUECHE Nicolas 
Laboratory and ALT-evaluation of high stiffness underlayers with high percentages of re-use as developed in 
the NR2C-project 
 
404-006 CARBONNEAU Xavier 
High Modulus Asphalt  GBA II: Danish Experiment 
 
401-002 Conde Julio 
Utilization of waste slate in HMA(Hot Mix Asphalt) 
 
401-025 de A. Soares Sandra 
THERMO-RHEOLOGICAL BEHAVIOR OF MODIFIED BITUMENS ADDING VIRGIN AND WASTE 
POLYMERS 
 
404-001 DE BACKER Claude 
Test sections in high-modulus asphalt: a comparative experiment with ten variants 
 
404-002 De Visscher Joëlle 
Test sections in high-modulus asphalt: mix design and laboratory performance testing 
 
401-522 Delaporte Brice 
New mastics and mixtures made with ultrafine particles: presentation and linear properties. 
 
401-019 Drüschner Lothar 
Incoming Inspection of Polymer Modified Bitumen PmB 45 by an Asphalt Manufacturer 
 
401-013 Edwards Ylva 
Influence of waxes on bitumen and asphalt concrete mixture performance 
 
 



Session 6 
 
401-014 Edwards Ylva 
Influence of waxes on polymer modified mastic asphalt performance 
 
401-016 Faxina Adalberto 
Statistics-based procedure for formulation of bitumen-rubber binders using two modifiers 
 
406-019 Faxina Adalberto 
Prediction of the effect of short and long-term aging of asphalt-rubber binders modified with shale-oil residue 
using artificial neural networks 
 
401-033 Gheorghe Gugiuman 
NEW ADDITIVES FOR ROAD BITUMEN 
 
406-012 Hill Corina 
Ageing Profiles and low temperature control tests 
 
406-002 Huang Shin-Che 
The Influence of Moisture on the Aging Characteristics of Bitumen 
 
406-4131 Italia P. 
Structural and rheological properties of aged modified bitumen: Effects of SBS Architecture 
 
401-003 kumar Pramoad 
Performance of Natural Rubber Modified Bitumens in India- A pilot study 
 
406-001 Lu Xiaohu 
Ageing of Bituminous Binders – Laboratory Tests and Field Data 
 
401-020 Maldonado René 
Bitumen Modification With Polyphosphoric Acid 
 
406-010 Maliszewski Maciej 
Prediction of durability of Warsaw streets reconstruction carried out in 2004 
 
401-029 Martin Jean-Valery 
POLYPHOSPHORIC ACID AND STYRENE-BUTADIENE-STYRENE BLOCK CO-POLYMER MODIFIED 
ASPHALT: EVALUTATION OF PAVED SECTION AT THE NCAT TEST TRACK BUILT IN 2000 AND 2003 
 
401-009 Memon Mohammed 
Hyberdized Modified Asphalt (HMA) With Enhanced PG Plus Characteristics 
 
406-009 MOUILLET Virginie 
DURABILITY OF POLYMER MODIFIED BITUMENS : COMPARISON OF EVOLUTION DUE TO 
CONVENTIONAL STANDARDISED AGEING TESTS WITH THE IN SITU AGEING OF BINDERS IN 
PAVEMENTS 
 
404-003 Nicholls Cliff 
Monitoring the Introduction of Enrobé à Module Élevé class 2 onto UK Roads 
 
401-008 Páez Antonio 
Evaluation of the cohesion of crumb rubber modified bitumens by means of UCL method 
 



Session 6 
 
401-028 Pasetto Marco 
RECYCLING OF TYRE RUBBER IN POROUS ASPHALT USING DRY PROCESS: A LABORATORY 
CHARACTERISATION 
 
406-011 Piérard Nathalie 
Impact of moisture on the ageing of bituminous binders and asphalt mixtures 
 
406-017 Planche Jean-Pascal 
Ageing Properties of Elastomer modified binders 
 
401-005 Topal Ali 
Effect of SBS Polymer  Modified Bitumen on the Ageing Properties of  Asphalt 
 
401-012 van de Ven Martin 
Nanotechnlogy for binders of asphalt mixtures 
 
401-026 van de Ven Martin 
Modified hard binder to improve low temperature behaviour 
 
406-014 Van den bergh Wim 
Aged-Bitumen Bound base  structure (AB3) : state of the art 2007 
 
406-004 Vansteenkiste Stefan 
Validation of the Indirect Tensile Strength Ratio (ITSR) as a performance indicator for water sensitivity of 
asphalt pavements 
 
401-011 Wang Xudong 
The Current Situation and Vistas of the Application for Crumb-rubber Asphalt Pavement in China 
 
401-022 Wasage Thamindra 
Creep Characteristics of Conventional, Oxidized, Polymer and Tire Crumb Rubber Modified Asphalt Binders 
and Mixtures 
 



Session 7 
 
500-058 Acott Mike 
WARM-MIX ASPHALT IN THE U.S.A. STATE OF THE PRACTICE 
 
500-014 Andersen Eivind 
Road trials with vegetable oil based  Bitumen in Norway 
 
500-011 Ballié Michel 
The skidding resistance of bituminous concretes: correcting for the polishing resistance by mix design. 
 
500-025 Barreto Gilles 
Warm Asphalt Mixtures By Chemical Additivation: Field tests and laboratory studies 
 
500-031 Bommert Franz 
Low-temperature Asphalt - Implementation of a technology 
 
500-020 Cabral Gustavo 
CALCINED CLAY AGGREGATE: A FEASIBLE ALTERNATIVE FOR BRAZILIAN ROAD CONSTRUCTION 
 
500-010 CARBONNEAU Xavier 
Environmentally-friendly energy-saving mixes. 
 
500-019 Dal Toé Casagrande Michéle 
THE APPLICABILITY OF ASPHALT BINDER OIL RESIDUE IN LOW TRAFFIC ROADS 
 
500-040 de A. Soares Sandra 
Looking at the Emission of Polycyclic Aromatic Hydrocarbons From Asphalt Binders 
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ABSTRACT

Highway construction cost allocation has been a common concern among legislatures, highway agencies, highway and 
users for their different perspective of focus. It is directly relevant to the issue of equity involving cost responsibility and
actual user fee charges. Continuous effort has been made to improve the means of highway construction cost allocation 
toward more rationally. Few existing approaches are satisfactory due to lack of traffic data or the deficiency of the 
approach per se. This study proposes a new and more holistic approach for highway construction cost allocation based 
on usage of different user groups. Two usage-based allocators, vehicle miles travel on axles and on axle load, are 
established in this study for three cost components, right of way, non-load and load related pavement costs. In 
determining load related cost, recently developed mechanistic empirical pavement design guide is employed to come up 
with more realistic estimation of each user group’s responsibility. With traffic volume data from TLOG and axle load 
data from weigh-in-motion station, a case study is conducted for allocating highway construction cost in a segment of 
interstate highway in Texas. The results are provided with cost percentages among different user groups.     

Key Words: Highway Pricing, Construction Cost Allocation, Equity, Pavement 

1. INTRODUCTION 

Traditionally, new construction and maintenance cost of highway infrastructure paid by revenue through highway trust 
fund (HTF) in the United Sates. The revenue is collected based on a series of criteria established in Highway Cost 
Allocation (HCA) study. The purpose of HCA study is to pursue rational and equitable cost charges attributed to 
different user groups. Estimation of their cost shares usually involves a variety of complex factors such as traffic 
characteristics, highway grade, pavement structural and material properties, environmental effect, and the others. It 
should be noted that no unambiguous method is available for efficient HCA although there are an extensive number of 
studies involved with this particular issue.  

HCA studies have been periodically updated at both state and Federal levels with the evolution of technologies such as 
data collection and cost allocation method per se. On the basis of accumulated effort in HCA studies, the Federal 
Highway Administration (FHWA) published a document providing the framework and methods to aid with the cost 
estimation (1982). The 1982 version of HCA study was replaced by the1997 version, which is currently being used in 
the U.S. Despite of wide application of the 1997 HCA approach, the document also suggested the need for more 
rational HCA studies in the follow-up effort. The motivation of refining HCA also comes from the urgent call on 
solving the shortfall between revenue and cost in maintaining and developing the nation’s highway infrastructure 
system. Due to the faster growing rate of highway cost than that of the revenue, it has been reported by each level of 
government or highway agency that the collected revenue rarely meets the incurred cost increasingly. 

2. EXISTING AND POTENTIAL HIGHWAY COST ALLOCATION METHODS 

There are various approaches to determining HCA, which mainly differ in theoretical implications and practical 
applicability (Truck Research Institute, 1990). The best-known approaches are incremental and proportional methods 
(Castano-Pardo, 1995).  

The incremental method and its family (modified incremental methods) enjoy the most popular application. In the 
traditional incremental method, vehicle classes are added to a base pavement (theoretically, a pavement capable to 
sustain the lightest vehicle class) sequentially. Incremental pavement thicknesses can thus be step by step determined 
due to axle loading added from that vehicle class. The American Association of State Highway and Transportation 
Officials (AASHTO) pavement design equations play a central role in the calculation process (1993). This method was 
further improved in FHWA’s 1982 HCA study and by Fwa and Sinha (1985) respectively. Concerning the proportional 
method, it is widely applied in HCA due in large part to its ease in application. The cost is allocated among vehicle 
classes based on one of the allocators including Vehicle-Miles-Travel (VMT), Equivalent Single Axle Load (ESAL), 
and others. 
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As can be shown in the existing literature, traffic load is one of the key factors determining cost allocation among 
different user groups or vehicle classes since a pavement is designed to sustain traffic and it deteriorates under the 
impact of traffic load. It should be pointed out that all of the aforementioned approaches involve traffic load in terms of 
ESALs, which is established based on empirical analysis on AASHTO Road Test in Illinois in late 1950’s (HRB, 1962). 
A variety of factors involving different test location and environment from Illinois, traffic configuration change, 
material change, and deficient model parameter estimation lead to biased estimation of ESAL and thus its use in cost 
allocation to be questioned. The detailed deficiency on ESAL was discussed in Hong et al. (2007). To address these 
concerns, a new approach based on recently developed Mechanistic-Empirical Pavement Design Guide (MEPDG) 
under National Cooperative Highway Research Program (NCHRP) project 1-37a will be adopted (2002).  

In recent years, the concept of usage-based highway pricing scheme has been in discussion. For example, a trend for 
HCA is directed to using Vehicle Miles of Travel (VMT) as suggested in the 1997 HCA study as an allocator to 
estimate each user group’s responsibility. As is implied in its definition, VMT incorporates travel distance in cost 
responsibility estimation. Despite its advantage over the existing approaches, cost estimation only based on VMT is not 
adequate and equitable. For example, the same VMT on a same segment of highway between a passenger car and 18-
wheeler truck by no means incur the same cost simply because their significantly different size and weight. Therefore, 
to realize cost allocation equity, a more rational approach is required so that all critical factors are accounted for in an 
integrated manner.  

3. OBJECTIVE OF THIS STUDY 

Overall, highway facility mainly involves pavement and bridge. Highway pavement cost accounts for the major part of 
the total highway cost since pavement is the biggest asset in the transportation infrastructure system. Pavement cost 
consists of two components: construction cost and maintenance cost. In this study, pavement construction cost is 
highlighted.   

The objective of this study is to develop a framework for pricing highway pavement construction cost among different 
user groups, i.e. vehicle classes, based on their individual responsibility in terms of usage. 

4. PROPOSED APPROACH TO HIGHWAY COST ALLOCATION  

First of all, the components of highway construction cost are discussed. From a holistic viewpoint, construction cost 
comes from two aspects: one is material, equipment, and labor input to build the facility, which in this study is referred 
to as direct cost to build the facility; the other is right of way (ROW) acquisition cost to provide required capacity to 
traffic needs, which is referred to as indirect cost. The ratio between the indirect and direct cost varies geographically, 
e.g., across different states, urban vs. rural, etc. In addition, determination of the ratio also involves a series of other 
complex social-economic factors such as land use restriction, economic development, population level, regulatory 
issues, and political considerations. The details on estimation of ROW acquisition cost is beyond the scope of this study. 
The direct facility cost can be further divided into non-load related cost and load related cost (FHWA, 1997). A 
schematic of cost components is presented in Figure 1 and Table 1 in detail (vehicle classification, see Figure 2).  

In cost allocation, effective determination of the cost allocator for the sake of assigning each cost component among 
different user groups is a prerequisite. As is aforementioned, usage-based allocators are adopted in this study to more 
closely reflect each user group’s responsibility. Basically, two relevant vehicle characteristics can be used in terms of a 
vehicle’s use of highway: size and weight. Size is related to a vehicle’s occupation of highway space or capacity. 
Weight is related to a vehicle’s damage on highway structure (particularly referred to pavement in this study). From 
highway usage’s perspective, two parameters, number of axles and axle load damage on pavement by each vehicle class 
are adopted as proxy of size and weight respectively in this study. The reason to choose number of axles to represent 
size is because a vehicle’s size usually increases with its axle number. Furthermore, one pass of an axle on pavement 
can be reasonably regarded as one “use” of the pavement. For example, both a passenger car and a single unit truck use 
two times (in axle) of a pavement, regardless of their different weight (weight-based issue will be discussed in 
subsequent text).  

In addition, it is also important to incorporate travel distance in calculating a vehicle’s usage of highway. To address 
this, two allocators are established: axle-based VMT and load damage-based VMT. Axle-based VMT, referred to as 
VMT-Axle is defined as total axle miles of travel of a vehicle. For example, an 18-wheeler (5 axles) traveling 100 miles 
generates 500 units of VMT-Axle. Load damage-based VMT, referred to as VMT-Damage is defined as total vehicle 
miles of travel times its one-pass damage on a pavement. For example, assuming an 18-wheeler incurs 2 units of 
damage on a pavement; in a 100-mile travel it generates 200 units of VMT-Damage.  
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Figure 1: Highway Construction Cost Components and Allocators 

Table1: Cost Allocation Components Related to Different Vehicle Classes 
 Cost Allocation Components* 

Vehicle Classes ROW Non-Load Load 
1 Y Y N 
2 Y Y N 
3 Y Y N 
4 Y Y Y 
5 Y Y Y 
6 Y Y Y 
7 Y Y Y 
8 Y Y Y 
9 Y Y Y 
10 Y Y Y 
11 Y Y Y 
12 Y Y Y 
13 Y Y Y 

*Y: cost allocation factor included; N: cost allocation factor excluded 

The two established allocators are then used to assign cost responsibility from the three aforementioned cost 
components. The VMT-Axle is applied to assign costs from the ROW and non-load related pavement damage. The 
VMT-Damage is applied to assign cost from load-related damage. The relationship between cost components and their 
allocators is illustrated in Figure 1.  

Based on the established allocators for different cost components, a detailed procedure to allocate highway construction 
cost is proposed as follows. 

Step 1: Determine cost ratio between the indirect cost (ROW) and direct cost (pavement); 
Step 2: Allocate ROW cost based on VMT-Axle as the allocator; 
Step 3: Determine the ratio between non-load and load related pavement cost; 

3-a. Allocate non-load related pavement cost based on VMT-Axle as the allocator; 
3-b. Allocate load related pavement cost based on VMT-Damage as the allocator.  

Step 4: For each user group, combine its cost responsibility assigned from each cost component to obtain its total 
responsibility from all construction cost.  
Step 5: For each user group, obtain its cost responsibility in percentage among all user groups. 

Among the above 5 steps, 3-b involving determining the contribution of the individual user group to the load related 
cost deserves a special discussion. A new approach is adopted in this study to enable direct estimation of pavement 
damage share by different user groups. Considering that almost all load related damage is incurred by trucks, only 
trucks will be highlighted in the load-related cost allocation analysis. More often than not, vehicles can be categorized 
into 13 classes according to Traffic Monitoring Guide (FHWA, 2001). Among them, trucks (including buses) range 
from Class 4 to Class 13, as is shown in Figure 2. Four types of axle configurations are involved in trucks: single, 
tandem, tridem, and quads axles. These axles on different classes of trucks are usually loaded with different weights. 
Figure 3 illustrates examples for single and tandem axle load distributions/spectra obtained at a Weigh-in-Motion (WIM) 

VMT-Axle 

Cost
Allocation

Components 

Cost
Allocators 

ROW

VMT-Damage 

Non-Load Load
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station in Texas. It is shown that each class of truck features a unique distribution of axle load, which leads to different 
pavement damage among these truck classes. The damage by the individual truck classes can be obtained based on the 
following sub steps. The detailed principles and explanation are referred to Hong et al. (2007).  
 Sub-step i: Prepare input information, which includes, pavement structure, material, environment, and traffic 
(particularly axle load distributions for each truck class) 
 Sub-step ii: Determine failure criterion and threshold under which the maximum sustainable repetitions of a 
given vehicle type can be obtained.  
 Sub-step iii: For all truck classes, determine the maximum number of repetitions until pavement failure at the 
end of design life (such as 20 years), denoted as Ni. i = 4, … 13 through MEPDG (NCHRP 2002). In the same way, the 
number of repetitions until pavement failure for the mixed traffic flow is also obtained as the reference, denoted as NMix.
 Sub-step iv: Define the inverse of the ratio between the allowable volumes by each truck class to that by the 
mixed traffic flow as the relative average damage by one pass of that vehicle class. Obtain the relative damage by each 
pass for each class as,  

1/ Mixii NNR                   (1) 

Sub-step v: Obtain the cost share for each truck class as,  

13

4
)(/)(

j
jjiii RVRVC                  (2) 

Where, iV  is volume percentage for Class i in truck traffic flow.  

a) Single Axle Load Spectra 
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b) Tandem Axle Load Spectra 

Figure 3: Axle Load Spectra Obtained at A WIM Station in Texas 

In addition, it is also implied through the procedure that what remains as the key element to the cost allocation is 
determination of VMT-Axle and VMT-Load for each user group. To facilitate understand the cost allocation approach, 
a case study is presented subsequently. 

5. CASE STUDY 

5.1 Discussion of Data Source 

With the accelerating development of technology, the gap between traffic data availability and need for highway cost 
allocation is getting narrowed. Traffic volume and classification data can be obtained through automatic vehicle 
classifier (AVC) or automatic traffic recorder (ATR). These equipments installed on a big sample of highway links can 
significantly contribute to estimation of VMT. In addition, although not widely equipped, the easily-available portable 
global positioning system (GPS) equipment is forecast to be used on vehicles for accurate VMT reporting. Concerning 
axle load, WIM technique has been gaining popularity around the world, which can efficiently provide axle load 
distributions. Well-calibrated WIM equipment can provide accurate axle load records. The effect of WIM measurement 
error on load-pavement damage estimation was thoroughly discussed in Prozzi and Hong (2007). In summary, all these 
technology can significantly contribute to data needs in highway cost allocation.    

5.2 Data Set 

In the case study, a segment of 40.408 miles of interstate highway through a county in Texas is adopted. This segment 
is composed of 25 sections delineated by reference markers. Traffic volumes in terms of Annual Average Daily Traffic 
(AADT) and percentage of trucks for each section are obtained from TLOG database. It is found the average AADT 
among the 25 sections is 98,822 and average percentage of truck in the while traffic flow is 16.9. Due to unavailability 
of detailed traffic classification data on each section, it is assumed that for a given truck percentage, all sections share 
the same volume percentages among truck classes, as is shown in Figure 4. In addition, truck axle loads are available 
from a WIM Station on this segment. Load distributions/spectra of single and tandem axles on different classes of 
trucks are shown in Figure 3. Tridem and quads load spectra are not provided since they were found with negligible 
counts in the sample. It is also assumed that all sections share the same axle load distribution along this segment of 
highway.   
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Figure 4: Volume Constitute in Truck Traffic Flow 

5.3 Cost Allocation Result 

With the data at hand, two stages are carried out to obtain cost allocation result. The first stage involves running 
MEPDG program to establish the life of a given pavement under the individual truck classes respectively, which results 
in load-related damage responsibility among truck classes. The second stage involves calculating the cost responsibility 
among all vehicle classes by employing two allocators for three cost components. This stage can be carried out through 
well-designed spreadsheet. As a result, the cost allocation among different vehicle groups is obtained, see Figure 5. It is 
shown that the largest portion of cost, around 55% total cost, is contributed by non-truck, including motorcycle, 
passenger car, and pickup. The cost responsibility among these three user groups can be further obtained provided their 
volume percentage information is available. Among the 45% cost responsibility due to truck traffic, around 36% of total 
cost, is attributed to Class 9 (18-wheeler). The reason that Class 9 accounts for such a large amount of cost 
responsibility is because of its high volume percentage (over 60% among truck classes) and load-related damage 
contribution to pavement (Hong, et al, 2007). 
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Figure 5: Cost Responsibility among Different User Groups 

In addition, it should be noted that the inputs involving ROW percentage and load/non-load related ratio vary among 
different situations. In the case study, it is assumed that ROW takes 50% of total cost and load damage takes 50% 
(direct) pavement cost. To evaluate the sensitivity of cost allocation result to these two variables, a sensitivity analysis 
is carried out with both ROW and non-load percentage varying from a wide range of 30%~70%. As a representative, 
Figure 6 shows the relationship between cost responsibility and non-load percentage and ROW percentage for non-truck 
and Class 9 truck group respectively. Regarding non-truck vehicles, it is indicated that its cost responsibility increases 
with both increase of ROW or non-load percentages. Furthermore, it is implied that its cost responsibility is more 
sensitive at low percentage range of ROW or non-load. Concerning Class 9 truck, it is found that its cost responsibility 
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also increases as ROW or non-load percentage increases. However, with increase of ROW or non-load percentage, its 
cost responsibility decreases, which is opposite to that of non-truck vehicles.  
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Figure 6a: Non-Truck Vehicles 
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Figure 6b: Truck Class 9 

Figure 6: Sensitivity Analysis of Cost Allocation for Two Representative User Groups: Non-Truck Vehicles and 
Truck Class 9 

6. CONCLUSIONS 

This study proposes a usage-based approach to determining highway pavement construction cost allocation. Two cost 
alloators, VMT-Axle and VMT-Load are established to comprehensively account for cost responsibility attributed to 
different vehicle user groups. In particular, in calculating load-related cost, the recently developed M-E pavement 
design guide is used as an implement to calculate pavement damage more accurately than the traditional means. A case 
study is carried out with traffic data obtained from a WIM station in Texas. A series of scenarios are investigated with 
focus on the sensitivity of cost responsibility for different user groups. In conclusion, the underlying new approach 
proposes a more realistic, accurate, and easy- to-implement way to obtain cost allocation for newly constructed highway 
pavement. The approach is constructive to pursue the equity of highway user fees, which is the ultimate goal for HCA 
study. It is also believed that the proposed approach can be used in establishing pricing criteria in tolling projects.    
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Figure 2: Traffic Classification Scheme by TMG2001
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200-002 Public Private Partnerships and Turkish Experience. 

Do PPP’s provide a solution for the highway infrastructure problems? 

 

Cem Galip Özenen1 

 

Abstract 

Turkey as a developing country has not constructed its transport infrastructure sufficiently. Since 
transportation provides a service input for the other sectors, inadequate transport infrastructure 
causes serious bottlenecks for the country and decreases the benefits of the development efforts to 
provide competitive power, to close the development gap between the wealthy countries and to 
increase the quality of life of the citizens.  

 
As the need for more transport investments is increasing and the available public funds are 
decreasing, Public-Private-Partnerships (PPP) arise as a new and challenging opportunity for all the 
countries and for Turkey as well. The main motivation behind this study is to analyse the theoretical 
and practical aspects of PPP applications on highways, investigate the Turkish experience of PPP 
related with transportation investments and derive lessons for further projects. 
 
Key Words: Turkey, transport, public private partnerships 

Introduction-Transportation in Turkey 

The main characteristic of the Turkish transport system is the concentration on highway transportation and 
inefficient transportation system with an imbalance among the modes of transport. In Turkey, 95% of passenger 
and 90% of freight transports are realized through highways in intercity domestic transportation. There are many 
reasons for this result. Delays in developing efficient and necessary infrastructure for railway and maritime 
transport parallel with increasing transportation demand and natural competitive advantages of the highway 
transport compared to other modes can be counted as the main actors of the current situation.  
 
Composition of traffic with heavy vehicles, overloading, failure in some of the constructions and lack of 
necessary funds to be devoted for better pavements (hot mix), maintenance and repair increased the further 
deterioration of the highway network. 

 
As of 2006, the total length of road network, excluding rural roads, is 63,714 km. This network is composed of 
motorways (1,775 km), state roads (31,371 km) and provincial roads (30,568 km).  In addition to the “quality 
related” problems, road and motorway densities in Turkey compared to EU countries are much lower. (Table 1) 
 
 
 
 
 
 
 
 
 
 
 

                                                 
1 B. Sc, M. Sc. Civil Engineering, M. Sc. Economics, Planning Expert-State Planning Organisation, 
cozenen@dpt.gov.tr, cemkaria@yahoo.com 
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Table 1: Comparison of Road and Motorway Densities (2003)  

Countries Km of highway / 100 
km2 

Km of motorway / 
1000 km2 

Km of highway / 
million population 

Km of motorway / 
million population 

Czech Republic 70.3 6.6 5,436 50.8 

Poland 56.2 1.3 4,600 10.6 

Germany 64.8 33.7 2,805 146.0 

France 72.8 19.1 6,614 173.3 

EU-25 47.5 14.9 4,045 127.3 

EU-15 42.1 17.5 3,472 144.0 

Turkey 20.12  2.3 885 24.7 

Source: EU Energy-Transport Statistics (2005), Road Transport Statistics (2003), Eurostat. 

All the items mentioned above show the vital need of Turkey, which is to built roads with high quality.  
 
As a basic statement of the economy, “the needs are endless but the sources are scarce”. Public investment 
expenditures in Turkey remained unchanged in the last quarter in real terms even though the need for more 
investment increased. Transport investments composed 25% of the total public investments on the average 
between 1990-2005. But this amount is far from the actual needs and the share of public investments within 
GDP is decreasing continuously. The Figure 1 below represents the decrease in the public investments’ 
expenditures dramatically. 
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Figure 1 The Share of Public Investments within GDP 

 
Beside other factors effecting the termination of the projects, mainly due to the lack of enough budgets, 

average completion terms of the public investments are over the economic life of the projects. Average 

                                                 
2 Village roads with asphaltic pavement are included. 



 3

completion terms of transport investments is 10 years, this is 13 years for road projects, 15 years for energy and 

30 years for irrigation projects.  
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Figure 2 Average Completion Years of Public Investments 
 

 
Public Private Partnerships (PPPs) 

 
As the need for more transport investments is increasing and the available public funds are decreasing, Public-

Private-Partnerships arise as a new and challenging opportunity for all the countries and for Turkey as well. 

 

In the last quarter of the 20th century the role of the state transformed from “service provider” to “regulator-

policy provider”. Then, privatization applications started to be popular for the investments that were being 

realized by the state tradionally. 

 

Decrease in public funds, the unbalance between suppy of investments and demand for them, the idea or 

philosophy that the state is not always the best service provider and the fact that some of the investments are 

“financially attractive” for the private sector accelareted the privatization in infrastructure investments. (Özenen, 

2004) 

 

In the literature review some may meet a wide range of definitions for the PPP start from outsourcing to full 

privatization (NCPPP, 2002) and the main benefits of PPPs are to decrease costs, increase quality in service or to 

provide funds to built an infrastructure from private sector and in broader terms PPP is an alternative way to 
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provide infrastructure by making use of a combination of strengths of both public and private sectors. Thus, PPP 

contracts may cover design, built, finance, operate, repair and maintenance options in variety.  

 

PPPs in Turkey 

Especially for the last 20 years the PPP applications accelerated in the world mainly for the transport (airports, 

motorways, railroads, tunnels), education and local government (parking lots, sanitary services, trade centers) 

investments.  

 

In Turkey, legal substructure has been constituted in the last decade of the 20th century for the public private 

partnerships or mainly for Built-Operate-Transfer (BOT) model. Some huge projects have been realized by BOT 

model, namely stanbul Atatürk Airport Terminal (annual capacity 20 million passengers), Ankara Esenbo a 

Airport Terminal (annual capacity 10 million passengers), zmir Adnan Menderes Airport Terminal (annual 

capacity 5 million passengers), Antalya Airport Terminal I and II (annual capacity 10 million passengers), 

Dalaman Airport Terminal (annual capacity 5 million passengers), Bodrum-Milas Airport Terminal (annual 

capacity 5 million passengers). Those six airports are the largest airports in Turkey and serve for 91% of the total 

air traffic. 

Table 2 BOT Models in Turkish Airports. 

Project Investment  

Period-planned 

(months) 

Investment  

Period-realised 

(months) 

Operation  

Period 

Capacity 

(pax/year) 

Investment 

Cost (m $) 

stanbul 
Atatürk 

30  
 

22  
 

3 years 8 
months 20 

days 
20 398 

 

Antalya 1 24  20  9 years 5 65 
 

Antalya 2 20  12  3 years 7 
months 5 71 

 

Dalaman 24  24  6 years 6 
months 5 72  

 
Ankara 
Esenbo a 36  24 15 years 8 

months 10 235  
 

Adnan 
Menderes 24  20 6 years 8 

months 5 156  
 

TOTAL    50 
 

997 
 

Those projects have been realized through BOT models and after the transfer period the government privatised 

the country’s two largest airports (Istanbul-Ataturk and Antalya) by Lease Operate and Transfer (LOT) method. 
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Afterwards, two regional airports (Zonguldak and Alanya) have been leased to private operators by revenue 

share model. 

 

Compared to those examples in airports, in highways sector even though there are numerous projects considered 

within BOT model, only one project has been realized namely Göcek Tunnel Project. 

 

Göcek Tunnel Project 

Göcek is in the southwestern part of Turkey and it is famous worldwide for its unique and turquoise crystal clear 

bays and islands. For that reason many “high level” tourists visit that town by their yachts. The nearest airport to 

Göcek is Dalaman airport (25 km) and the highway connecting Göcek to airport passes through a mountainous 

region. Thus some parts of the highway are composed of many curves and grades.  

 

Government decided to realise Göcek Tunnel Project by BOT method. After the tender the winner company 

which offered minimum construction plus operation period, constructed a 926 m long 2x1 tunnel with 

connection roads and the toll system. The cost of the project is 10 m US dollars and the private company will 

operate the tunnel for 25,5 years.  

Table 3 Some Measures of the Road and Tunnel 

 Before  After 

Length of the road section 4900 m 926 m 

Number of curves 26 (all out of Highway Standards) - 

Vertical Grade  9% 1,7% 

Pavement Type Surface Treatment Hot mix 

 

Benefits (and some critics) of the project; 

 

- Göcek Tunnel is the first PPP project in Turkish highways.  

 

- Necessary fund for the tunnel investment is provided by the private sector. 

 

- The project shortened the highway by 4 kms and compared to the old section the tunnel provided more 

comfortable and safe trip and saving on vehicle operating cost. In that analysis the old section of the road is 

characterised with old surface treatment (R=4) at mountainous terrain while the tunnel as with hot mix (R=2) 

and for the time saving analysis each automobile is considered to have 2,5 passengers while each bus to have 

28,3 passengers. Unit values and assumptions are based on the Highway Planning Manual of General Directorate 

of Highways. 
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Figure 3 The Effect of Tunnel on Vehicle Operating Costs 
 

- Saving in time of construction. According to the contract, the construction period is 2 years and operation 

period is 26 years. However the private company could not accomplish to complete the project on time and 

asked the General Directorate of Highways for the reduction of 6 months in operation period and extension of 6 

months of the construction period. This is approved and accordingly the company will operate the tunnel for 25,5 

years. Even with the result that the project could not be constructed on time, comparing with the similar projects 

carried under the Public Investment Programme, one can accept that there is an improvement on the completion 

time of construction. If that project would fund by public sources because of the number of the projects and with 

limited amount of budget available, it would be completed in 4 or 5 years period. 

 

- Here it is better to mention that saving in time of construction is way more clear in airport terminals. As stated 

above in Table 2, up to 40% saving has been realised in construction period of time comparing the planned and 

realised construction time.  

 

- Savings in travel time; compared to the old road section with curves and high grades, the tunnel provided the 

vehicles to pass that hilly terrain in a shorter time. The figure below presents that an automobile, including the 

time elapsed at the tolls, saved about 4 minutes. 

 

 - A good revenue generating operation; From the private operator’s point of view Göcek Tunnel is a financially 

feasible project. Traffic volumes and revenues reveal that break even point of the profitability is the fifth year 

after the first operation. The studies show that the financial internal rate of return is about 22%. 
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Figure 4 Savings in Travel Time after the Tunnel 
 

 

- Since that project is a feasible and profitable project for the operator, one may ask the question about the risk 

allocation between the parties, i.e. between public and private parts. The financial analysis and traffic volumes 

prove that even there are, above-mentioned, lots of economical gains after the realization of the tunnel, still 25,5 

years of operation period seems to be somehow long. This can be explained with that the risks for the private 

parties before the bidding were not clear enough. Since that tunnel was the first PPP application on highways, it 

is expected from the public side to have more transparent and competitive system in order to have better results 

from the tenders.  

 

- This shows that capacity building is an urgent and needed item for the public side, especially for the titles of 

planning, risk sharing and management, tendering, monitoring and evaluating related with the PPP projects. 

 

- Benefits for the public side; Being the first PPP application in highways sector, even with many critics, this 

project created many benefits for the public side. Namely the experience about; tendering, contracting, risk 

sharing, supervising and monitoring is an asset and it is commonly believed that public side will use that 

experience in the future projects. Increased competition-as the one in airport terminals- is also an important gain; 

Initially Antalya Airport Terminal I has been transferred to a private company to be operated for 9 years, 

whereas for Antalya Airport Terminal II that period decreased to 3 years and 7 months.  

 

- Benefits for the private side; For the private companies this project proved that infrastructure investments have 

an opportunity for commercial enterprises. After especially the airport terminal projects, private sector have 

enthusiasm to enter the PPP market. 

 

Conclusions 
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Especially for the governments having fiscal budgetary problems, PPP can be anticipated as a new source of 

finance. However not only fiscal issues but also use of efficient and innovative approach of private sector 

involvement increase the attractiveness of PPPs. The worldwide PPP experiences for the provision of 

infrastructure reveal that, faster construction and earlier gains for the economy, efficiency, competition, 

innovative and creative operations resulting synergy are some of the specific benefits of PPPs. 

 

As presented above in Turkey, which has bottlenecks in public finance, the driving force to initiate and apply 

PPPs was the lack of public funds to invest in infrastructures. Competition, more efficiency and better service 

provisions were the secondary items following the financial aspects. 

 

The Public Investment Program 2007 reveals that currently the project pipeline of highways sector consists of 

219 projects with project cost of 20.500 million euros. The expenditures up to end of 2006 is 12.000 million 

euros and the allocation for 2007 is 900 million euros. Accordingly, it takes more than 9 years to complete those 

projects with a major constraint that no new projects will be included and no cost overruns will occur during that 

period of time. 

 

The total length of roads having hot-mix asphalt pavements capable of handling heavy axle loads is only 7,080 

km (excluding motorways). Thus, pavement upgrading of approximately 8,000 km of roads having average daily 

heavy vehicle traffic more than 1,000 vehicles with hot-mix asphalt pavements is a primary issue.  

 

Turkey will need to construct new highways and motorways in order to meet the demand resulting from the 

growing economy and increased integration with the European and the rest of the world. It is unavoidable to 

connect the largest cities namely Istanbul, Ankara and Izmir, which are also most important economic centres of 

the country, with motorways. Thus the demand of sources for the construction of new projects seems to exceed 

what the governments can allocate. PPPs can be a solution for the problem. Turkey has a good PPP experience 

especially in airport projects. This is the main advantage. Considering the differences between the airport and 

highway projects, and with enhancing the institutional capacity related with mainly the topics; planning, 

feasibility studies, tendering, project evaluation, risk analysis and management, project controlling and 

monitoring, the institutions can arrange the most successful and useful models to realize the vital projects. 
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200-003 THE PORTSMOUTH HIGHWAYS MANAGEMENT CONTRACT  
“PORTSMOUTH STREETS AHEAD!” 
 
Andrew Finch BEng, CEng, MICE, DMS  
Client Manager,  Environment and Transport, Portsmouth City Council, Civic Offices, Guildhall Square, Portsmouth,  
Hants, PO1 2NG 
 
ABSTRACT 
 
Since 1998, Portsmouth City Council has been acutely aware that the condition of it highway stock was in decline 
through lack of investment. Acknowledging that the highway is the universal service used by all residents and visitors, 
and is key to the future prosperity of the City, it looked to identify a better way of delivering the highway maintenance 
service. 
 
Ahead of its time, the City Council developed an Asset Management approach to highways maintenance defining 
service standards and levels, and developing an innovative road and footway condition index. An evaluation of options  
was undertaken prior to selecting the Private Finance Initiative (PFI) route as the mechanism to address the identified 
maintenance backlog and for funding a long-term contract for the future of Highway Management in the City. The 
Department for Transport has described this pathfinder project as “a pioneering and innovative way of procuring 
better road maintenance”. 
 
After a lengthy procurement process this pathfinder project was granted the £121m of PFI credits, and the contract was 
signed on 30th July 2004. A short 6-month mobilisation period followed, with full service commencement on 31st 
January 2005. 
 
The contract is proving to be an outstanding success acknowledged by both positive comments from residents and the 
local media. It has seen a step-change in not only the volume of maintenance work undertaken in the City but also in the 
profile of the service corporately, nationally and internationally. The project has shown best practice in highways 
management and demonstrates that Portsmouth is and continues to be “Streets Ahead”! 
 
Keywords: Public Private Partnership, Whole life costing, Financing, Sustainable urban infrastructure 
 
THE CITY OF PORTSMOUTH 
 
Portsmouth is a city that is rich in history and home to leading edge developments in commerce, industry, technology 
and education. The City remains the home of the Royal Navy and is set to become a world-class leisure destination with 
a unique waterfront environment. With a population of just under 200,000, Portsmouth is one of the most densely 
occupied cities in the country outside London. As a major and developing tourist centre, Portsmouth currently attracts 
some 4.5 million visitors a year. 
 
 The city comprises two areas, the mainland and Portsea island. There are three roads linking the mainland to the island, 
the M275 motorway, the A2030 Eastern Road and the A3 London Road. The total road network is 442 km segmented 
as follows: 
 
Principal Roads/Motorway  44 km 
Classified Roads    36 km 
Unclassified Roads   353 km 
City Council Owned Roads  9 km 
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Figure 1 – The City of Portsmouth 
 
The people of Portsmouth obtained their charter from King Richard in 1194. There has been a Mayor in Portsmouth 
since at least the 13th Century. With the municipal reforms of 1832, Portsmouth became a borough with an elected 
council that in turn created a county borough in 1888. Portsmouth became a City by royal charter in 1926. 
 
Portsmouth City Council provides the full range of local government services including Highways, Education, Social 
Services, Waste Management, Leisure, Libraries, Youth Service, Planning, Economic Regeneration, Environmental 
Health, Trading Standards and is the largest municipal port in the UK. 
 
BACKGROUND TO THE CONTRACT 
 
In the report of the House of Commons Transport Committee (Local Roads and Pathways – Fifth Report of Session 
2002-03) it was noted that although the use of roads and pathways to make journeys is the public service used most 
frequently and by everyone, successive governments have failed to invest sufficient funds to maintain the country’s 
network. The result has been an enormous road maintenance backlog around the country, too much “patch and mend” 
rather than long-lasting maintenance, and increasing litigation and compensation claims for injuries resulting from poor 
highway condition. 
 
Portsmouth City Council could have predicted the findings of this report. The City’s road network had been in decline 
for some considerable time, and in an effort to focus on this issue, the City Council submitted a bid to the Minister of 
Local Government, to be a ‘Best Value Pilot’ in 1997 to ‘find new ways for maintaining operational assets and 
highways’.  The City’s bid was one of 37 out of 150 that were selected.  The Best Value Asset Management Review, 
technical surveys showed half of Portsmouth’s principal road network to be in a failed or critical condition and that 
there was a significant backlog in maintenance. Funding levels at that time were insufficient to address the backlog and 
accordingly the City Council sought to identify alternative funding mechanisms. Following a detailed review of options, 
a proposal to obtain Private Finance Initiative (PFI) credits was prepared to fund a long-term highway management 
contract for the principal road network only. This conclusion was based upon a detailed assessment of the potential to 
achieve savings with a whole-life costing approach that linked timely capital investments to planned maintenance and 
the economies of scale derived from the fence-to-fence grouping of services. 
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In November 1999 the City Council submitted an Outline Business Case to the Department of Transport (DfT) 
requesting financial support to procure a long-term contract to manage and maintain the 26 miles of Principal Road 
highway network. 
 
The basic concept was based on the Best Value Asset Management project that indicated that a planned life cycle 
management approach offered better value for money than the traditional annual works programme that responded only 
to immediate and acute need. Late intervention was demonstrated to be inefficient and costly, often resulting in the need 
to reconstruct roads rather than resurface them. 
 
After detailed discussions with the DfT the Outline Business Case was approved to allow the City Council to enter into 
a 25-year contract to pass fence to fence responsibility for the entire 260 miles of network to the private sector. At the 
request of the DfT, the scope of the work was expanded to include all secondary and unclassified roads as well as 
services such as gully emptying and street cleansing. In December 2000 the project was approved by the Government 
and awarded a PFI credit. The approval letter described the project as ‘a pioneering and innovative way of procuring 
better road maintenance.’ 
 
The DfT undertook a detailed examination of the project, including ensuring it delivered value for money and was 
appropriately scoped, before agreeing an increase in funding in January 2004. The overall value of the contract over 25 
years is in the region of £500m.  
 
 

 
Figure 2 - Contract Signature 

 
On 6 February 2004 the City Council announced that the preferred bidder was Ensign Highways Ltd, a Special Purpose 
Vehicle set-up by the major French owned road construction company Colas SA. Ensign Highways have sub-contracted 
with Colas Ltd the British subsidiary of Coals SA. Following a further period of intense negotiations, the contract was 
signed on 30th July 2004. The service commenced on 31st January 2005. 
 
Past history on other PFI contracts, particularly street lighting, school and hospital PFI procurements, suggested that the 
timescale set by the DfT between preferred bidder announcement and contract signature (6 months) would be extremely 
challenging. It was achieved as a result of the flexibility and willingness of all parties to ensure that the potential of this 
form of contract for highways management could be delivered to the residents of Portsmouth and demonstrated to the 
industry as a whole. 
 
The contract passes “fence to fence” (figure 3) responsibility of the highway network to Ensign Highways Ltd. and 
encompasses rehabilitation of the highway network, life cycle replacement and day to day operational maintenance and 
management.  
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Figure 3 – Fence to fence 

 
It delivers value for money by ensuring that capital investment is undertaken at the optimum point on the pavement 
deterioration curve, and following this investment the asset maintained thereafter at a fair to good condition.  
This is the first time a Local Authority has contracted with a private company through the Private Finance Initiative 
(PFI) to procure an Authority-wide highway management service. As an acknowledged pathfinder project there were 
considerable risks to the City, such as a failed procurement, corporate acceptance and affordability. However, 
considerable interest in the project is now being shown both nationally and internationally. 
 
OBJECTIVES 
 
There are ten objectives that underpin the Highway Management Contract. 
 
1. To bring the City’s Road and Footway Network up to a fair to good condition and to maintain them in that 

condition for the next 25 years. 
2. “Fence to Fence” responsibility for the Network – stewardship. 
3. To maximise the potential of the contract for the Council. 
4. Significant, flexible resources to respond to unexpected and planned events. 
5. An “excellent” standard of customer service. 
6. A proactive rather than reactive approach to the network. 
7. Excellence in communication with the public/stakeholders. 
8. Maximise Third Party Income Revenue. 
9. Minimise delay to traffic as a result of maintenance works. 
10. Minimise the impact of maintenance works on the environment. 
 
MOBILISATION 
 
The mobilisation period between 30th July 2004 and 31st January 2005 was the key to the success of the contract. The 
City Council were keen to ensure that the transfer of services was a seamless as possible, and that residents and visitors 
experienced no deterioration in service. 
 
Key to this aspiration was ensuring the smooth transfer of existing staff to Colas Ltd. Nineteen City Council posts were 
subject to TUPE transfer. The biggest concern for these staff was pension arrangements and Colas successfully applied 
for Admitted Body Status under the Hampshire Local Government Superannuation scheme.  Staff and Trade Unions 
were kept informed of progress through regular meetings and question and answer sessions. Colas also undertook 
confidential one to one staff interviews with all transferring staff from the Council and had follow up interviews after 
contract signature. A similar process was undertaken for staff transferring from the existing contractor. 
 
Remaining staff within the Council were subject to a significant change of duties and functions. Their role changed 
from direct service delivery to that of monitoring contract performance in parallel with Ensign’s self auditing 
obligation. These staff attended regular meetings with their managers and Unions to be kept fully informed of progress. 
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Figure 4 - Colas Depot Walton Road 

 
A staff competency framework was developed for both transferring and retained staff, and gap analysis used to 
determine additional skill needs required. A programme of staff development through job enlargement and skills 
enhancement was implemented to ensure that all staff were ready for the fresh challenges the new contract would bring. 
 
Using partnership principles some transferring staff voluntarily started working for Colas prior to the contract 
commencement date. This assisted Colas in mobilising for the contract by ensuring skills and local knowledge were 
employed in the new service structure. This was critical in ensuring a successful mobilisation within a short timeframe. 
 
DELIVERABLES & MONITORING 
 
The two key aspects that drive delivery under the PFI contract are the output specification and payment mechanism. 
Payment is made to Ensign based on a measured and auditable output.  
 
Service monitoring is ensured through specified condition surveys, electronic database links, shadow inspections, 
customer feedback and independent audit.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Figure 5 - Footway showing damage done to vehicle overrun 
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The incentive is on Ensign to do the job right first time and to programme. There are no additional payments if they fail 
to do so. The philosophy behind the contract breaks the mould of paying contractors for fixing each defect identified; it 
is based around incentivising Ensign to ensure that there are no defects in the first place. 
 
STAKEHOLDER CONSULTATION 
 
The Council has actively monitored public opinion and corporate priorities over a long period through MORI surveys 
and similar techniques. A consistent theme throughout this period has been concern about pavement and road condition, 
street lighting and public safety. 
 
Table 1 - MORI 2002 RESIDENTS SURVEY 

Priority % of Respondents 
1.  Crime 45% 
2.  Education 30% 
3.  Facilities for young people 24% 
4.  Transport 24% 
5.  Housing 22% 
6.  Development of the City 20% 
7.  Health 19% 
8. Local Economy/Jobs 16% 
9.  Environment 14% 
10.  Poverty 11% 
11.  Social Care 10% 
12.  Facilities and activities for older people 9% 
13.  Leisure  and cultural facilities 7% 
14.  Make Council Services equally accessible to all 5% 
15.  Other 3% 
16.  Don’t know 1% 
 
This consultation has evolved into the creation of a Local Strategic Partnership (LSP), an umbrella organisation 
bringing together the public agencies (the Council, Primary Care Trust, University etc.), major local employers and the 
community network. Together this group has developed the Portsmouth Community Strategy 2004/09, published in 
April 2004. 
 
The Community Strategy targets includes: 
 

- investment in transport infrastructure 
- a reduction in road accident casualties 
- traffic management to reduce congestion and improve air quality 
- an improvement in road and footway condition 
- reduction in litter and graffiti 
- economic wellbeing 
- community safety 

 
The contract specification is designed to contribute significantly to all of these objectives. 
 
All of the residents of Portsmouth and its surrounding areas as well as visitors to the City are stakeholders in the 
condition of the roads, footways and street lights and will benefit from the service enhancements provided by this 
project. 
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Figure 6– Defective Safety Fence   
 
CHANGE 
 
The contract acknowledges that over the 25 year life of the contract there will be significant change not only in terms of 
changing patterns of travel and transport but also in terms of the extent of the highway network and expectations in 
service delivery. Accordingly there is a robust change mechanism included in the contract. The Council has the right at 
any time to require a variation in the design, quality or quantity of the Service.  This will be a "Council Change" and as 
a safeguard there is a mechanism under which Ensign may object to the Change if it is unreasonable or unsafe, and also 
may be compensated if it will increase costs or lessen revenues. 
 
This has led to a need to develop a policy for charging commuted sums to Developers to cover any changes in the 
Network. 
 
Additionally, there is a need to review whole life costs when preparing capital highway schemes, and ensuring highway 
design teams work closer with Ensign’s maintenance design teams to deliver “maintenance led” design solutions. 
 
A CORPORATE PROJECT 
 
The Highways Management is not just an Engineering project; it cuts across significant aspects of the Council’s entire 
portfolio of services. A Project Team comprising officers from a number of services across the Council led the 
procurement, and this was fundamental in ensuring the project was acknowledged and accepted corporately.  
 
The project addresses key aspirations contained in the Council’s Community Strategy and Corporate Plan. In particular 
creating a Portsmouth that treasurers and sustains a safe, healthy and attractive environment. This will be achieved 
through: 
 
 Proactive road and footway maintenance. 
 A sustained improvement in urban design by ensuring design and maintenance schemes are combined thereby 

ensuring future cost effective maintenance. 
 Maximising the potential of maintenance work by incorporating other initiatives such as road safety improvements 

and removing street clutter. 
 Implementing an annual street clean for all roads, whereby parked vehicles are removed and thorough cleansing 

and maintenance works are undertaken. 
 Combining maintenance activities such as sweeping, litter collection and grass cutting to minimise disruption to 

residents. 
 Providing an efficient and effective contract so that Colas are contractor of choice within the City. 
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There have already been some notable successes corporately; a noticeable one being the significant support by Ensign 
in the summer 2005 Trafalgar 200 celebrations and Festival of the Sea. These were nationally and internationally 
acclaimed events widely publicised and reported through printed media and television. In particular the Trafalgar 200 
celebration was attended by over 300,000 visitors in one day. This was just 5 months after contract commencement. 
Here the significant resources Ensign have available delivered effective street cleansing, demonstrated by the removal 
of substantial quantities of litter overnight ready for a Royal ceremony the following morning.  
 
 

 
 
Figure 7 – Trafalgar 200 Clear-Up 
 
In the first 30 months of the contract approximately 215,000m2 of footways have been renewed and 740,000m2 of 
carriageway resurfaced, in parallel with the replacement of 5,800 lighting columns. This is a significant increase in the 
volume of maintenance work compared to previous years, when funding has constrained work to four footway renewals 
and no major lighting replacement schemes. 
 

 
Figure 8- Footway Works Underway 

 
Throughout all the work that Ensign have undertaken to date, the comment from the public is that Ensign have done the 
job in a quick and efficient manner. This is confirmed by th 2005 MORI poll, which shows a rise in Public satisfaction 
compared with 2002: 
 
 
 Road maintenance and repairs (satisfaction up 32%)  
 Street cleaning (satisfaction up 19%) 
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The Colas/PFI programme is also highly regarded, with 58% of respondents being very or fairly satisfied with Colas’ 
work and dissatisfaction fairly low at 13% overall.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 9- Public satisfaction – MORI 2005 

 
SUMMARY 
 
The Highways Management PFI contract resulted from a need to find a better more sustainable way to deliver 
significant improvements in the condition of the road and footway network in Portsmouth. In this it has succeeded, 
promoting both the profile of Highway Management within the Council and enhancing the level of service to residents 
and visitors. The contract is the first of its type in the country and consequently it was a brave decision by the Council 
to proceed on a pathfinder basis. Having done so, other Local Authorities are now considering following Portsmouth’s 
lead, demonstrating that Portsmouth is and continues to be “Streets Ahead”! 
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ABSTRACT 
 
This paper discusses the use of performance-based specifications in conjunction with chip seal contracts placed on 
asphalt roadways in the unincorporated area of San Diego County, California. 
The County of San Diego typically requires a one-year guarantee against defective workmanship and materials 
provided by private contractors. These contracts typically have the work directed by the agency’s engineer and require 
the contractor to guarantee the end product.   
Private industry expressed its concerns about guaranteeing the performance of a chip seal when the work is directed by 
the agency. Private industry proposed a performance-based specification be developed where the agency still provides 
the specifications, but the contractor would direct the material placement and guarantee the end product. The County 
agreed to the proposal and worked with private industry to develop a performance-based specification. 
The performance-based specification addresses how the chip seal must perform for the first two years after placement, 
and provides specifications for materials and workmanship, testing materials (emulsion and aggregate) before and 
during construction operations, and quality control and quality assurance. 
As a result of this cooperative effort by the County and private industry, performance-based specifications are now an 
integral part of the County’s chip seal contracts. 
 
Keywords:  Chip seals, testing materials, quality control and quality assurance, performance-based guarantee 
 
1.0  INTRODUCTION 
 
The County of San Diego (County), Department of Public Works (DPW) is responsible for the construction and 
maintenance of public roads located throughout the unincorporated areas of San Diego County. This consists of 
approximately 3,046 centerline kilometers (1,892 centerline miles) of major and minor roadways. The average daily 
traffic count is minimal to approximately 25,000, depending on the roadway. Traffic speeds range from 40 to 90 
kilometers per hour (25 to 55 miles per hour). 
County workers typically perform routine maintenance; however, new road construction, road realignment or widening, 
resurfacing and the application of pavement preservation treatments are typically performed by private industry for the 
County via construction contracts. The construction contracts provide specifications for labor, materials, tools, 
equipment, as well as administrative requirements (e.g., bonds, licensing, etc.) the contractor agrees to provide when 
submitting a bid. By all contractors agreeing to bid projects as written, this provides a level playing field for all 
contractors to submit a bid, and for the County to determine a low responsive and responsible bidder.  Bidders that 
place any conditions with their bids are not considered. 
One of the administrative requirements the contractor is required to provide is a one-year guarantee against defective 
workmanship and materials furnished by the contractor. This is standard contract requirement for all County contracts 
involving County roadways.  In recent years, the County has expanded the guarantee requirements on the pavement 
preservation contracts for chip sealing. The chip seal contracts now require the contractor to provide two guarantees; the 
standard one-year guarantee against defective workmanship and materials, and an additional two-year performance-
based guarantee which addresses the performance of the chip seal.  
The performance-based guarantee was suggested by private industry. Reason being, private industry stated the County’s 
engineer determines what application rates the chip seal emulsion and aggregate will be applied, yet, the contractor has 
to guarantee the final product against workmanship. Private industry wanted to be responsible for determining the 
application rates if they had to guarantee the workmanship. The County agreed with private industry’s concern; the 
requirements for the performance-based guarantee were developed by the County with the assistance and support of 
private industry. 
This paper discusses what lead to this change in the contract’s guarantee requirements, and how it has benefited this 
agency, private industry and the public. 
 
2.0  ARE GUARANTEES BENEFICIAL? 
 
2.1 County and Chip Seal Industry Discover the Need for Performance-Based Guarantees  
 
Over the years, situations arose on construction projects where there would be a performance issue of the finished chip 
seal. These performance issues would consist of one or a combination of the following:  raveling, bleeding (flushing), 
streaking or delaminating of the chip seal. Testing of material field samples showed the material furnished was in 



compliance with the contract specifications. Daily diaries of the on-site inspection showed the materials were also 
applied in conformance with the contract specifications.  
When the County would direct the contractor to repair the work, the contractor would argue it should be done at an 
extra cost to the County because the materials and workmanship were furnished and placed in conformance with the 
contract specifications. Contractors would also argue that the owner (County) should not specify the materials and 
application methods and then, when the end product was not acceptable, expect the contractor to repair the work at the 
contractor’s expense.  
The County agreed with the logic of the contractor’s arguments and realized a solution was needed to insure the 
finished chip seal would perform well.  The County also realized the importance of keeping chip sealing as one of its 
pavement preservation strategies for maintaining its roadways. Private industry knew a solution was needed to secure 
the future of chip seal construction not only for private industry, but for public agencies.  If one public agency 
discontinued the use of chip sealing, it may not be long before other public agencies followed suit. 
 
2.2 How Can a Performance-Based Guarantee Help an Agency or Private Industry? 
 
It is an agency’s goal to specify construction methods that are successful in the construction and maintenance of public 
roads. When one phase of a construction operation impacts the end product, agencies often wonder if they should 
eliminate or modify that particular phase, or modify the overall construction operation itself.  
Many public agencies have found chip sealing as a cost effective pavement preservation treatment for maintaining 
asphalt roads. Chip seals provide other benefits besides cost: 

 An improved surface friction course 
 Reduced tire spray during inclement weather 
 Lower risk for hydroplaning during inclement weather 
 Delays oxidation of the asphalt surface 
 Eliminates surface water penetration into the underlying asphalt surface 

Even though the County was experiencing performance issues on finished chip seal projects, it was searching for ways 
to improve and continue with its chip seal program. 
With the assistance of private industry and other public agencies, research was done nationwide to find out how other 
agencies were dealing with the same situation and solicit suggestions from private industry. Input was not just received 
from just contractors from private industry, but material suppliers and material testing laboratories as well. The County 
evaluated contract specifications that other agencies had adopted and communicated with them as to what positive and 
negative impacts they have experienced since adopting their performance-based specifications; these questions were 
also posed to the contractors involved in these contracts. Based on this research, the County developed performance-
based specifications and presented them to private industry, material suppliers and material testing.   
Input from private industry (contractors, materials suppliers and material testing laboratories) were well received and 
specifications were modified until both the County and private industry felt a performance-based specification was 
developed that was firm, yet flexible, and would be a pro-active approach in obtaining a chip seal that would performed 
well. It was the goal of the County and private industry to protect the County’s chip seal program, but also the future of 
the chip seal industry. This County is recognized as a major player in chip sealing and if this county were to discontinue 
its chip seal program, it could have a significant impact on the chip seal industry if other agencies were to follow. 
Some of the positive impacts of the performance-based specifications are the contractor now has more control of 
formulating the asphaltic emulsion, determining application rates for both the asphalt emulsion and aggregate, and thus, 
more responsibility for the end product. The performance-based specifications also offer flexibility to the contractor to 
determine where in the specified ranges the contractor wants to provide and place materials. Private industry was 
successful in obtaining more control of the construction process and be responsible for the performance of the end 
product.  
An agency who uses this or a similar performance-based specification will still specify the minimum and maximum 
requirements the materials and application must meet, as well as the required ambient and pavement temperatures. The 
performance-based specifications have also removed the responsibility from the agency to direct the work on the 
construction site; this is now the responsibility of the contractor.   
Agency representatives are still required to be on site to observe the construction operation, and to insure the work and 
materials are done in conformance with the contract specifications. The agency has the right to stop operations when it 
sees the desired end product is not meeting the contract requirements, when material test results show the material does 
not meet the contract requirements, and whenever there is an issue on the job site that impacts the safety of the traveling 
public. Outside of that, the balance of the contract work is the responsibility of the contractor. The County has had 
several chip seal contracts placed with performance-based specifications, and with success. 
 



3.0 THE DIFFERENCE BETWEEN A MATERIAL/WORKMANSHIP AND PERFORMANCE-BASED 
GUARANTEE 

 
3.1   Material and Workmanship Guarantee 
 
On contracts that require a one-year guarantee, the County requires private contractors guarantee against defective 
workmanship and materials. Workmanship and materials are considered defective if they were not provided in 
conformance with the contract specifications; regardless of performance. The one-year guarantee begins when the 
County accepts the completed contract, not when the materials are placed.  Any repair work that is required within this 
one-year period, and the damaged finished product is a result of poor workmanship or materials, the repair work is done 
at the contractor’s expense. 
In the event the finished end product requires repair work within one year after acceptance of the completed contract, 
and the damage is not a result of defective materials or workmanship provided by the contractor, the repair work is done 
at the County’s expense. 
 
3.2 Performance-Based Guarantee 
 
On conventional chip seal contracts, the County requires private contractors to provide a performance-based guarantee 
in addition to the standard one-year guarantee. 
The performance-based guarantee provides added insurance that the finished product will “perform” for a period of two 
years after construction operations are completed. The finished end product (chip seal) is required to be free of raveling, 
bleeding (flushing), delaminating or streaking. This is required for any single area greater than one square meter (four 
square feet).  Should an area fail to perform, regardless of the cause under the control of the contractor, the contractor 
agrees to make repairs at its own expense. 
 
4.0 CONVENTIONAL CHIP SEALS 
 
4.1  Description of a Conventional Chip Seal 
 
For the benefit of the reader, following is a definition of a “conventional chip seal” as referred to in this paper:  
A conventional chip seal is considered to be a cold-applied chip seal. The asphaltic emulsion is typically modified with 
a latex or polymer, and applied between 57° and 85° Celsius (135° and 185° Fahrenheit). Surface damp aggregate, also 
referred to as chips, is applied immediately after the application of the asphaltic emulsion. Pneumatic rubber-tired 
rollers then embed the aggregate into the asphaltic emulsion. The desired goal is to have the largest aggregate 
embedded between approximately 50 percent into the asphaltic emulsion. The asphaltic emulsion is then allowed to 
cure for approximately three hours before sweeping the excess aggregate begins. Curing of the asphaltic emulsion is 
necessary to allow the water to dehydrate – this allows the remaining asphalt residue to bond to the aggregate and the 
underlying asphalt road surface. 
The desired end result is to have the emulsion seal the asphalt road surface, and the aggregate to provide an improved 
surface friction course. An example of a finished chip seal that is free of any defect is included at the end of this paper. 
(Figure 1) 
 
4.2 Contract Specifications for Asphaltic Emulsion 
 
Contract specifications typically give ranges, or the minimum and maximum requirements the asphaltic emulsion and 
residue must meet. This is true whether the project is directed by the owner or by the contractor.  However, when the 
work is a performance-based specification the control of the work is normally shifted from the owner to the contractor.  
The tests require certain components must be within a specified range for viscosity, demulsibility and penetration. The 
testing also requires other components must meet a minimum or maximum requirement for settlement, storage stability, 
sieve, ash content, residue by evaporation, ductility, torsional recovery, and ring and ball softening point. 
The requirements for the various components are broad to give private industry (emulsion manufacturers) flexibility in 
providing an asphaltic emulsion that meets not only the contract specifications, but more importantly, field conditions. 
The risk for poor performance is high when the materials and application do not meet contract specifications.  However, 
the risk for poor performance is even higher when one just provides a product that meets the contract specifications but 
does not meet the field conditions.  In other words, being in specification is not enough.  
Furnishing and placing asphaltic emulsion anywhere within the various ranges does not guarantee a successful end 
product. The burden is placed on the contractor to formulate the asphaltic emulsion to not only meet field conditions, 
but to also meet the contract requirements, satisfy the requirements of the one-year material and workmanship 
guarantee, and the two-year performance-based guarantee. 
 



4.3 Formulation of the Asphaltic Emulsion  
 
As stated earlier, the contractor has the responsibility for the formulation of the asphaltic emulsion in order to obtain the 
desired end product.  This requires the contractor be familiar with the various aspects of the job site; such as, the 
roadway’s grade, super-elevation, volume of vehicular and truck traffic, exposure to sun vs. shade, humidity, high/low 
temperatures for the day of placement, as well as year-round temperatures – this information is essential for formulating 
the asphaltic emulsion. 
Having the various components of the asphaltic emulsion meet the minimum specification requirements is not enough, 
and can result in poor performance of the final chip seal if one does not become familiar of the various aspects of the 
job site.  Following are examples of knowing why proper formulation of the various components of asphaltic emulsion 
or residue is critical to the job site.   
Demulsibility – should not be at the low end of the specification if the job site has moderate ambient temperatures, high 
humidity or requires same-day sweeping of the excess aggregate. Nor should it be at the high end of the specification if 
the project requires a slower placement of the aggregate or delayed embedment by the pneumatic rubber-tired rollers, 
such as at intersection radii or cul-de-sacs. Demulsibility should not be at the high end if the aggregate cleanness value 
does not meet the contract specifications because the asphalt residue is bonding to the dust and not the aggregate itself - 
should this occur, aggregate loss may occur at the first rainfall. 
Penetration – should not be at the low end of the specification if the job site is experiencing cold temperatures in the 
evening (less than 60°F or 15°C) because the bitumen will become brittle and may cause aggregate loss.  If the job site 
experiences high ambient temperatures, you may not want the penetration at the high end to avoid subsequent bleeding 
or flushing during hot ambient temperatures greater than 110°F or 43°C, or roadway temperatures greater than 185°F or 
85°C. 
Torsional Recovery – This is a testing method developed by the State of California.  The purpose of this test is to 
indicate the proper amount of polymer present in the residual asphalt binder. 
Ring and Ball Softening Point – This testing method is used to indicate the non-Newtonian emulsion residual properties 
which show the binder’s ability to resist flow at higher temperatures. 
Owners may require the emulsion residue meet one or the other, or both, test methods.  The benefits of having a 
torsional recovery and/or ring and ball softening point testing requirement are: 
 The residual binder’s memory to prevent aggregate from rolling at lateral stress points 
 Increased chip retention at higher temperatures 
 Increased chip retention in areas of high stress 

Viscosity – should not be at the low end of the specification if the job site consists of steep hills or super-elevations.  
Nor should it be at the high end which may result in longitudinal streaking because of the emulsion’s inability to flow 
and provide a smooth surface.   
 
5.0 Material Testing 
 
5.1 Testing Done by Independent Testing Laboratory 
 
The County of San Diego’s Materials Laboratory has the capability to perform the necessary testing of the asphaltic 
emulsion and emulsion residue; however, due to the number of projects occurring at any given time the staff is not 
available to perform the tests in a timely manner.  Therefore, the County requires the contractor provide a private 
testing laboratory to perform the pre-qualification testing and the daily testing during construction. 
The private testing laboratory must be independent of the contractor’s workforce, including the contractor’s 
subcontractors and material suppliers. This laboratory is responsible for storing the material samples throughout the 
warranty period, and for reporting the test results within 24-hours of receipt of each sample. 
The test results furnished by the approved independent testing laboratory are used for acceptance of the materials, and 
for determining compliance with the contract specifications. 
 
5.2 Testing of Material Submittals (Pre-Qualification Testing) 
 
It is recommended the materials the contractor intends to use on the job site be submitted for testing before construction 
operations are allowed to proceed – this is referred to as “pre-qualification testing”.  This is done to insure the 
contractor’s material supplier (manufacturer) is able to furnish a product that meets the contract specifications.  Until 
this can be proven in the laboratory, construction operations should not be allowed to proceed. 
Pre-qualification samples are typically developed on laboratory mills and are used to determine if the manufacturer is 
able to produce a product within specification.  Once these samples meet the minimum contract requirements, the 
contractor is allowed to proceed with plant production.   
The pre-qualification testing consists of the following: 



   Requirement 
Test on Base Asphalt   Test Method Min Max 
Penetration, 77°F, 100 gm for 5 seconds, dmm AASHTO T49 25   
Solubility in trichloroethylene, % min. AASHTO T44 99  

Ductility, 77°F, cm, minimum on RTFO aged residue AASHTO T51 75     
 
Test on Polymer Modified Asphaltic Emulsion:  

Test on Emulsion: 
Viscosity SSF, @ 122°F, sec. AASHTO T59 75 300 

Demulsibility, 35 ml. AASHTO T59 60 95 
Anionic: 0.02 N CaCl2, %  
Cationic: 0.08% sodium dioctyl sulfo succinate, %  

Particle Charge (Cationic) AASHTO T59 Positive 
Residue by Evaporation, % California Test 331 65 
 
Test on Residue from Evaporation Using California Test Method 331: 
Penetration, 77°F, 100 gm for 5 seconds, dmm AASHTO T49 40 90 
Torsional Recovery, % California Test 332 18 
Ring and Ball Softening Point, °F AASHTO T53 125 
Viscosity @ 140°F, poise AASHTO T202 2,000 
Viscosity @ 140°F, poise, RTFO Aged Residue AASHTO T202 5,000 
 

Test for Emulsion/Aggregate Compatibility (Film Stripping) 
Preparation and Mixing of Aggregate Sample California Test 302 
Test Procedure and Report, min ASTM 3625 25   
   
5.3 Testing of Field Samples 
 
As stated earlier, once the pre-qualification samples meet the minimum contract requirements, the contractor is allowed 
to proceed with plant production – this means construction operations are allowed to begin.  During construction, daily 
samples are taken of the asphaltic emulsion placed in the field to insure contract compliance. One sample of asphaltic 
emulsion is taken for each day’s production.  The sample consists of one quart of emulsion taken when the emulsion 
distributor truck is at mid-load.   
Field testing is done on daily samples to confirm the laboratory results obtained are consistent with the pre-qualification 
submitted test results.  The emulsion and the emulsion residue are tested daily to insure that the key performance 
physical properties replicate laboratory submitted samples at the pre-qualification phase of the contract.  Fewer tests are 
being done but we are looking for key performance items such as viscosity, demulsibility, penetration, torsional 
recovery, and ring and ball softening point.  These tests will indicate that the key performance elements of the emulsion 
residual binder will perform in the field.  The daily field testing consists of the following: 
   Requirement 
Test on Polymer Modified Asphaltic Emulsion:  Min Max  

Test on Emulsion: 
Viscosity SSF, @ 122°F, sec. AASHTO T59 75 300 
Demulsibility, 35 ml. AASHTO T59 60 95 

Anionic: 0.02 N CaCl2, %   
Cationic: 0.08% sodium dioctyl sulfo succinate, %  

Residue by Evaporation, % California Test 331 65 
 
Test on Residue from Evaporation Using California Test Method 331: 
Penetration, 77°F, 100 gm for 5 seconds, dmm AASHTO T49 40 90 
Torsional Recovery, % California Test 332 18 
Ring and Ball Softening Point, °F AASHTO T53 125 

 
6.0 Identifying Poor Performance on Chip Seal Projects 
 
The performance-based guarantee requires the end product (chip seal) be free of raveling, bleeding (flushing), 
delaminating, or streaking. Following is a definition of each of these terms: 
Raveling – Raveling is the wearing away (loss of aggregate) of the chip seal surface, including areas affected by 
longitudinal and transverse streaking. (Figure 2) 
Bleeding (Flushing) – Bleeding or flushing is the upward movement of asphalt that creates a film on the surface of the 
chip seal aggregate. (Figure 3) 
Delaminating – Delaminating is the loss of the bond between the asphalt residue and the underlying asphalt concrete 
surface. 



Streaking – Streaking is the non-uniform application (longitudinal or transverse) of the asphaltic emulsion on the 
asphalt concrete surface. Longitudinal streaking appears as alternating lean and heavy narrow bands of asphalt residue 
and aggregate running parallel to the centerline of the roadway. (Figure 4) 
 
7.0 THE TRUE TEST OF GUARANTEES  
 
The true test of a performance-based guarantee, or for any other form of guarantee, is when a failure is experienced and 
the contractor refuses to repair the defective product, in this case, the chip seal. The agency is successful in having the 
repairs done at the contractor’s expense, or reimbursed by the contractor’s surety if the repair work had to be performed 
by the agency, if the terms and conditions of the guarantee are properly prepared to protect the agency. 
When specifications are poorly written and do not provide adequately protect the agency, the agency may be paying for 
the repair work. 
It is prudent for an agency to also require the contractor provide a Performance Guarantee Bond for the length of time 
specified in the contract. This will provide added protection to the agency in the event the contractor refuses to do 
required repair work as specified in the contract. 
 
8.0 SUMMARY 
 
Because of the cooperative effort between the County and private industry to develop a performance-based 
specification, including the guarantee requirements, the County’s chip seal program remains in its toolbox of pavement 
preservation treatments for maintaining approximately 3,046 centerline kilometers (1,892 centerline miles) of major and 
minor roadways.  
Private industry has been also benefited from this involvement and securing chip sealing as a viable tool for maintaining 
asphalt roadways. 
With the cooperative efforts between the County of San Diego and private industry, both parties have been successful in 
protecting the County’s chip seal program, the chip seal program as a viable tool for other public agencies, and as a 
viable tool for private industry. The County has also met its obligation to its customer – the taxpayer – in identifying 
and using successful pavement preservation methods on the public road system.  
        
       
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Chip sealed road with no defects in sunny or shaded areas 
 



    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Raveling 
 
 

 
Figure 3: Bleeding (Flushing) 
 



 

 
Figure 4: Streaking 
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ABSTRACT 
 
The goal of the Finnish Road Administration’s new procurement strategy is to develop and implement new procurement 
and delivery methods. The procurement of maintenance services will shift towards longer and more extensive contracts, 
which provides new business opportunities for contractors and cost effective solutions for clients. 
 
This paper describes experiences from the first large scale pilot project on long-term maintenance contracts in Finland. 
The contract is fully based on functional specifications and allows very high levels of freedom for the service provider 
(contractor) to use innovations when selecting maintenance strategies and measures. The maintenance area includes 
more than 1300 km of road lanes and ramps located on three main roads in southern Finland. 
 
The contract is based on a fixed lump sum, which will be paid in equal annual amounts regardless of when the 
maintenance works are done. The annual payments are bound to a cost index comprising 88% of cost index of civil 
engineering works and 12 % of bitumen in order to reduce economical risks. 
 
The long-term maintenance contract includes all periodic maintenance works of asphalt surface, road markings and 
condition monitoring of the network during 12 years. Functional based criteria are set on e.g. rut depth, unevenness, 
cross fall, bumps, texture, skid, cracks and potholes. These criteria are controlled annually and depreciation fees are 
prescribed if the required condition levels of road surface are not achieved. Requirements are also set on the average 
network condition at the end of the contract, which has to be achieved before the contractor returns the management of 
the network back to the road authorities. 
 
Keywords : functional contracts, functional specifications, maintenance 
 
1. INTRODUCTION 
 
In Finland pavement maintenance is programmed on annual basis and purchased with annual budgets as one year 
contracts. Finland is divided into nine regional districts. Normally these regions split their annual maintenance budget 
between two and five annual contracts. The average size of one maintenance contract is 3 - 4 million euros. These 
contracts include renewing of asphalt surfaces and light structural improvements. All works are based on technical 
specifications and controlled by quality measurements. The warranty time for the work is short, normally only two 
years. 
 
The goal of the Finnish Road Administration’s new procurement strategy is to develop and implement new procurement 
and delivery methods. The procurement of maintenance services will shift towards longer and more extensive contracts 
including wider services and they are more and more based on functional requirements. These maintenance service 
contracts will provide new business opportunities and improved productivity for contractors and in addition new 
innovations and cost effective solutions for clients. The objective is also to encourage the contractors to provide high 
quality service for road users. There are three different types of maintenance service contracts (long-term maintenance 
contracts) on the agenda for piloting as follows: 
 

- Road class contracts, where the roads included in the contract are selected based on homogeneity (e.g. road 
type, pavement design and traffic levels). 

- Area contracts, where the roads included in the contract are selected based on geographical location and 
includes all state managed roads in that area (also pedestrian and bicycle ways) 

- Area contracts in co-operation with municipalities, where roads and streets managed by the municipalities are 
included in the state road area contract. 

 
The duration of contracts will be 5 - 15 years and they will include 500 - 2000 km of road network, depending on the 
road network type. This timeframe and volume of work are estimated to encourage the contractors to participate in the 
bidding. All contracts will be as far as possible based on functional requirements and as little as possible on technical 
standards and specifications. This will create the necessary freedom and space to encourage contractors to develop new 
innovations and thereby improve their productivity and profitability. This will benefit all parts in the branch of business 
in the long run. 



 
2. MAIN ROAD NETWORK MAINTENANCE SERVICE CONTRACT 
 
2.1 Extension of contract 
 
This paper describes the design and content of the call for tenders process of the first large scale pavement maintenance 
service contract in Finland. The contract area (road network) was selected from the highest road class including parts of 
three highways (number 3, 9 and 10) in southern Finland. The total length of the roads is 400 km with a carriageway 
length of 600 km. The procurement of the contract is made in collaboration with three road regions; Turku, Häme and 
Uusimaa. Highway number 3 is the motorway between Helsinki and Tampere and highways 9 and 10 are single 
carriageways. The location of the network, road lengths and traffic volume levels are presented in Figure 1. The total 
lane length of the road network, including bus lanes and ramps, is close to 1400 km. 
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Figure 1. Service contract area. 
 
The contract includes the maintenance of road surface condition during a period of 12 years (2007 - 2018), plus a three 
year guarantee period for treatments made during the last three years of the contract (2016 - 2018). The contract 
includes pavement lanes and ramps, bus stops, rest areas and road markings. The service provider (contractor) is also 
responsible for pothole filling and crack sealing of the surface and gravel fillings and functionality of drainage of the 
soft shoulders.  
 
2.2 Procurement process 
 
The maintenance service contract includes many new elements in comparison with traditional maintenance contracts, 
such as maintenance planning and programming, road condition measurements and condition verification and reporting. 
This is a big challenge for the contractors, because these duties are totally new for them and require a lot of new know-
how. To solve these tasks contractors either need to educate their own staff or network themselves with someone else. A 
flowchart of the total process is presented in Figure 2. 
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Figure 2. Process of maintenance service contracts. 
 
The procurement process of such an extensive maintenance service contract is a big challenge also for the client (Road 
Administration). Tendering documents are much more complex than in normal maintenance contracts and the need of 
high quality background (input) data is compulsory.  
 
The most important background data are the surface condition information from all lanes and ramps (e.g. longitudinal 
and transverse unevenness), traffic volume information and the maintenance treatment history. This means that the 
following information must be available for bidding process: what is the current surface condition, what are the loading 
conditions and what kind of treatments have been performed in the past. 
 
The main problem, at least in Finland, is that reliable and reasonable detailed maintenance history data is not 
necessarily available in any data bank. The information is only available in paper format and the folders are widely 
spread out in the road regions archives. In many cases the needed information can not be reached at all. This will cause 
big problems for the contractors when they try to predict the performance of the road in order to calculate their tenders. 
 
The service provider (contractor) is responsible for all annual measurements made on the road network. This includes; 
automatic condition measurements of asphalt surfaces and retroreflection and condition measurements of road 
markings. In addition to these annual measurements, a weekly visual inspection has to be made to detect and patch 
potholes and severe cracks, which may cause safety problems for traffic.  
 
Road condition is annually reported by the service provider in September and the data are verified against requirements 
set by the client. If there are still some condition problems on the network, the service provider have still the possibility 
to correct the situation and avoid the fine. The service provider will get a fine if the condition level does not fulfil the 
requirements by the end of October. Sanctions are set on purpose very high, and it is assumed that the service provider 
will not take many fines during the contract. 
 
The tendering process started in June 2006 and the request for tender was announced in November 2006. Contractors 
had 15 weeks to calculate their tenders and they were given a possibility to one-to-one (between client and contractor) 
discussions during that time. It was very important and fruitful to have the dialog between the client and contractors due 
to the large amount of new elements in the contract in order to achieve mutual understanding of the contract content. 
The deadline for tender was 1.3.2007 and the decision criterion was the price. Four tenders were received and 
Lemminkäinen Oyj had the lowest price, ca. 39 million euros. The service contract became effective 1.5.2007. 
 
The payment system in the service contract is very simple and the principle is that the service provider is not paid based 
on actions. Payments are equal every year regardless of the distribution of work load during the contract. The annual 
payment is 1/12 of the contract sum, paid in several parts during the year, with a weighting on the summer period. 
Possible sanctions are annually deducted from the last payment. Sanctions are very high (1000 – 5000 € / 100 m lane 
section), but should never be taken unintentionally. 
 



The contract price is tied to two indices; 88% of the contract price is tied to the cost index of civil engineering works 
and 12% to the bitumen index. The weight of the bitumen price is actually 15% because the cost index of civil 
engineering works includes a bitumen weight of 3%. 
 
2.3 Requirements 
 
The main objective was to set all contract requirements for surface condition based on functionality and include no 
technical requirements to limit the freedom of solutions. This is really important if new innovations and cost effective 
solutions are expected to be achieved. The design of functional requirements is very complicated and was a big 
challenge for the client. The requirements should limit the freedom of actions as little as possible, but on the other hand 
they should steer the actions of the service provider in the right direction to ensure that the clients management policy 
goals are achieved and the value of assets is guaranteed. 
 
The second objective was to delimit all responsibilities of structural defects (due to low bearing capacity or settlement) 
from the service provider. This is due to the fact that there are no reliable performance indicators or functional criterions 
available, at this moment nor in the near future, which could be used in contracts of this type. If this is not 
acknowledged by the client, the consequences will be extremely expensive and probably cause several legal processes. 
 
The most important requirement on these road types in Finland is definitely transverse unevenness, due to the wear 
caused by the use of studded tyres in the winter time. Other important requirements are longitudinal unevenness and 
retroreflection. Most of the other requirements were set to control actions in terms of pavement functionality and to 
ensure safe roads for the users.  
 
The contract network is divided into sections of 100 metre road lane. The condition of each 100 metre lane section is 
annually evaluated, except if maintenance measures are performed that year on the section. There are two different 
requirement levels; target threshold value and maximum threshold value.  
 
The client would not in general like to have the condition on the road below the target level, but do allow 10% of the 
sections to exceed this level, in order to give the service provider better possibilities to create more effective treatment 
sections. In addition to the target threshold a maximum threshold value is set, which can never be exceeded. 
 
A third requirement was set for transverse unevenness in order to avoid very short treatment sections and as a 
consequence create inhomogeneous rut depth conditions on the road. This could lead to severe traffic safety problems 
for the road users and reduce the driving comfort of the road. This requirement is called the “homogeneity rule” and the 
principle is presented in the example in Figure 3. The homogeneity rule is activated if the rut depth of an adjacent 
section to the maintenance treatment area is above the set level. 
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Figure 3. Principle of the homogeneity rule. 
 
In the example the threshold levels for the rut depth on the road are; maximum value = 17 mm, target value = 13 mm 
and homogeneity value = 10 mm. The result of this example is as follows (Figure 3): 
 

- the rut depths on sections 500 – 700 m exceed the 17 mm maximum threshold and must therefore be treated. 
- the rut depth on section 800 m, which is an adjacent section to the treatment area, is below the 10 mm 

homogeneity threshold and do not need to be treated. 
- the rut depth on section 400 m, which is an adjacent section to the treatment area, is above the 10 mm 

homogeneity threshold and need to be treated 
- the rut depth on section 300 m, which now became an adjacent section to the treatment area, is above the 10 

mm homogeneity threshold and need to be treated 
- the rut depth on section 200 m, which now became an adjacent section to the treatment area, is below the 10 

mm homogeneity threshold and do not need to be treated 
- the final minimum treatment sections are therefore 300 – 700 m . 

 



Different target and maximum threshold levels are set depending on if the section is on the motorway, single 
carriageway or on a buss lane or ramp. Examples of target threshold values (90% of sections below), maximum 
threshold values (100% of sections below) and homogeneity threshold values of the requirements for transverse and 
longitudinal unevenness are shown in Table 1.  
 

Rut depth threshold values (mm) IRI threshold values (mm/m) 
Road type Target 

(90% below) 
Maximum 

(100% below) 
Homogeneity 

(adjacent) 
Target 

(90% below) 
Maximum 

(100% below) 

Motorway 13,0 17,0 10,0 1,80 2,80 

Single carriageway 14,0 18,0 11,0 2,20 3,20 
 
Table 1. Example of requirement levels for threshold values of rut depth and IRI. 
 
Setting requirement levels is quite a complex process. The main challenge of selecting the values is to ensure that they 
will lead to results that fulfil, both in short and long term, demands coming from the maintenance management policy of 
the Finnish Road Administration. This is a multivariate problem where all factors such as the selection of target 
threshold value, maximum threshold value, homogeneity threshold value and the allowed percentage of exceeding the 
target value affect the outcome.  
 
Other requirements for maximum threshold values were set for: 
 

- Bumps; the threshold for the IRI_10_m value in the right wheel path is 8,0 mm/m. This threshold becomes 
active after the first treatment on the section.  

- Megatexture; the threshold for the RMS 100-500 mm value in the right wheel path is 0,9. This threshold 
becomes active after the first treatment on the section.  

- Crossfall; the requirement is to sustain the current level. This threshold becomes active after the first treatment 
on the section. 

- Friction: the value need to be > 0,6. Skid measurements are done only if problems occur. 
- Retroreflection: threshold values between 80 – 100 mcd/m2/lx. 

 
In addition to the measurable requirements, there are visual condition requirements set for: 
 

- potholes (size and depth, cm) 
- cracking (width and depth, cm) 
- soft shoulders (condition value) 
- road markings (condition value). 

 
Examples of more general requirements which were set are listed below. These requirements are not functional, but 
they are needed to secure loopholes in the contract that could cause undesirable effects for the road users and the client.  
 

- it is not allowed to reduce the original asphalt thickness 
- milled surfaces are not allowed for more than three days 
- wheel path patching is only allowed up to maximum 10% of length (by road) 
- asphalt materials are only allowed to be recycled twice. 

 
All requirements mentioned above are valid during the whole contract period. There are also two requirements which 
are only evaluated at the end of the contract period, at year 12. Those requirements are set on average condition of the 
whole contract network for transverse and longitudinal unevenness. 
 
The decision making process of average network condition levels starts by analysing the present condition. Is the 
current condition satisfactory or is there a need to increase or decrease the general condition level of the network?  
 
No needs for adjustments of average condition of the network were identified in this pilot project. The average rut depth 
level at the start of the contract was about 8 mm and the IRI respectively 1,3 mm/m. These values were also set as 
requirements at the end of the contract period. 
 
Incentive bonus schemes on improved condition do not fit together with this type of requirements. Incentive bonus 
schemes are successfully used on project level contracts where non-prepaid improved quality is awarded later. The 
same principle does not work on network level contracts. In network level contracts, the client defines the target level 
condition for the network, which is based on the maintenance policy and constrained by the budgetary restrictions. In 



other words, the client have defined the optimal condition level for their network and are not interested or can not afford 
to pay more for improved quality. 
 
3. CONCLUSIONS 
 
From the clients point of view the possibilities in long-term service contracts are to; obtain an effective market with 
improved productivity; ensure a safe level of service for road users with the current level of funding;  
promote innovations by increasing contractors’ degree of freedom to select solutions by using more functional and less 
technical requirements. 
 
On the other hand from the contractor point of view the possibilities are; due to longer contract period contractor is able 
to improve internal production processes; to achieve better productivity with cost-effective technical solutions via 
innovations and optimal timing of maintenance measures. 
 
By comparing the possibilities listed above for the client and contractors, it can be concluded that they are very similar. 
This could mean that long-term service contract for pavement maintenance could really lead to a win-win situation for 
the branch of business. 
 
However, there is still plenty of work left to do. There are so many new things involved in the process and so much still 
to be learned for everybody involved. Below is a list of the most important needs: 
 

- procedures to ensure implementation of national maintenance policy and co-ordination with other pavement 
and asset management activities (bridges, investments, etc.) 

- optimal type of network, functional requirements and threshold levels to ensure sustainable solutions 
(especially in the end of the service period) 

- clear and unambiguous bidding documents and the optimal amount of high quality background data for calls. 
- fair procedures to share risks between the parties (selection of price indices, etc.) 
- skills to understand road condition data, functional requirements and pavement maintenance programming. 

 
The experience gained during the tender process and the first year of the contract is that long-term maintenance service 
contracts are working in practice, at least on the highway network. The tender process went smooth in the end, even if 
everything was new. The works on the roads have started as expected, the homogeneity rule and the sanction system is 
working as planned.  
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ABSTRACT 
 
An economic appraisal carried out under an OECD/ECMT (Organisation for Economic Co-operation and 
Development/European Conference of Ministers of Transport) joint research project on Economic Evaluation of Long 
Life Pavements has shown there are likely to be economic benefits from development of  road surfacing materials with 
a service life in excess of 30 years (Long Life Surfacing). This target service life is at least twice as long as that 
typically expected from surfacings generally used in road pavements and would involve higher initial expense, but 
would aim to avoid major maintenance costs over the lifetime of the pavement and thus generate overall savings and be 
environmentally more sustainable. This paper presents findings from laboratory performance-based and pilot scale 
assessments of two advanced surfacing materials for high-traffic roads: (i) a widely used European asphalt surfacing 
material, modified with an epoxy binder, and; (ii) an entirely new high performance cementitious material (HPCM) 
surfacing alternative, suitable for application on an asphalt substrate.  The laboratory testing comprised a 
comprehensive assessment of the mechanical properties of both materials using fundamental and simulative 
techniques, followed by accelerated loading at pilot sacle in a pavement test facility (PTF). 
 
Keywords: heavy-duty pavements, modified binders, polymers, performance testing, durability 

1. INTRODUCTION 
 
The organisation for Economic Co-operation and Development (OECD) brings together 30 member countries and helps 
governments meet the needs of a globalised economy. This study on Long Life Pavements focuses on the surface layer 
of pavements; other studies are currently underway which focus on long life pavement structures, but not the surface 
layer. The work was carried out in two phases: 

 Phase I, to carry out an economic evaluation of long life pavements, was completed by an OECD Working 
Group between 2001 and 2003. 

 Phase II, to assess the properties of candidate materials identified by Phase I and their suitability for use as long 
life surface courses, was carried out under the OECD/European Council for Minister of Transport (ECMT) Joint 
Transport Research Centre (JTRC) between 2004 and 2007. 

 
This paper summarises the findings from Phase I and Phase II of the project, highlighting particularly results from pilot 
scale testing in an Accelerated Loading Facility (ALF). A 3rd Phase (Phase III), involving Full Scale Trials in member 
countries, is planned for the future to assess the technology in live traffic situations.  
 
 
2. PHASE I: ECONOMIC EVALUATION OF LONG LIFE PAVEMENTS 
 
In many nations with mature road networks, new road construction typically accounts for around 50% of the road 
budget. Much of the remainder of national road budgets is spent on maintenance and rehabilitation of existing roads. 
Current road construction methods and materials contribute to this outcome, as they lead to recurrent maintenance 
requirements that can only be met at a relatively high cost. A survey of member countries showed that pavements in use 
on high-traffic roads are typically resurfaced every ten years, depending on local conditions [1].The Long Life 
Pavements project as approved by member countries set out to determine if suitable advanced materials were available 
and if the costs of future maintenance and repaving with the resulting road user delays have reached a level on high-
traffic roads where long life pavements are economically justified. For this to be the case, the reduced maintenance and 
other associated costs (e.g. user costs) would at least need to compensate for higher costs of construction. 
 
The economic analysis carried out in Phase I of this project showed that there could be considerable economic benefit 
in developing new pavement surface courses. Sensitivity testing was carried out to establish the broad envelope of 
conditions under which long life pavement surfacing becomes economically feasible. This work assessed the effect of 
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different discount rates (3-10%), traffic levels (40,000 to 100,000 AADT), durability (30- or 40-year long-life 
pavements), surface course cost (three-fold increase or five-fold increase), the proportion of heavy vehicles (5-20%) 
and the effect of day-time or night-time maintenance schedules. From a cost viewpoint, long life pavement surfacing 
costing around three times that of traditional surface courses would be economically feasible for a range of high-traffic 
roads. This would depend on an expected life of 30 years, discount rate of 6% or less and annual average daily traffic 
(AADT) of 80,000 or more.  
 
Since the completion of the Phase I report in 2005, costs for conventional surfacing had risen significantly, particularly 
in Western Europe. The whole life costing exercise completed in Phase I was subsequently revisited in the early 2007 
and the recent economic assessment suggested that “the cost of an advanced surfacing could be between 2 and 3 times 
the cost of a conventional resurfacing treatment”.  This finding therefore suggests that the economic benefits will 
become available where an advanced material is used for resurfacing and maintenance of high-traffic roads and when 
the discount rate used in the economic analysis is around 6% per annum over the 30-year expected life, and by taking 
into account for user delay cost during maintenance.  
 
Long life surface courses for which these indicative evaluations were undertaken are not in general use. However, a 
review of advanced surfacing materials carried out in Phase I of this project identified two ‘families’ of materials in 
particular that had the potential to fulfil the requirement: 

1. Epoxy asphalt 
2. High performance cementitious material (HPCM) 

 
In summary, there are strong economic arguments for developing long life pavements for highly trafficked roads, 
provided such materials prove to have the necessary technical properties. In order to assess the properties of these 
materials, a laboratory and pilot scale research programme was carried out in Phase II of this project, as described in the 
remainder of this paper. Countries which nominated working group members and also had laboratories actively 
participating in the project’s laboratory testing programme are shown in Table 1 below. All the countries listed in the 
Table were actively involved; France particularly were influential in the development of the cementitious surfacing, and 
also investigated an amine based epoxy asphalt system not previously considered for hot mix application that, with 
further research, may offer promising environmental advantages. However, the work reported in this paper was 
primarily carried out by the Pavement Engineering Team of Scott Wilson (SWPE) and the Infrastructure Division of 
the Transport Research Laboratory (TRL) in the UK.  
 

Active Research Laboratories       Epoxy 
Asphalt 

Active Research Laboratories      HPCM 

Denmark Denmark 
France France 

Germany  Germany 
New Zealand UK 

UK  USA 
Ukraine  

USA  
 

Table 1:  Active research laboratories 
 
 
3. PHASE II: LABORATORY ASSESSMENTS 
 
3.1 Development/Laboratory Evaluation of Epoxy Asphalt Mixtures 
 
Two asphalt mixture types have been investigated in this study: (i) Hot Rolled Asphalt (HRA) and (ii) Stone Mastic 
Asphalt (SMA). Mixtures either incorporated 40/60 pen grade bitumen (used as the control) or an acid based epoxy 
binder (epoxy asphalt). Raw materials, mixture design and sample manufacturing protocols were provided by 
Aggregate Industries Ltd and Colas Ltd. A standardised protocol supplied by Colas was used for the manufacture of all 
the epoxy asphalt mixtures (including a ‘holding’ period of 30 minutes at the mix temperature (130ºC) to allow the 
chemical reaction to take place); full details have been presented elsewhere [2].  
 
The SMA control mixture had a binder content of 6.0%, whereas the SMA epoxy mixture had the slightly higher binder 
content of 6.3%. Cellulose fibre was added at 0.3% by total weight of mixture for both SMA mixtures. The SMA 
design was a proprietary material for thin surfacing (0/14mm nominal aggregate size). The HRA control and HRA 
epoxy mixtures both comprised 30% stone content 0/14mm nominal aggregate size HRA (Design Type F to Column 
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3/2 of BS 594-1: 2003) with 7.2% binder content.  To establish the mechanical properties of the control and epoxy 
asphalt materials, performance related assessments were carried out at SWPE’s laboratories in Nottingham. Asphalt 
slabs of 40mm thickness of each mixture type were manufactured using a laboratory roller compactor, followed by 
removal of 200mm diameter and 100mm diameter cores from these slabs. These specimens were subjected to a series 
of strength and durability related tests at different aged conditions. The laboratory test results, presented in detail 
elsewhere [2][3], demonstrated that the epoxy aphalts were continuously developing strength (“curing”). The early life 
performance of the epoxy asphalts was at least as good as the respective control samples and their performance was 
significantly improved when fully cured. The relative performance of the epoxy samples in relation to the respective 
control samples, after being subjected to accelerated ageing, are summarised in Figure 1. 

-1 x 1 x 3 x 5 x 7 x 9 x 11 x 13 x 15 x

Relative Performance over the Control Sample

Low Temperature Strength

Low Temperature Ductility

Resistance to Fatigue
Cracking (High Strain)

Resistance to Fatigue
Cracking (Low Strain)

Load Spreading Ability
(Stiffness)

Resistance to Moisture
Damage

Resistance to Wheel Track
Deformation

SMA Epoxy

HRA Epoxy

>15 x  

BetterWorse

 
Figure 1: Relative performance between the epoxy and control samples 
 
The above findings show that the epoxy asphalts exhibited a significant improvement in mechanical properties (e.g. 
stiffness/load spreading ability, resistance to deformation and fatigue cracking) and durability (e.g. resistance to age-
hardening and moisture induced damage), compared with the control material. Furthermore, the workability of the 
epoxy asphalts, observed during sample manufacturing, was considered to be comparable to that of the control asphalt.  
 
The main area of uncertainty related to the epoxy asphalt’s flexibility at low temperatures and/or its suitability for use 
in applications where a high risk of thermal movements of the substrate and/or high deflection existed. In collaboration 
with the Nottingham Transportation Engineering Centre (NTEC) some of these issues were investigated; full details 
have been presented in an OECD report [4] and the findings are summarised below. 
 
In terms of resistance to the combined effects of ageing and water damage, to diesel immersion, and to scuffing, both 
HRA and SMA epoxy asphalts were found to be superior to the respective control materials. The OECD report also 
demonstrated that the HRA epoxy asphalt was able to accept and retain coated chippings into the surface in a similar 
manner to the control asphalt; this technique has traditionally been used in the UK to provide texture and skid 
resistance for HRA surfacing. Interfacial bond between layers was assessed by manufacturing a 2-layer combination 
with 40mm thick epoxy or control surface course on 60mm thick Dense Bitumen Macadam (DBM) binder course 
(0/20mm DBM 50 to BS 4987-1:2003), with a proprietary bond coat supplied by Colas between the 2 layers. Results 
from the adopted Leutner Shear and Torque Bond tests indicated comparably good adhesion between epoxy and control 
materials and the substrate, indicating that the strength of the bond coat was the controlling factor. The same 2-layer 
combination was also used in a notched beam on an elastic foundation set-up, to assess the performance of epoxy 
asphalt in a simulated loading exercise. In this test, the performance of the epoxy surfaced beams was far superior to 
that of the control beams in terms of cumulative creep strains, crack propagation and overall sustained damage, at all 
applied load levels. Importantly, there were no signs of debonding or delamination at the interface between the 
surfacing and binder course layers for either epoxy or control materials. Photos of some of the above tests are 
illustrated in Plate 1. 
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Plate 1:  Specimens after diesel immersion and 2-layer repeated flexural tests [4] 
 
Based on its performance in this series of tests, its good track record of use in the UK and mainland Europe, and its 
relatively superior innate surface texture, SMA type material was chosen for assessment in the ALF tests. A 30mm 
thick layer was selected (for practical reasons) and a 10m by 3m trial strip of both epoxy and traditional (control) 
materals were laid in the TRL Pavement Test Facility (PTF) in April 2006.  

3.2  Development/Laboratory Evaluation of HPCM Mixtures 
 
The innovative High Performance Cementitious Material (HPCM) solution consists of applying an 8mm layer of ultra-
high performance, fibre reinforced fine mortar, in which hard, polish resistant aggregate particles are embedded. One of 
the most important requirements of a surface course is the need for good skid resistance, which is dependent upon the 
aggregate in the surfacing. For a long-life top layer, it is thus necessary to choose an aggregate with a superior 
polishing resistance. According to general experience, calcined bauxite, an artificial aggregate obtained by submitting a 
natural mineral to a thermal treatment, is recognised as one of the best solutions. However, it is an expensive material, 
with limited suppliers: its unit cost may range from 30 to 40 times that of ordinary aggregates. Therefore, a surface 
dressing which only comprises a single layer of particles is relevant. Among the available aggregate fractions, the 3-7 
mm size was chosen, because a maximum aggregate size around 6 mm tends to be the optimum size when a 
combination of adequate skid resistance and limited noise emission is required. 
 
For the design of the cementitious mortar, the key function is to bond the calcined bauxite chippings to the pavement. 
When the option of using a hydraulic binder is taken, one must develop a fine material with the maximum tensile 
strength obtainable on site. From the experience gained with ultra-high performance concretes [5][6], a mix design of 
sand, Portland cement, silica fume, superplasticiser and water, with a low water/binder ratio was used in carefully 
controlled proportions. As in the ultra-thin white topping technology [7], a good bond is essential between the 
cementitious mortar and the bituminous substrate. However, due to the shrinkage of the mortar which will be restrained 
by the pavement structure, cracking is likely to occur. To limit the crack opening, reinforcement is needed, and, given 
the thinness of the mortar layer, only fibres added to the mix may play this role. The thickness of this fibre-reinforced 
mortar should be minimal for economic reasons; however, it should prevent the chippings from coming into direct 
contact with the asphalt substrate. Moreover, the chippings/mortar composite should form a strong protecting layer for 
the lower pavement layers. Thus a thickness of 8 mm is taken for the mortar. Figure 2 summarises the concept of the 
HPCM. 
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Figure 2:  Principle of the HPCM solution 
 
After the selection of constituents, a laboratory process was developed to make HPCM specimens. This composite was 
then tested in a stripping test, in fatigue and was submitted to freeze-thaw cycles. A number of restrained-shrinkage 
cracking tests were performed, which showed the need for a high fibre reinforcement. Finally, a mix-design 
incorporating 4% of PVA fibres was selected for the mortar. In order to minimise the risk of delamination, it was 
agreed to apply the fresh mortar on a previously shot-blasted asphalt surface. Also it was shown that the bond of the 
calcined bauxite chippings with the mortar is improved when the aggregate particles are pre-moistened. 
 
Work is currently underway to evaluate the composite further through several laboratory and semi-industrial scale tests, 
among the various participating laboratories; the results from the ALF tests are reported in this paper.  
 
4.  PHASE II: ACCELERATED LOADING 
 
 
To determine the performance of the epoxy asphalt and HPCM surfacings under the action of traffic, trial sections were 
laid in the PTF at TRL [8]. A third section using a standard surfacing, a proprietary thin surface course material (a stone 
mastic asphalt marketed as Masterpave) was laid as the control.  
 
For this trial, bituminous sections of 2.4m, 2.4m and 3.5m width were constructed for the HPCM, the Masterpave and 
the epoxy asphalt, respectively. The actual width of the HPCM surfacing was only 2m and the aggregate was only 
applied to the central 1m of this section. The control strip was constructed first, in late 2005, together with the 
remainder of the construction below the surface course. The epoxy asphalt strip was laid by Colas on 5 April 2006. The 
schematic lay out of the trial sections is illustrated in Figure 3. Eight strain gauges were placed in the bottom of the 
bituminous base, four monitoring transverse strain and four longitudinal strain. 

 Section 3 Section 2 (Control) Section 1

30mm SMA Epoxy Asphalt 10mm HPCM 

70mm DBM 12550mm DBM 12550mm DBM 125 

120mm DBM 125 120mm DBM 125 120mm DBM 125 

30mm Thin Surfacing 
Course System 

30mm SMA Epoxy 

150mm Type 1 material

360mm Capping material

2290mm Clay (CBR 3.5%)

 
 

Figure 3:  Thickness of bound and foundation layers 
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asphalt
binder
course

low water 
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4.1  ALF Tests 
 
A load of approximately 56.3kN was applied through a dual wheel assembly, which was canalised and was applied bi-
directionally for 382,500 passes to each section; the number of passes of the wheel (N) were then converted to the 
traffic carried in million standard axles (msa). The trial involved trafficking the three sections for 255,000 passes, 
which is equivalent to 1msa at 20°C, and then increasing the pavement temperature to 35°C for a further 127,500 
passes (or 0.5msa). The strains at the bottom of the bituminous layer were monitored using a data logger and at various 
stages optical levels were taken to assess any rutting or other changes in the surface profile. Pull-off tests were 
undertaken on the epoxy asphalt and the HPCM; texture depth measurements and skid resistance tests were also 
undertaken on the HPCM. Visual condition surveys were undertaken on each of the three sections and cores taken from 
two of the sections. Figure 4 shows the development of the rutting in the three sections, and the increased amount of 
rutting when the pavement temperature was increased to 35°C. At the end of the 1msa (255,000 passes) loading at 20°C 
there was no difference in the rutting between the epoxy asphalt and the Masterpave (Control) sections at 
approximately 2mm, with 1mm deep ruts in the HPCM. After the temperature was increased to 35°C and a further 
0.5msa (127,500 passes) of trafficking the Masterpave had approximately 8mm ruts, the epoxy asphalt had less rutting 
(6mm) but an intermittent longitudinal crack had formed between the wheelpaths of the dual loading wheel asembly, 
whilst the HPCM exhibited little rutting (1.5mm), some controlled cracking but had curled along the perimeter (by an 
average value of approximately 11mm) under the higher temperature. However, the HPCM remained well bonded with 
the bituminous substrate and bond failure was found within the bituminous layer; this condition was later confirmed by 
subsequent pull-off bond testing and visual assessment carried out in this test section.  
 

 
Figure 4:  Rut depths for the three sections 
 
Pull-off testing to assess bond between the HPCM and epoxy asphalt surfacing materials and the bituminous substrates 
resulted in bond strengths between 0.40 – 0.45 MPa. For the epoxy asphalt section, failures were observed at the 
interface between the epoxy asphalt and the substrate; however, for the HPCM section, all failures occurred within the 
bituminous substrate. The curling of the HPCM was due to a weakness in the substrate bituminous material, which was 
unable to control the curling forces which occurred as a result of the higher temperature. It was impossible to fracture 
the HPCM even when someone stood on the curled edge. This curling problem may well be a function of the method of 
heating used in the PTF, and further investigation of this phenomenon is continuing. 
 
The HPCM section exhibited some hairline cracking which was originally noticed when the surface was inspected after 
155,162 passes of loading, (0.6msa). These were discrete cracks of short length, randomly positioned and only visible 
in the outer 0.5m of the section where there was no calcined bauxite in the surface. At the end of the testing it was 
noted that there was an intermittent hairline longitudinal crack along the centre of the unloaded length between the two 
wheelpaths. The open texture of the stone mastic asphalt in both the epoxy asphalt and the Masterpave made crack 
detection very difficult. After raising the temperature of the epoxy asphalt section an intermittent longitudinal crack 
appeared between the two wheeltracks similar to the crack in the HPCM section. However, this crack was wider than in 
the HPCM at approximately 1mm. These longitudinal cracks were suspected to be due to the tensile strain at the top of 
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the surfacing between the wheeltracks. At the end of the testing only rutting was apparent in the Masterpave section 
with no cracking being detected; this was possibly due to the lower stiffness of this material.  
 
Overall, the epoxy asphalt appeared to have better rut resisting properties than the Masterpave and the cracking in the 
epoxy asphalt was only due to the canalised trafficking, which is unlikely to occur to this degree in practice. 
 
4.2  Assessment of Surface Characteristics 
 
Since there was some concerns that the aggregate forced into the mortar surface may pluck out during loading, texture 
depths were assessed at seven locations along the loading line on the HPCM surface, according to BS EN 13036-1 
(2002) but using sand. The results show that the mean texture depth only varied from 2.2mm to 2.3mm for the duration 
of the test, indicating that little of the calcined bauxite aggregate was lost from the surfacing. 
 
The skid resistance of the HPCM section was determined using the friction tester as described in BS EN 1097-8 (2000); 
the mean of the results are presented in Table 2. The results in this Table indicate that the skid resistance of the calcined 
bauxite in the HPCM section decreased slightly with trafficking, whereas that of the Masterpave and epoxy asphalt 
sections increased with trafficking. This increase is probably due to the bitumen coating being removed from the 
aggregate and the higher skid resistance of the aggregate taking effect. As expected the Masterpave and epoxy asphalt 
had similar skid resistance values and the HPCM a significantly higher value. 
 

Skid resistance value Test section In the wheeltrack Outside the wheeltrack 
HPCM 92 97 

Masterpave 76 65 
Epoxy Asphalt 79 75 

 
Table 2:   Skid resistance of the three sections after trafficking 
 
4.3  Assessment of Cores Removed from PTF Sections 
 
Due to time constraints, no cores were taken out of the HPCM section, but the surfacing thickness had been determined 
from the pull-off specimens and the optical levelling of the layers. Ten cores were taken from the Masterpave control 
section and twelve cores from the epoxy asphalt. The stiffness of the epoxy asphalt cores was monitored over time, 
partly because of a concern that the hand laying of this material in the TRL PTF (due to space limitations) may have led 
to lower compaction and inferior mechanical properties compared with the laboratory prepared material. 
 
It is characteristic of a thermoset product that, after production, it continues to cure and increase in strength/stiffness, 
the rate of curing depending on the ambient temperature. The initial laboratory testing had established that, after 
preparing epoxy asphalt specimens to a specific protocol, mixture stiffness of specimens cured at 20°C progressively 
increased until 60-70 days and then levelled off [9]. Rapid curing (120 hrs at 85°C and/or 20 hrs at 120°C) yielded 
similar values of ‘ultimate’ stiffness and was used to represent the fully cured state in the mixture (see the section of 
Figure 5 labelled “Laboratory Prepared Specimens”). 



 

E&E 2008 - 8 - 

0

5,000

10,000

15,000

0 50 100 150 200 250 300 350 400

Days Curing at 20oC

IT
SM

 a
t 2

0o C
 (M

Pa
)

20 hours at 120C

120 hours at 85C

120 hours at 85C

Cores from TRL ALF 
Pavement

Laboratory 
Prepared 
Specimen

 
Figure 5:  Stiffness versus curing time, SMA epoxy asphalt 
 
There are no comparable data for site cured material. The principal purpose of the testing carried out on the cores 
extracted from the trial pavement was therefore to establish the stiffness change over time of plant manufactured/laid 
and partially site cured material. A secondary reason was to determine some of the properties of the 10mm nominal size 
material laid 30mm thick in the trial pavement (the initial laboratory work involved 14mm nominal size material laid 
40mm thick). A comparison between the stiffness data generated on laboratory prepared specimens and the cores 
extracted from the TRL trial pavement is also illustrated in Figure 5.  
 
It would seem clear from these data that the ‘cured’ stiffness of >10,000 MPa achieved with the initial laboratory 
prepared specimens is unlikely to be matched in the TRL ALF cores. There could be a number of reasons for this, but it 
is certainly true that the TRL ALF cores are thin (26-35mm, which is at or below the lower level of acceptability for 
stiffness testing), and the bulk density of the specimens is relatively low and the air voids relatively high. The test 
specimens are therefore relatively fragile and their stiffness may not truly reflect the stiffness in situ. The stiffness of 
these specimens have been monitored up to 12 months (360 days), whereas in the initial laboratory work, monitoring of 
stiffness did not continue beyond 80 days. However, the stiffness of samples removed from test specimens previously 
tested for wheel track deformation and then stored at laboratory ambient temperature (20 ± 2°C) for 472 and 502 days 
ranged between 10,500 and 16,500MPa [10]. Although these cannot be considered to be standard samples, the 
indications are that the stiffness of these laboratory prepared samples remains above 10,000 MPa in the long term. 
 
 
5. OCCUPATIONAL RISK AND ENVIRONMENTAL ISSUES 
 
In Europe, a Directive on handling chemicals called REACH (Registration, Evaluation and Authorisation of Chemicals) 
will to a large extent influence any addition of chemicals/additives to bituminous binders in the future. This means extra 
effort will be required to provide the necessary information and background documentation to apply for and get the 
authorisation to use any of the chemicals in question. In some countries (in the European Community) there exists a 
principle of substitution in the field of legislation with respect to Workers Occupational Safety, which means that a 
safer technology or material use should be adopted to replace an existis use of more dangerous technology or material. 
Even if large benefits to society can be demonstrated, a strict interpretation of this principle means that the technology 
or material cannot be introduced if safer technology or material is available. This legislation suggest some countries 
may face difficulties to introduce Epoxy Asphalts in new application areas (eg epoxy asphalt in open spaces with public 
access) even though epoxy resins are used in some such countries for bridge surfacing and in many other indsutries. 

 
The epoxy asphalt binder adopted in this project contained fatty acid cured systems. This binder, derived from naturally 
occuring tall oil, does not entail any significant additional environmental risk, safety hazard or operating precautions 
over and above usual good practice. The acid based epoxy binder components are different from potentially more 
harmful epoxy resin systems such as some of those used in high friction surfacing.  Liquid epoxy resins are not 
dangerous materials, although  prolonged exposure can produce mild dermatitis.  During the construction work, the 
requirement for personnal protective equipment for the site personel will not be dissimilar from that normally worn for 
safe use when paving conventional asphalt. Special education and training on safety aspects on handling and working 
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with this material, however, remain essential. Only skilled fully trained personnel, wearing adequate health and safety 
protection, is allowed to handle the liquid epoxy components in the asphalt mixing plant. This safety measure should 
also be observed during handling the loose coated epoxy asphalt from the mixing plant to the construction site, until the 
material is laid and compacted. In the next phase of project (Phase III), arrangement will be made to monitor the 
handling process and assess the air quality and particulate emission associated with the use of epoxy asphalt during the 
construction of the full scale trial sections; the results can then be compared against those typically found for 
conventional asphalts.  
 
Furthermore, the cured product is thermosetting and therefore does not re-soften on heating and hence, potentially low 
risk to leaching.  Consequently, it can be considered as safe and suitable for re-use as a crushed product. When 
incorporating the reclaimed (crushed) epoxy asphalt product in recycled asphalt mixtures (hot mix process), the residual 
epoxy binder can be considered as 'dead', i.e. will not contribute to the effective binder content of the recycled asphalt 
mixtures. However, no study associated with the use of epoxy asphalt planings has been carried out. It is therefore 
recommended that potential recycle-ability and risk of leaching associated with future recycling of this material is 
investigated. It is worth nothing that well designed and laid epoxy asphalt mixture is expected to last for over 30 years, 
and thus it may be a long while before any recycling opportunity of this material exists. 
 
 
6. CONSIDERATIONS FOR FULL SCALE TRIALS (PHASE III) 

 
Based on its performance in the current series of tests, its good track record of use in the UK and mainland Europe, and 
its relatively superior innate surface texture, SMA is recommended for use in Full Scale Trials of the acid based epoxy 
asphalt system. Planning for these trials is expected to be carried out between 2008 and 2010, starting with the 
identification of suitable sites in countries who participated in Phase II. Issues to consider before commencing these 
trials include: 

 Required properties of the substrate, and whether the surfacing ‘solution’ should include a high performance 
binder course (and what this material might be) as well as the epoxy asphalt surface course; 

 Required aggregate characteristics, and maintenance of surface texture and skid resistance over time; 
 Future recycleability of the material, and environmental impact generally; 
 Possible conflicts with national or regional legislation (e.g. REACH). 

 
However, the epoxy asphalt stiffness data indicate that when the same material was compacted in situ on a ‘plant’ scale, 
the density achieved was much lower than in the laboratory produced specimens and the ultimate stiffness measured on 
cores removed from the pavement was significantly lower than expected, based on the initial laboratory testing. Clearly, 
this has implications for any national field trials that may be  carried out to assess the suitability of epoxy asphalt in real 
traffic situations. It has been suggested that ideally a mobile plant would be required as this would eliminate the need to 
modify existing local plants. There would be a minimum tonnage required to make the use of a mobile plant a viable 
proposition. Epoxy asphalt can be laid with a conventional paver but does require favourable ambient conditions, as 
indeed indicated by the TRL trial. The strength developed is dependent upon the mix temperature, time for transport 
and ambient conditions. A road trial will still be costly compared to other materials but the recent increased price of 
bitumen does make the use of epoxy asphalt more attractive. 
 
It is expected that some retexturing would be required during the life of the surfacing. The most appropriate aggregate 
to use in epoxy asphalt, where a 30 to 40 year life is required, remains unknown. High PSV aggregate will erode to 
yield fresh microtexture, but macrotexture may deteriorate over time. One possibility may be to use two qualities of 
stone, or retexturing at intervals to restore the macrotexture. It is unknown how SMA macrotexture will deteriorate over 
time, although there may be useful data available from Germany where this material has been in use for several 
decades. From an economic viewpoint, 30mm was the preferred nominal thickness for this SMA epoxy surfacing. 
However, a thicker layer may allow a better aggregate grading. Retexturing would normally only increase the life of the 
surfacing by a couple of years (because of ageing of the bitumen), but this may be extended with epoxy asphalt because 
of the greater anticipated durability of the binder. One environmental benefit of using epoxy asphalt is the lower mixing 
temperature compared to other hot-mix asphalt surfacings. 
 
For the HPCM, investigation is continuing into the curling phenomenon observed in the ALF, and results from further 
laboratory and semi-industrial scale tests are expected shortly. As a result of some further work, the decision has been 
made to change from PVA to steel fibres because of their generally superior performance. Further work on the HPCM 
solution should provide sufficient support for this, also to be trialled as part of Phase III of the project. However, given 
the current state of development, it is likely that the trials of the high performance cementitious material would need to 
be not on a public road, perhaps a quarry access road may be suitable. To be applied at the industrial scale, an 
application process will need to be developed, with suitable facilities. 
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7. CONCLUSIONS 
 
Phase I of the OECD/ECMT Transport Research Project on Economic Evaluation of Long Life Pavements assessed the 
likely envelope of costs for economic viability of new long life surface courses, taking into account maintenance and 
user cost savings in the longer term.  The expected life required for high-traffic roads was found to be approximately 30 
years with minimal maintenance to be economically viable.

For Phase II, two prospective candidate materials were identified for further research as possible innovative long life 
surface courses. These were: epoxy asphalt and high performance cementitious materials (HPCM). Two technologies 
were investigated for the manufacture of the epoxy asphalt binder, involving an acid based and an amine based curing 
system, respectively. The conclusions from the work carried out on the acid based epoxy asphalt, when manufactured 
and compacted in the laboratory, and when plant manufactured/compacted and trafficked in an Accelerated Loading 
Facility (ALF), are that the materials display: 

 Similar workability to unmodified conventional surface course asphalt, and are ‘user friendly’ in application; 
 Superior mechanical properties and durability in laboratory and ALF tests; 
 Good adhesion to an asphalt substrate, when a high quality bond coat is used between the layers. 

Being a chemical setting process, the curing of the epoxy asphalt binder will require careful management during 
manufacture, transport and laying of the material, and an awareness of ambient conditions, possibly requiring plant 
modifications. However, the technology is mature with a track record of successful use in a related application (bridge 
deck surfacing) and is considered to be ready for immediate Full Scale Trials (Phase III). 

The HPCM solution is an exciting and innovative new technological development. Like epoxy asphalt, the HPCM 
material has superior mechanical properties compared with conventional surfacing, but before Full Scale Trials (Phase 
III) are carried out further work is required to determine: 

 Practical production, handling and laying procedures for larger scale applications, including application 
(embedment) of aggregate; 

 Thermal contraction in large continuous sheets; 
 Noise;
 Suitable substrate conditions; 
 Optimum water content. 

Given the current state of development, it is likely that Full Scale Trials (Phase III) of the epoxy asphalt material could 
proceed on a live road site whereas the trials of the high performance cementitious material would need to be off the 
road network, perhaps in a quarry access road. For both epoxy asphalt and HPCM, a more complete understanding of 
material and construction costs is required. For a successful treatment it is also of course essential that the long life 
surface course should be applied on structural layers having at least the same lifespan. 

Phase III of the project, the full-scale trials, for all the countries that participate, will be monitored and recorded under 
the guidance of an international steering group who will then report jointly and make appropriate recommendations. 
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ABSTRACT 
 
There are many criteria against which pavements are designed and specified, including strength, deformation 
resistance, surface regularity and surface properties.  In order to specify these criteria, the various requirements need 
to be translated into measurable properties of the component materials, the asphalt and/or the pavement that reflect the 
ability of the finished pavement to perform satisfactorily.  However, the intention is for the pavement not only to 
perform initially after construction, but for a considerable time thereafter despite the ravages of time with exposure to 
the environment and the traffic.  Sustainability has become a major issue in many areas, and the best way to improve 
sustainability is to enhance durability.  Therefore, a series of practitioner workshops were held to identify factors that 
could facilitate greater durability at the various stages of design, specification and construction.  The main areas where 
durability can be enhanced include mixture design (high binder content, low air voids content and appropriate 
maximum aggregate size), pavement design (minimum number of joints, impermeability, liaison with drainage design), 
construction (good compaction, well compacted joints, good bond between layers, sealed joints and continuity of supply) 
together with more general points (allowance for season, no premature trafficking and early contractor involvement). 
 
Keywords: compaction, density, drainage, durability, permeability. 
 
1. INTRODUCTION 
 
The advantages of improving the durability of asphalt pavements are self-evident, particularly with pressures to 
minimise disruption to road /airfield users and to maximise sustainability.  Less maintenance and later replacements will 
reduce the number of times that each section of the pavement has to be closed and the amount of replacement asphalt 
required.  To encourage further development in extending the service life of flexible pavements, the Highways Agency, 
Quarry Products Association and Refined Bitumen Association commissioned the Transport Research Laboratory to 
develop a best practice guide [1]. 
This paper describes the basic approach advocated in the guide and incorporates the findings of industry workshops 
aimed at improving the durability of asphalt pavements as well as a literature search, although the papers found have 
not been referenced in this paper. 
 
2. GENERAL 
 
2.1 Definition of durability 
 
An asphalt material or a pavement can be said to be durable if it maintains its structural integrity and functional 
properties at a satisfactory level within its nominal design life when exposed to the effects of the environment and the 
expected traffic loading.  However, two distinct definitions are proposed, as follows: 
 Asphalt Durability maintenance of the structural integrity of compacted material over its expected service-life 

when exposed to the effects of the environment (water, oxygen, sunlight) under traffic 
loading 

 Pavement Durability retention over the structure’s expected service-life of a satisfactory level of performance 
without major maintenance for all properties that are required for the particular road 
situation in addition to asphalt durability 

This paper primarily covers pavement durability. 
 
2.2 The guiding principles for asphalt pavements 
 
There are many approaches that can be used when striving for durable pavements.  However, there are some universal 
truths that should be borne in mind at all stages of design and manufacture, including the following: 
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The three core principles of asphalt 
 Pavements are designed to act as one layer. 
 All joints are weaknesses. 
 Sealing and bonding between layers is essential. 

The three core virtues for asphalt 
 High binder content. 
 Small nominal size aggregate. 
 Low air voids. 

Three things water should not do 
 Get in from the side. 
 Get in from the joints. 
 Find its way between unbonded layers. 

Three things to remember about drainage 
 It is essential. 
 It needs to be continuous. 
 It needs to be maintained. 

Underpinning these universal truths, there are some general concepts that should be borne in mind at all stages of design 
and manufacture, including the following: 
General 
 Planning of the work can reduce the risk of under-achievement. 
 Solid foundations allow good compaction. 
 It is impossible to fully compact unsupported edges. 
 The limiting factor on paving output is the rolling capacity rather than the paver speed or the available supply. 

Mixtures 
 High binder content is good. 
 Smaller nominal sizes of aggregate are good to avoid segregation. 
 Low air voids content is good. 

Layers 
 All joints (vertical and horizontal) are weaknesses. 
 A few thick layers are better than multiple thinner layers. 
 Pavements are designed to act as one layer. 

Drainage 
 Water ingress from the side is bad. 
 Water will always find its way between unbonded layers. 
 Water between layers will always result in deterioration. 
 Water in asphalt with high voids content risks reduction in stiffness. 
 Drainage of the structure is essential. 
 Drainage will only remove water from the pavement if adequately maintained. 

Joints 
 Sealing and bonding between layers is essential. 
 Sealing of joints (longitudinal and transverse) is good. 

 
3. JOB PLANNING 
 
A continuous pavement with minimal joints will produce a more durable product but it can be only achieved on 
relatively large contracts.  Minimising the immediate disruption to traffic by requiring a road to be reopened at peak 
periods may be detrimental to the long-term traffic disruption because working in small packages may increase the need 
for maintenance and bring forward the time when replacement is needed.  The differences should be fed into the whole-
life costing of the works in order to achieve true value engineering. 
Early discussions between the designers and contractors are needed to ensure that everybody is working to a common, 
and practical, goal.  The responsibilities for each aspect should be allocated, and the relevant person or persons who will 
undertake that responsibility clearly identified.  The identified people should have both the technical knowledge and the 
appropriate authority to make any decisions relevant to that responsibility.  Systems for adequate communications 
between parties need to be set up, both between offices and on site. 
Requests for method statements should ensure that the contractor thinks about how to do an operation before he does it 
without being prescriptive.  Ideally, they should be used in conjunction with performance requirements.  A method 
statement should explain what equipment will be used, in what order and by whom as well as what tests will be carried 
out to ensure consistency.  However, the acceptance of a method statement does not remove the contractor’s obligation 
to meet any specified performance requirements. 
Much greater attention to detail is required when the weather is inclement because this attention has an impact on the 
cost of the construction.  Throughout the planning, the time of day and season when the work will be undertaken should 
be considered.  Ideally, all work should be done in daylight during the summer when operatives can concentrate on their 
duties and the hot asphalt will not cool too quickly.  However, some projects are sufficiently large to span more than 
just the summer whilst others are for repairs that need to be undertaken quickly.  Planning can alleviate some of the 
adverse effect on durability, but the final product is still likely to be inferior to that which can be obtained in benign, 
well lit conditions. 
The distance between the asphalt plant and the site should be considered in terms of asphalt mixture(s) being laid, the 
likely weather conditions and the equipment laying it.  Excessive haul times can lead to cool loads that will not leave 
sufficient time for their compaction.  The planning should also involve deciding on what equipment is needed to 
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undertake the work and what reserves are necessary in case of breakdowns, which will lead to additional joints 
(Figure 1). 
Premature trafficking can damage the new pavement, particularly when vehicles over-run exposed edges of the mat, for 
which simple procedures can minimise the risk. 
A maintenance strategy, particularly of the drainage, 
needs to be developed at the initial design stage of 
any new build, reconstruction or major maintenance 
scheme.  There then needs to be a procedure to 
ensure, as far as is practicable, that the strategy is 
implemented after the works have been completed. 
 
4. CONSTRAINING INFLUENCES 
 
4.1 Foundations 
 
There should be sufficient inspection and 
assessment of the existing construction to be able to 
complete a meaningful design.  Inadequate site 
investigation can lead to wrong assumptions being 
made that will require changes on site when the true 
situation is discovered if a less than optimal design 
is to be avoided. 
A strong foundation will allow overlying layers to 
be fully compacted.  However, it is not always 
practicable to adequately enhance the strength of weak foundations, particularly for minor roads.  Some sub-base 
materials weaken when wet, so that the moisture in these materials needs to be controlled before the full strength can be 
used in the design.  The alternative would be to design with a reduced strength in the foundation.  When dealing with 
moisture control, knowledge of the permeability is important.  Permeability allows moisture to enter as well as to pass 
through a layer provided there is an opportunity for that moisture to leave. 
The unbound foundation, or any layer before the pavement is completed, is not necessarily suitable for use as a haul 
route unless it has been designed accordingly.  The extent to which, and at what stages of construction, site traffic can 
be allowed access to a partially constructed pavement should be planned and this information clearly communicated to 
site staff. 
 
4.2 Drainage 
 
There is not enough attention paid to drainage by those involved directly with the asphalt.  The efficiency of most 
drainage systems is directly affected by the material properties achieved, particularly the air voids content and 
permeability; this in turn has a direct influence on the durability of the asphalt.  Water retained in a pavement, 
particularly in joints, will reduce the longevity of the surrounding material.  Therefore, there should be a dialogue 
between drainage and pavement designers in order to ensure that the drainage scheme and materials selected are 
mutually compatible and available for when changes to either are considered.  Temporary drainage may also be 
required to protect the subgrade during construction in order to avoid softening of the layer by moisture. 
Water can get into the pavement structure from all sides (the surface, the sides and/or below) with the duration being 
dependent on a number of factors.  Unless the material and any bond coat are relatively permeable, water gets in from 
the top via joints, either between asphalt rips or at ironwork or other discontinuities, during rainfall and immediately 
afterwards.  Moisture from the side and bottom can enter whenever the surrounding material is damp, which will 
depend on the water table as well as any precipitation.  If the drains at the side are not maintained and water is held in 
them, that water is available to enter the side of the pavement for extended periods.  Water at the sides and bottom of a 
pavement can be at higher pressure, encouraging its entry into available voids and any unbonded joints. 
To keep the water out, there is a need to seal all horizontal and vertical joints together with the upper (and possibly the 
lower) pavement edge as well as to keep the drains maintained.  The sealing must include the join between the kerb and 
the mat. 
The drainage system often relies on the impermeability of the surface course.  However, permeability is not just 
required of the surfacings but of all layers of most pavements because there is a chance that some water will enter at 
some point.  In particular, binder course materials should be selected with due consideration of their impermeability. 
If the predictions for global warming are correct, the summers will be drier but the winters will be wetter with winter 
rain coming in more intense storms.  Therefore, drainage designers need to consider carefully for what intensity they 
need to design the pavement drainage when that pavement itself is designed for, typically, a forty year life. 
Most drainage systems, particularly filter and fin drains, need maintenance.  Without that maintenance, drainage 
efficiency will decline (Figure 2) and excess water will remain were it can reduce the durability of the pavement as well 
as endanger and discomfort motorists.  Therefore, the required maintenance regime needs to be defined for the drainage 
system and a procedure initiated that will ensure that it is carried out. 

 
 
Figure 1: Sufficient equipment supply 
 



 

4 

5. DESIGN 
 
5.1 Pavement 
 
Many criteria to ensure durability have been hidden 
away in the conservativeness of certain parameter 
selections when the recipe approach for materials 
and/or mixing and laying techniques was used in 
standards.  With the move towards performance 
specifications, care must be taken to ensure that 
requirements for durability are not overlooked 
among the criteria to avoid more immediate modes 
of failure.  Furthermore, due allowance should be 
made for local knowledge of component materials 
and/or site conditions that can have implications on 
the overall durability by avoiding over-restrictive 
specifications. 
A consequence of over-reliance on performance 
requirements is that pavements can be designed 
down to minimum layer thicknesses and materials 
are designed down to minimum binder contents.  The overall thickness of the pavement and binder contents of the 
mixtures should always be reviewed to ensure that they have not been reduced to impractical values. 
The assumption of full bond in analytical design has not always been justified which, when combined with any 
underestimation of the traffic, the effect of the increasing use of super-singles and poor appreciation of the effects of the 
road layout, can lead to unrealistic expectations from designs.  Therefore, the assumption of bond should be followed 
through by ensuring that tack or bond coats are used at each interface. 
When undertaking designs, the tie-in details between the existing and new constructions or between two different parts 
of the new construction must not be overlooked because they represent the potentially weakest locations with regard to 
both structural strength and drainage continuity. 
 
5.2 Materials 
 
The quantities of component materials for a mixture are generally measured by weight, but the design of asphalt 
materials is based around volumetrics.  Therefore, due allowance should be made for component materials, particularly 
aggregates, with densities that are significantly different from the norm. 
For durability, asphalt has to have a high binder content and low air voids content, which are generally mutually 
compatible parameters. A thick binder film around each particle limits any change to the binder on the surface of the 
film whilst a low air voids content limits the surface of the film exposed to the air rather than cohering to the binder 
films around other particles.  The use of fibres or polymers reduces the tendency of binders to drain and, hence, allows 
thicker binder films. 
There has been a tendency to reduce binder contents of mixtures in order to improve their deformation resistance and 
stiffness, which can compromise durability.  The emphasis is now changing to using harder or modified binders at 
higher binder contents.  The introduction of the concept of richness modulus in the design for enrobé à module élevé 
class 2 (EME2) from France provides an estimate of the average binder thickness in a mixture.  Although the mechanics 
of the measure need to be modified to be consistent with currently used sieve sizes, the wider use of richness modulus 
should be encouraged for all mixture types. 
Although a mixture can be designed to have a low air voids content, to actually achieve that potential on site requires 
adequate compaction (Section 7.1).  The amount of compaction required for it to be deemed adequate will be dependent 
on the workability of the mixture together with the pre-compaction achieved by the screed.  The design of mixtures that 
are workable will assist in achieving adequate compaction, particularly in adverse weather conditions. 
The selection and combination of component materials requires experience and knowledge of the locally available 
materials.  The options are becoming wider with the pressure to use secondary and reclaimed materials, but if 
sustainability is to be the justification for their inclusion, the durability implications need to be included.  Reducing the 
demand for virgin aggregate by, say, 30 % is not sustainable if the asphalt has to be replaced, say, twice as often; but it 
is sustainable if the change does not adversely affect the durability. 
The binder course should be sufficiently impermeable to limit any flow of water from the surface downwards and/or 
from the base upwards because surfacing materials are being made thinner and more open and base layers often being 
designed with relatively low binder contents. 
The use of smaller aggregate in base mixtures will reduce segregation and improve durability without compromising 
deformation resistance.  For appropriately designed mixtures, the maximum layer thicknesses are much greater than 
those previous used in the UK.  The minimum ratio of size to nominal layer thickness is around two to two and a half, 
but can differ from that for certain mixture types, whilst the maximum ratio can be as high as ten.  

 
 
Figure 2: Lack of maintenance of drainage 
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When checking the actual properties of the asphalt as achieved on-site, the extent of destructive testing should be 
limited with a balance between the information gained by such testing and the damage to the pavement caused by it. 
 
6. JOINTS AND SEALING 
 
6.1 Joints 
 
All joints are potential weaknesses where the material is likely to be less well compacted and where there is increased 
opportunity for water to enter the pavement.  Therefore, the number of both longitudinal and transverse joints in the mat 
should be minimised.  Where there have to be longitudinal joints, those joints should be where the applied stresses are 
lowest and not in either wheel-path. 
The joints in different pavement layers should not coincide in order to avoid water being able to travel through several 
layers without being impeded.  The minimum lateral distance between joints in adjacent layers is generally specified as 
300 mm, but the distance should be the maximum practical. 
All joints in all layers should be sealed (Figure 3).  The bituminous seal is intended to ensure some bond between the 
adjacent sections as well as help to fill any excess of voids. 
 

 
Figure 3: Diagram showing overall sealing of all joints and edges in a pavement 
 
6.2 Tack and Bond Coats 
 
A tack or bond coat should be applied to all interfaces between all bound layers to inhibit water ingress into those 
interfaces which will then be pumped further into the structure by the pumping action of passing vehicles.  The upper 
layer will then act independently, moving flexibly and allowing fatigue to become an issue.  Such delamination will 
also invalidate the assumption that the whole pavement will act together usually made in structural design. 
Before applying any tack or bond coat, the previous layer must be clean and free from dust, leaves or other detritus in 
order to be able to ensure good adhesion.  Once the tack or bond coat is applied, precautions should be taken to ensure 
that the coat remains clean until the asphalt is laid on it.  These precautions should include limiting the time between the 
application of the coat and the laying of the asphalt and stopping any trafficking of the coat not directly necessary for 
laying the asphalt. 
 
6.3 Edge Sealing 
 
If the upstream edge of the pavement abuts against a drain or other permeable material, it should be sealed to avoid 
ingress of water from the side, particularly at interfaces between layers.  In the case of drains, regular maintenance is 
required to ensure that there is not a build up of water alongside the pavement. 
For the downstream edge of pavements, sealing should be considered if seasonal water table movements could cause 
water to be pushed into the pavement at any level. 
 
7. APPLICATION 
 
7.1 Compaction 
 
The continuity of supply of asphalt during laying is important to avoid problems with stopping and starting, as well as 
avoiding cold material from either being left in the paver awaiting further supplies or from being kept overlong in the 
delivery vehicle because of oversupply.  Stopping and starting will produce a poor ride quality which, in turn, can add 
dynamic loading to the pavement whilst cold material will have a more direct, and damaging, effect on durability. 
The temperature of asphalt needs to be high enough to allow the binder to completely cover the aggregate in the mixing 
and for the mixture to be fluid enough during compaction to achieve the required density but not excessively hot, which 
can damage the binder during manufacture and/or make the mixture too fluid to support the compaction equipment.  
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The time available when the mixture is in the appropriate temperature range will depend on the properties of the 
mixture, the layer thickness and the weather conditions.  Sufficient equipment should be available for the job to be 
completed in that time throughout the work. 
Long haulage distances make it more difficult to achieve a continuous supply because of potentially differing traffic 
conditions and increases any temperature loss during the operation, reducing the time available for compaction. 
The ends of loads are often significantly cooler than the rest because of the extra delay before being laid, particularly if 
the paver is not able to operate continuously because of either intermittent supplies, excessive ironwork needed to be 
avoided or other complication in the laying pattern.  The cooler material can often be inadequately compacted, leading 
to premature ravelling.  When the paver is not working continuously, the temperature of the material in the hopper 
should be monitored on a more regular basis and the material disposed of elsewhere if the temperature of the material is 
too low. 
The aim of compaction should be to achieve the appropriate 
air voids content.  The compaction should, as far as 
practicable, be uniform, but is likely to be greater at joints.  
There are several methods to improve compaction at free 
edges, including use of temporary restraints and cutting back 
of the less well-compacted material (Figure 4).  Whichever 
method or combination of methods is used, the increase in the 
air voids content at joints should be limited.  The limit 
currently suggested is a maximum increase of 2 %, but this 
value is tentative.  The smaller it is, the better the durability 
will be, but the limit must be practicable. 
The methodology for laying and compacting up to ironwork, 
bridge joints and other specific disruptions in the mat need to 
be such that the compaction is achieved up to them.  The 
limit on air voids content may have to be eased in a similar 
manner to joints at free edges. 
As few vehicles as possible should be allowed to run on 
pavements before they have been completed.  In particular, 
newly laid mats should not have site vehicles on them which 
over-run their exposed edges to avoid damaging the 
compacted mat. 
 
7.2 Finish 
 
Ideally, all interfaces should be avoided.  However, it is not possible to lay the material in a single layer without 
longitudinal or transverse joints.  Nevertheless, the number of interfaces should be kept to a minimum, not only to 
reduce the number of horizontal interfaces but also to have thicker layers.  The thickness should not exceed that which 
can be adequately compacted by the plant available, but thicker layers should avoid any problems with thin layer 
brittleness.  In order to minimise dynamic damage, the final layer should be laid to achieve a good ride quality rather 
than the predetermined levels provided: 

 the overall thickness is adequate for strength and durability; 
 the final levels allow the drainage system to work efficiently; and 
 there are no conflicts with safety barrier heights and overbridge heights. 

The use of laser and other modern methods of assessing the level should be used in preference to pins.  Ideally, the set 
up should allow the paver to run continuously with a compatible system for monitoring both the layer thickness and 
level control. 
At tie-ins and locations where a new carriageway overlays an existing one, the depth of the overlay used to regulate out 
the difference in carriageway levels should be at least the thickness appropriate for the asphalt mixture being used 
without dragging and not too thick for effective compaction. 
 
7.3 Maintenance 
 
Everything will deteriorate with usage and time, so maintenance is essential to ensure that deterioration does not occur.  
In particular, the drainage should be kept working efficiently because the repercussions on the pavement could be 
disastrous. 
When maintaining a pavement, any maintenance that is superficial when the problems are deeper can only be a 
temporary solution.  The surface course is the most accessible layer and the one that gets the most direct punishment 
from the traffic and the environment, but it is not the only one that can need maintenance. 
 

 

 
 
Figure 4: Cutting back at a free edge 
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8. CONCLUSIONS 
 
A common desire was found by all parties involved in the industry (consultants, contractors and suppliers) to improve 
the durability of asphalt pavements.  There was a high degree of agreement on the required strategies necessary to 
improve durability and, therefore, assist with sustainability and reducing climate change.  The challenge now is for us 
all to work together to improve durability despite the constraints of the contractual framework.  All parties have to work 
together in a spirit where positive actions are rewarded and negative actions or omissions are discouraged. 
The main aspects that lead to durability are the control of water, limiting the number of and sealing joints and adequate 
compaction, particularly at joints.  These aspects are likely to rise in importance with the predicted changes from global 
warming, with hotter, dryer conditions in summer but more intense rainfall, and possibly more of it, in the winter.  Such 
conditions will exacerbate the potential for unwanted water to penetrate into the pavement, causing irreversible damage 
to the asphalt. 
However, lack of maintenance, particularly of the drainage, can lead to premature failure even if the best practice was 
followed in design and construction. 
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ABSTRACT 
 
Thin surfacing systems, as defined by the Highways Authorities Products Approval Scheme run by the British Board of 
Agrément, were introduced into the UK in 1991.  On some of the early sites, the thin surfacing systems have reached the 
end of the service life initially assumed, with some having been resurfaced but others continuing to perform 
satisfactorily.  An extensive selection of sites, which have been in service for just over two years to up to 15 years, have 
been routinely monitored for the past seven years.  Replacement sites were added when others were lost.  Monitoring 
involved Sideway-force Coefficient Routine Investigation Machine (SCRIM) with sensor-measured texture depth 
measurements, visual assessments by an Inspection Panel, patch texture depth measurements and recovered binder 
properties from cores.  The findings indicate that, if a thin surfacing system is in good condition after its first year in 
service, it will be serviceable for at least 5 years and probably in excess of 8 years.  Furthermore, the typical life of a 
thin surfacing system can be in excess of ten years, depending on the category of thin surfacing and the condition of the 
substrate. 
 
Keywords: durability, skid resistance, SMA, surface texture, ultra thin asphalt layers 
 
1. INTRODUCTION 
 
Asphalt surface course layers for major roads typically used to be at least 40 mm thick.  Thinner surface course 
materials were available before 1990, but they were considered to be technically inferior and were only used on roads 
carrying low traffic levels within the county road networks.  However, during the 1990s, various categories of thin 
surfacing that have beneficial properties were introduced into the UK, mostly from the continent [1].  Thin asphalt 
surfacings have gained a significant share of the surface course market in all parts of the network because of their 
improved properties. 
The first of the currently used thin asphalt surfacings was imported from France in 1991.  The surfacing system, 
categorised as a paver-laid surface dressing (PLSD), had been modified slightly from the French design in order to 
achieve the texture depth required for high-speed trunk roads in the UK.  A thin asphalt concrete (TAC, but elsewhere 
abbreviated from the French as BBTM) surfacing system was introduced in 1992, with other systems following either 
directly from France or developed in the UK but based on similar concepts to those used in France [2].  In 1994, stone 
mastic asphalt (SMA) was introduced from Germany and trialled in this country, from which a variety of thin stone 
mastic products were developed [3].  In 1995, a multiple surface dressing was introduced into the UK that had 
properties more akin to hot-mixed materials although produced on site [4].  Further variants on the basic theme of a thin 
asphalt surfacing may emerge in the future. 
Based on the product from which they were developed, thin surfacings can be subdivided into categories [5] as follows: 
 Paver-laid surface dressing (PLSD) Ultra-thin surfacings developed in France 
 Thin asphalt concrete (TAC) Generally with polymer-modified binder 
 Thin stone mastic asphalt (TSMA) Generally unmodified bitumen with fibres 
 Multiple surface dressing (MSD) Binder and aggregate applied separately 
 Micro-surfacing (MS) Thick slurry surfacing, generally with modified binder 

Initially, thin surfacing systems needed to gain Highways Agency (HA) approval before they could be routinely used on 
trunk roads in England.  The HA approval system was superseded by the Highways Authorities Product Approval 
Scheme (HAPAS) run by the British Board of Agrément (BBA). 
Some of the first thin asphalt surfacings laid in the UK have now reached their expected service-life and, therefore, it 
has become possible to assess their actual service-lives.  It is also now possible to gain an understanding of how they 
deteriorate.  In order to obtain this knowledge, the HA commissioned TRL to monitor the sites used to gain approval for 
the various systems in order to assess their longer-term durability [6, 7, 8].  The monitoring for the seventh year has 
now been completed, and this paper gives details of the results. 
 
2. SITES 
 
2.1 Monitored sites 
 
Data has been obtained from 150 sites, although only 89 of these have been or are being monitored routinely as part of 
this investigation.  Of the regularly monitored sites, there are 11 with PLSD, 43 with TAC, 28 with TSMA, 4 with MSD 
and 3 with MS.  These sites vary from motorways to one unclassified road and are situated across England and Wales. 
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2.2 Replaced sites 
 
35 out of the 150 sites from which data has been 
gathered are known to have been replaced or 
overlaid (although several of the sites have not been 
followed up and their current status is unknown).  
The actual date of replacement is not known for 
eight of these 35 sites.  The service lives of the 
remaining 27 sites are shown in Figure 1. 
The average service life of these sites is 9.1 years 
with a standard deviation of 3.0 years.  However, 
Figure 1 should not be used as a histogram of 
typical service life for thin surfacing systems 
because the sample is biased with the continuing 
sites not taken into account.  Nevertheless, these 
values do indicate a lower bound on typical service 
life. 
It should be noted that the site with the service life 
of 2 years was a temporary repair that was replaced 
as part of a maintenance scheme to rectify 
underlying structural problems. 
 
3. SKID RESISTANCE 
 
The Sideway-force Coefficient Routine Investigation Machine (SCRIM) is the standard equipment used for measuring 
skid-resistance in the UK [9].  Measurements to obtain SCRIM coefficients were taken three times during the summer 
measuring season to allow for seasonal variations during each year. 
The natural variation of skid-resistance between years is not accounted for in the MSSC calculations.  In order to make 
some allowance for these variations, each value was factored by taking the average of all observations on all sites 
divided by the average of observations for the year in question on all sites.  In deriving the factors, all initial and Year 1 
values were ignored because the sites were unlikely to have reached equilibrium.  The factors for 1991 and 1992, from 
which all values were initial or Year 1, were set at unity.  In the following analyses, it is the MSSC adjusted for 
between-year variation (referred to as adjusted MSSC) that has been used.  
The in-service skid-resistance of a surfacing is dependent on the PSV of the aggregate, the volume of commercial traffic 
and the geometry of the site (junctions, slopes, bends, etc).  It would need considerable data to be able to plot the skid-
resistance against each of these factors.  However, by assuming that the PSV of the aggregate was selected 
appropriately for the other two factors, the adjusted MSSC can be plotted for different values of PSV.  The results are 
combined for each age by material category and PSV range (<63, 63 – 67 and 68+) and are shown graphically in 
Figure 2. 
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Figure 2: Average adjusted MSSC results 
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Figure 1: Effective service life of replaced sites 
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Statistically, the available data set is considered incomplete because: 
 Only one site has data up until 14 years. 
 Many sites have gaps in the data. 
 Several sites have only a few readings. 
 Not all sites have initial readings. 

In order to minimise the bias from the data in Figure 2, the results for the ten sites with data for at least seven years are 
shown in Figure 3. 
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Figure 3: Adjusted MSSC results from sites with at least 7 years data 
 
There does not appear to be any significant change in skid resistance once the site has reached equilibrium. 
 
4. TEXTURE DEPTH 
 
4.1 Sand-patch texture depth 
 
The texture depth has been measured by the sand-patch method in accordance with BS 598: Part 105 [10]: 
 On all trunk road sites prior to the road being opened to traffic. 
 On trial sites after two years trafficking in order to gain the original HA approval (now required to gain BBA-

HAPAS certification). 
 On sites where cores were being taken for the project.   

The results have been combined for each age by material category and nominal maximum aggregate size (0/10 mm and 
0/14 mm) and are shown graphically in Figure 4. 
Figure 4 shows that the texture depth drops over the first few years, although the extent and time required to reach 
equilibrium are unclear.  However, the texture depth for all systems except MS from about four years appear to remain 
within a relatively controlled band of 0.75 mm to 1.6 mm, with the exception of  one 0/10 mm TAC at 8 years with 
2.1 mm.  The MS tended to have lower texture than the other thin surfacing types. 
An aspect of patch texture that is important for BBA/HAPAS certification is the loss of texture over the first two years.  
A summary of the proportional loss of texture over that period is given in Table 1.  This loss of texture is substantial at 
about a third to a quarter of the initial value, but the individual sites show great variation from 3 % to 50 %. 
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Figure 4: Average sand-patch texture depths 
 
Table 1: Proportional sand patch texture loss after 2 years trafficking 
 

0/14 mm aggregate size 0/10 mm aggregate size System Type No. Mean Minimum Maximum No. Mean Minimum Maximum 
PLSD 5 27 % 3 % 44 % 2 33 % 25 % 42 % 
TAC 3 32 % 20 % 50 % 11 28% 7% 42% 

TSMA 11 22 % 6 % 36 % 0 – – – 
MSD 1 38 % – – 0 – – – 

 
4.2 Vehicle-mounted sensor-measured texture depth 
 
It is not practical to close in-service sites in order to measure the texture by the patch method.  Therefore, the texture 
depth is monitored by laser texture-measuring equipment mounted on a vehicle such as SCRIM (SCRIMtex) which can 
travel at normal traffic speeds.  The mean annual results have been combined for each age by material category and 
nominal maximum aggregate size (0/10 mm and 0/14 mm) and are shown graphically in Figure 5. 
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Figure 5: Average sensor-measured texture depths 
 
As for adjusted MSSC, the data in Figure 5 are statistically incomplete.  Therefore, the results for the ten sites with data 
for at least seven years are shown in Figure 6. 
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Figure 6: SMTD results from sites with at least 7 years data 
 
The results in Figure 6 show considerable differences between the performance, but the general trend is for an increase 
in texture depth with age, particularly towards the end of the service-life.  It is presumed that this increase is the 
consequence of particle loss. 
Overall, there appears to be an initial loss of texture over the first couple of years before equilibrium is reached, after 
which the texture remains stable until fretting begins, when it will start to increase again. 
 
5. RECOVERED BINDER PROPERTIES 
 
Sets of cores were cut from selected sites each year.  The binder was recovered from the cores using the rotary 
evaporator method in accordance with EN 12697-3 [11] and combined to produce sufficient sample for subsequent 
testing.  These samples were then tested for penetration and softening point in accordance with EN 1426 [12] and 
EN 1427 [13], respectively.  These results were studied to identify if the binder properties were correlated with the age 
or visual condition of the surfacings.  Although it was expected that the type of thin surfacing system and the age of the 
surfacing would both have an effect on the penetration and softening point of binder recovered from thin surfacing 
systems, no clear relationship could be found [8]. 
 
6. VISUAL CONDITION 
 
The sites monitored were assessed visually by an Inspection Panel (comprising representatives from the HA, asphalt 
producers, bitumen suppliers, trade bodies and TRL) and ranked in accordance with the TRL Inspection Panel 
methodology [11].  The assessment attributes a mark (E, G, M, A, S, P, B or midway between two adjacent marks) plus, 
when appropriate, defect suffixes to a site; the meaning of each mark and defect suffix being given in Table 2. 
The overall range of occurrences against markings and age is shown graphically in Figure 7.  More specific ones are 
shown for PLSD, TAC and TSMA systems in Figures 8 to 10, respectively. 
Figures 7 to 10 show that the majority of sites monitored were in one of the categories termed satisfactory, as would be 
expected. 
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Table 2: Inspection Panel assessment marks 
 
Category Mark Description 

E Excellent No discernible defect 
G Good No significant defect 
M Moderate Some defects but insufficient for serious problem 
A Acceptable Several defects but would usually be just acceptable 

Termed 
satisfactory 

S Suspect Seriously defected but still serviceable in the short term 
P Poor Requires remedial treatment 

Overall 
mark 

B Bad Requires immediate remedial treatment 

Termed 
unsatisfactory 

+ Fatting up 
– Loss of aggregate 
c Cracking 
d De-lamination from substrate 
f Fretting of the mortar 
s Stripping 

t Variability with traffic intensity, marked transverse differences caused by variations 
in traffic intensity between lanes. 

Fault 
Suffixes 

v Variable with random variations from point to point within the section only, not 
"traffic laning" or obvious variations from load to load. 

 
The results were combined as mean values for each age by material category, as shown in Figure 11 together with linear 
and second order polynomial trend lines for each category other than MS.  The quadratic trend lines were included to 
see if the rate of visual deterioration changed significantly with time in-service.  However, these trend lines are based on 
unweighted means and, as such, they are not statistically valid. 
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Figure 7: Observation of all systems 
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Figure 8: Observation of PLSD systems 



 

7 

0

4

8

12

16

E
xc

el
le

nt

G
oo

d

M
od

er
at

e

Ac
ce

pt
ab

le

S
us

pe
ct

P
oo

r

Ba
d

0

1

2

3

4

5

6

7

8

9

10

11

12

N
o.

 o
f o

bs
er

va
tio

ns

Ag
e 

(y
ea

rs
)

Visual Condition  
Figure 9: Observation of TAC systems 
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Figure 10: Observation of TSMA systems 
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Figure 11: Average visual condition markings 
 
The mean visual condition marks have been plotted in Figure 12 for the three hot mix categories of thin surfacing 
(PLSD, TAC and TSMA) with 0/14 mm, 0/10 mm and 0/6 mm aggregate sizes (although there are no 0/6 mm TSMA 
points).  Linear trend lines are also shown on the graph apart from the 0/14 mm and 0/10 mm sizes.  Again, these trend 
lines are based on unweighted mean values and, as such, they are not statistically robust but do help to gain an 
understanding of relative longevity for different system types and aggregate sizes. 
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Figure 12: Average visual condition markings of hot mix categories subdivided by aggregate size 
 
7. EXPECTED LIFE 
 
7.1 Definition of serviceability 
 
The major problem in estimating the typical service-life of surfacings is to define the criterion when a surfacing is 
deemed to be no longer in an acceptable condition for continued use.  The sites being monitored have included some 
that have remained in-service long after the Inspection Panel had deemed them unserviceable whilst others were 
removed when still in a relatively good condition.  The reasons for the latter included: 

 the surfacing being replaced because it was located within a section for which a major maintenance scheme was 
being implemented; and 

 the sits being surface dressed whilst the surfacing still in good enough to condition to benefit from the treatment. 
Therefore, rather than define a single condition when a surfacing would be deemed to be at the end of its service-life, 
the typical times to reach each of the visual conditions are examined.  Only visual condition is used because the texture 
depth and skid-resistance do not appear to deteriorate significantly in-service. 

 
7.2 Visual deterioration 
 
Table 3 gives the typical time for a surfacing from a combination of system types and aggregate sizes to reach a specific 
visual condition using several different analysis approaches. 
The different analysis approaches are: 
 Mean ages at which sites that no longer exist were replaced or surface dressed (for which different aggregate sizes 

are not given separately). 
 Estimates using quadratic regression equations derived from the mean condition at each age (for which different 

aggregate sizes are not given separately). 
 Estimates using linear regression equations derived from the mean condition at each age. 
 Estimates using linear regression equations derived from all individual results. 
 Approximate time to reach the median value. 

Panel mark Bad was excluded because no road should be allowed to deteriorate to that level, even Poor being 
considered totally unsatisfactory. 
For the quadratic trend lines, a dash is given when the trend lines never reach the relevant Panel Mark.  The dash is also 
used for the MS system where the limited data is contradictory and does not give rational estimates.  There is limited 
confidence in any values that have been extrapolated, with those over 20 years being very suspect.  Therefore, the 
values from the trend lines over the maximum age of data for the system type are given in brackets and those over 
20 years are shown as >20.  For the median approach, a value greater than the maximum age indicates that over 50 % of 
the values were still above that Panel Mark at the maximum age measured for that system. 
Combining these values to give a conservative estimate of the typical service-lives produces Table 4.  No values are 
given for the 0/6 mm PLSD, the 0/6 mm TAC or the MS systems because the limited data are not consistent. 
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Table 3: Typical predicted time for a surfacing to reach different levels of visual condition by different analysis 
approaches 
 

Time in-service (years) 
PLSD TAC TSMA MSD MS Panel 

Mark 
Analysis 
approach 0/14 0/10 0/6 0/14 0/10 0/6 0/14 0/10 0/14 0/6 

Mean age at replacement (years)  9.7   8.4   6.3  7.5 – 
Moderate Quadratic of means  4.1   7.2   9.2  2.8 7.8 

 Linear of means 6.1 4.8 2.9 7.6 7.4 (9.5) 8.2 (13.4) 2.9 9.7 
 Linear of individual 6.8 4.9 2.9 7.4 7.2 3 8.2 (11.2) 3.1 >20 
 Median 9 5 >3 9 10 >7 11 8 5 – 

Acceptable Quadratic of means  8.5   (13.7)  – 5.4 0 
 Linear of means (12.7) 8.9 4.2 (12.7) 13.2 (>20) (15.3) (>20) 5.8 1.7 
 Linear of individual (12.4) 8.7 4.2 (12.0) 13.6 (>20) (14.7) (19.5) 5.6 – 
 Median >11 9.5 >3 >9 14 >7 >11 >11 6 – 

Suspect Quadratic of means –  (>20)  – 8.5 – 
 Linear of means (19.2) 13 5.6 (17.7) (19.1) (>20) (>20) (>20) 8.6 – 
 Linear of individual (18.0) 12.6 5.6 (16.6) (19.9) (>20) (>20) (>20) 8.1 – 
 Median >11 12 >3 >9 >14 >7 >11 >11 8 >7 

Poor Quadratic of means –  (>20)  – 12.5 – 
 Linear of means (>20) (17.1) 6.9 (>20) (>20) (>20) (>20) (>20) 11.5 – 
 Linear of individual (>20) (16.4) 6.9 (>20) (>20) (>20) (>20) (>20) 10.7 – 
 Median >11 >13 >3 >9 >14 >7 >11 >11 >11 >7 

Maximum age of data (years) 11 13 3 9 14 7 11 11 11 7 
Notes: Bracketed values are estimated from trend lines beyond the limits of current data. 
 Values with arrows (  ) are estimates for a system type without separation into aggregate sizes. 
 
Table 4: Typical predicted time (in years) for a surfacing to reach a given visual condition 
 

Time in-service (years) to reach for system type 
PLSD TAC TSMA MSD Panel Mark 

0/14 0/10 0/14 0/10 0/14 0/10 0/14 
Moderate 6 5 7 7 8 8 3 

Acceptable 12 9 12 13 15 >20 5 
Suspect 18 12 16 19 >20 >20 8 

Poor >20 16 >20 >20 >20 >20 11 
Bad >20 >20 >20 >20 >20 >20 14 

 
The values over about 15 years are extrapolations and may have a high level of uncertainty whilst no values are given 
over 20 years. 
 
8. CONCLUSIONS 
 
The results show that thin surfacing systems can routinely be constructed successfully to provide a safe surfacing with 
adequate skid-resistance, texture and visual condition and that these properties are maintained in-service for a 
reasonable period.  Therefore, the evidence supports the acceptance by the HA of these systems for use on trunk roads 
in England. 
The principal conclusions that can be drawn from the results are: 
1) A consistent reduction in skid-resistance through polishing in the normal manner was not apparent for thin 

surfacings up to 15 years in-service. 
2) The results show that there is no substantial change in texture depth with time except, possibly, for 0/10 mm TAC, 

which shows the largest increase with time and the greatest correlation. 
3) If the limit of serviceability is defined as occurring when the visual condition drops to Acceptable, it appears that: 

 PLSD systems can be expected to maintain an acceptable performance for 12 years with 0/14 mm grading, 
reducing with smaller aggregate sizes and associated layer thicknesses. 

 TAC systems can be expected to maintain an acceptable performance for 12 to 13 years with 0/14 and 0/10 
mm gradings. 

 TSMA systems can be expected to maintain an acceptable performance for 15 years with 0/14 mm grading and 
possibly more with 0/10 mm. 

 MSD systems can be expected to maintain an acceptable performance for 5 years. 
 There are insufficient data on MS systems to estimate the typical service-life. 
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However, the service-lives of each type of system vary considerably and the service-lives of them on individual 
sites can be significantly greater or lesser than these estimated typical service-lives. 

4) There is no clear difference in the durability for any category of thin surfacing system whether the aggregate size 
is 0/10 mm or 0/14 mm.  There are, as yet, insufficient data on 0/6 mm aggregate size systems to determine 
whether a change to that size will have an influence on the durability, bearing in mind that account also needs to 
be taken of layer thickness. 
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ABSTRACT 
 
By means of analytical performance calculation case studies the lifetime, the necessary asphalt layer thicknesses and 
the maintenance intervals of flexible pavements can be estimated with respect to the performance related asphalt test 
results of mechanical characteristics and material parameters of the asphalt mixes used. The life cycle calculation 
results, based on mechanical (resilient modules) and performance (fatigue and rutting) asphalt mix characteristics, of 
innovative asphalt mixes (PmB 25H) and conventional (reference) asphalt mixes (50/70 and PmB 45A) are compared. 
The innovative asphalt has a much better performance. Thus the asphalt layer thickness of innovative asphalt can be 
significantly reduced. As a result the higher costs of innovative asphalt mixture variants can be balanced with less 
asphalt layer thickness. In each calculated innovative variant the thickness of the granular layer has been adjusted, so 
that in every case the thickness of the non-frost susceptible pavement layers are constant. An economic feasibility study 
shows that the pavement construction with innovative asphalt mixtures and reduced asphalt layer thickness will lead to 
both, lower construction costs and lower maintenance costs in comparison to the reference variant. According to the life 
cycle-study the pavement construction with the innovative asphalt will have about 20 % less life cycle-cost compared to 
reference pavement construction corresponding German standards. Such information can be integrated into the 
planning stage and will give new opportunities in the calculation of Private Public Partnership projects. 
 
Keywords: high polymer modified bitumen, life cycle cost, innovative asphalt, economic feasibility study, analytical 

performance calculation 
 
1 INTRODUCTION 
 
The budget resources of public authorities run short and to adjust the budget the public authorities would like to have 
joint ventures with private partners. This form of relationship is called Public Private Partnership (PPP). The public 
authorities encourage private investment in infrastructure and integrated them in public investment. Then the public and 
private partners run the operation jointly or under function building contract. Private companies build and maintain the 
infrastructure within the budget and period agreed with the public authorities. It means that the private company has to 
take the full responsibility and risks involved through the lifetime for a given project. To keep the risk and construction 
cost low as possible the private company may use the analytical performance calculation to find out the efficiency of 
different asphalt variants. The calculated information will give new opportunities for the private companies to optimize 
the calculation. In addition it will also form a crucial element of life cycle analysis, by enabling the comparison of costs 
and benefits of different rehabilitation strategies. 
 
The greater demands on asphalt pavements with long lifetime and low life cycle costs led to the development of 
innovative binders. The principal aim of this paper is to study the efficiency of innovative asphalt pavement 
construction (with high polymer modified bitumen) on life cycle costs in comparison to reference asphalt pavement 
constructions (50/70 and PmB 45A) corresponding to German standards [1, 2, 3]. By means of analytical performance 
calculations the performance properties of asphalt pavement structures have been estimated with respect to the binder 
used and the compaction degree of asphalt layers reached. The main areas of study are permanent deformation and 
fatigue to determine durability by means of pavement design calculation methods. Therefore mechanical properties of 
flexible pavement structures like strain, stress and deformation are calculated at critical locations. The design criteria 
fatigue and permanent deformation at surface, in granular layer as well as in subgrade were investigated by means of 
calculated mechanical distress in combination with material parameters.  
 
The thicknesses of innovative variants have been systematically varied and an optimum thicknesses for innovative 
variants compared to reference variant were determined. Thus the extra costs caused by innovative asphalt could be 
balanced. Finally an economic feasibility study is undertaken to calculate the life cycle costs of innovative asphalt 
pavement construction in comparison to the reference asphalt pavement construction. A lifetime of thirty years and 
optimum layer thicknesses of innovative variants are considered in the calculation. Estimations of material costs are 
based on those of international asphalt pavement construction companies use.  
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2 PAVEMENT DESIGN METHOD 
 
By means of analytical pavement calculations the design of construction and maintenance treatments, the positive 
properties of innovative asphalts and the prediction of asphalt behaviour can be estimated. In Germany the pavement 
design is done in a non-analytical way by means of using guidelines of standardised pavement layer thickness, the so-
called RStO 01 [1], while worldwide the analytical design is prioritised. Most of the European countries have developed 
analytically based design methods. But the design methods differ from country to country according to their own 
requirements and standards. Generally the methods are mostly based on linear elastic theory and can be used to 
calculate stresses, strains and deformations at critical locations of flexible pavement structures. Most of the design 
methods currently used are simple response models and the behaviour of material used will not be directly taken into 
account. There are some other models, which can calculate stresses and strains based on non-linearity, but their use is 
not widespread, because of the determination of input material parameters is difficult and not all details of pavement 
structure and material changes during the lifetime can be considered [4].  
 
The following methods are now available: Multi Layer Theory (MLT), Finite Element method (FEM) and Discrete 
Element Method (DEM). The MLT is a simple response model, and can be operated with every conventional PC and is 
based on linear elastic multi-layer theory [5]. In this paper MLT was used to calculate the primary responses of loaded 
pavement as strains, stresses and deformations at the position of interest. It should be mentioned, that the deterioration 
mechanism due to lifetime, as fatigue damage, ageing, etc., are not directly accounted for. The material properties 
permanent deformation (rutting) as well as fatigue cracking were considered in this paper by means o behaviour models 
derived from the laboratory test results of the wheel tracking test (rutting) and dynamic indirect tensile test (resilient 
modules and fatigue).  
 
3 PAVEMENT DESIGN CRITERIA 
 
The main asphalt properties with respect to the pavement performance are the resistance against permanent 
deformation, resistance against fatigue, adhesion between binder and aggregate, low temperature performance and 
ageing. The criterion of pavement design has to be selected in relation to deterioration mechanisms and the 
requirements, so that low life cycle costs occur. The classical pavement design criteria are the fatigue at the bottom of 
the asphalt base layer, and the structural rutting originating in the granular layer and/or subgrade. But most important 
for flexible pavements are permanent deformation and cracking initiating at the surface [4]. The criteria of pavement 
design are usually described with mechanical parameters as stress, strain and deformation. Generally the decisive 
criteria are depended of the deterioration mechanisms due to composition of transportation, climatic effect and other 
conditions. Because of the complexity of deterioration mechanism, it is not very easy to take into account all the asphalt 
properties. For this paper following deterioration mechanisms were taken into account as design criteria: 

 resistance against fatigue (at the bottom of asphalt base layer), 
 resistance against permanent deformation (asphalt surface layer and asphalt binder layer), and 
 resistance against deformation (granular layer and subgrade). 

 
4 LABORATORY TESTS 
 
To characterize the above mentioned deterioration mechanisms, the material properties of innovative and conventional 
asphalt pavements were determined in the laboratory of the University of Wuppertal and taken into account during 
calculation. The variants of each different asphalt type were kept constant except binder.  

 temperature dependent resilient modules (dynamic indirect tensile test),  
 resistance against permanent deformation (wheel tracking test, 50 °C), and  
 fatigue test (dynamic indirect tensile fatigue test, 20 °C). 

 
Three different asphalt mix-types were produced after German standards ZTV Asphalt-StB 01 and ZTV T-StB 95. A 
bitumen (50/70), a polymermodified bitumen (PmB 45A) and a high polymer modified bitumen (PmB 25H) were used 
as binders. The compositions for different asphalt types were kept similar. 

 stone mastic asphalt, surface course with 50/70 and PmB 25H (SMA 0/11 S), 
 asphalt concrete, binder course with PmB 45A and PmB 25H (ABi 0/16 S) and  
 asphalt concrete, asphalt base layer with 50/70 and PmB 25H (ABL 0/22 CS).  

 

 
Penetration  

(1/10 mm) at 20°C 
SP R&B  

(°C) 
BP Fraaß 

(°C) 
Elastic Recovery  

(mm) at 25 °C 
50/70 51 49 -12 11 
PmB 45A 55 57 -17 77 
PmB 25H 22 91 -7 87 

 
Table 1: Result of Binder Properties 
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The test results of the above mentioned laboratory tests are listed in figures 1 to 6. In this paper the laboratory tests are 
not described or analyzed; for details see [6, 7]. To characterize the binders, conventional binder test were conducted. 
The results are listed in table 1. The innovative bitumen PmB 25H is a hard bitumen with a high viscosity and high 
elastic recovery compared to the other binders. 
 
5 MATERIAL PARAMETERS AND INPUT VALUE 
 
The layer thicknesses for the reference variant are determined after German standards RStO 01 [1]. But the thicknesses 
for the asphalt layers with innovative asphalt have been systematically varied, in a way that the layer thickness 
optimized variant provides a similar or better performance than the reference variant. The characteristics of materials 
used are defined with the conventional layer parameters resilient modulus and Poisson’s ratio. Poisson’s ratio is selected 
with respect to the calculation temperature. The temperature dependent resilient modulus have been calculated by 
means of regression equations, see figure 1 and 3, for each asphalt variant at the compaction degrees of 100 % and 
97 %. For subgrade similar resilient modules according to German standards RStO 01[1] were regarded and for the 
granular layer the permissible deformation modulus kept [1]. To calculate distress by means of MLT a load stress of 
0.707 MN/m2 and a loaded are 150 mm were used to represent an ESAL (Equivalent Single-Axle Load) of 10 tons.  
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Figure 1: Master Curve (Resilient Modules) for SMA 50/70 and  PmB 25H 
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Figure 2: Master Curve (Resilient Modules) for  ABI PmB 45A and PmB 25H 
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Figure 3: Master Curve (Resilient Modules) for ABL 50/70 and PmB 25H 
 
6 INVESTIGATION OF PERFORMANCE PROPERTIES WITH DESIGN METHOD 
 
6.1 Fatigue 
 
The resistance against fatigue is the classical pavement design criterion. Every single load causes micro damage. By 
accumulation of micro damages, the flexible pavement structure loses the rigidity which can lead to failure. Therefore 
the fatigue behaviour is a very important criterion to design a good pavement structure with a long lifetime. The 
permissible strain at the bottom of the asphalt base layer is the crucial criterion to assess fatigue. The permissible 
number of load can be calculated by means of Eq 1. The relationship between the number of loads (Nf) and strain ( ) 
can be expressed by a Woehler curve with a corresponding regression equation. The constants a and b of Eq. 1 are 
material parameters and can be derived from the fatigue line. In order to generate fatigue lines for different asphalts, a 
lot of asphalt base layer cores were tested to produce fatigue lines in a log-log scale.  

 

b
fNa   [Eq 1] 

kNwnw kkrZkpZ ,, )(  [Eq 2] 

 

The strain at the bottom of the asphalt base layer were calculated by means of MLT for all asphalt variants. The resilient 
modules for surface-, binder-, and base layers were calculated by means of regression analysis equations from figure 1 
to 3. By means of the strain at the bottom of the base layer the number of cycles to failure Nf  was calculated using the 
regression analysis equations from figure 4 and listed in table 2. Comparisons of test results show a significant effect 
with respect to the binders used and to the different compaction degrees. As expected the innovative variant with a high 
level of resilient modulus has the lowest strain at the bottom of asphalt base layer and an excellent fatigue resistance at 
decreasing compaction degrees, table 2. Due to this the asphalt layer thicknesses of innovative variants (I-1 to I-5) have 
been systematically varied. The calculated results show that the asphalt thickness of the innovative variant allow a 80 
mm reduction compared to reference variant (Ref). Anyway the innovative asphalt bears about 12 times more load 
cycles than the reference asphalt before reaching the fatigue failure (Figure 9). In addition the innovative variant with a 
compaction degree of 97 % bears even more load cycles until failure than reference asphalt with a compaction degree of 
100 % (table 2).  
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Figure 4: Fatigue Line ABL, 20 °C 

 

    50/70 - PmB 45 A PmB 25H 50/70 - PmB 
45 A PmB 25H 

Layer 
Poisson`s 
ration v    

[-] 

Resilient 
modulus 
[MN/m²] 

thickness 
[mm] 

Resilient 
modulus 
[MN/m²] 

thickness [mm] 
Resilient 
modulus 
[MN/m²] 

Resilient 
modulus 
[MN/m²] 

thickness 
[mm] 

Compaction degree 100 % 97 % 
Variants   Ref  I-1 I-2 I-3 I-4 I-5    
Surface course 50/70 0.35 3098 40 6612 40 40 40 40 40 2564 5606 40 
Binder course PmB 45 A 0.35 3436 80 10958 80 80 80 40 40 3126 9208 40 
Base course 50/70 0.35 4148 220 10171 220 140 120 180 160 3312 8394 180 
Frost blanket course 
(Resilient modulus) 0.5 200 410 variable 410 

(200) 
490 

(180) 
510 

(175) 
490 

(180) 
510 

(175) 200 180 490 

Subgrade 0.5 45  45      45 45   

Strain at the bottom of ABL [microns] 80.8   41.0 63.2 71.5 63.4 71.8 93.1 [-] 73.0 
Load cycle to failure [106] 0.05   7.80 0.60 0.29 0.59 0.28 0.03 [-] 0.26 
Ratio to 50/70  1.0   156 12.0 5.8 11.8 5.6 1.0  [-] 8.7 
 
Table 2. Calculation of Strain at the Bottom of ABL and Corresponding Load Cycles for Different Variations 
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6.2 Permanent Deformation of Asphalt Layer 
 
One of the most important deterioration of flexible pavements is permanent deformation (rutting). Rutting is mostly 
formed in the surface and binder course. Anyway the permanent deformation does not play an important role in design 
methods while many different models have been suggested, to predict permanent deformation [6]. In this work 
permanent deformation calculations are based on the VESYS method, which was modified in a new version VESYS-
3PC-RD in Germany [8]. The basic assumption of this method is that accumulated permanent deformation wpZ,k (n). 
The permanent deformation wpZ,k (n) is a function of the number of load repetitions N. The relation can be described 
with Eq. 2. The resilient deformation wrZ,k is calculated dependent on layer stiffness. The material constants k and k 
are derived from wheel tracking test curves, see figures 5 and 6. The k is the exponent of regression equations and have 
been determined for wheel tracking test curves [figures 5 and 6]. The wheel tracking test result is the arithmetic mean of 
two rut depths derived from two simultaneously tested slabs, which were loaded with 20,000 passes at a test 
temperature of 50 °C. 
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Fig ure 5: Wheel-Tracking-Test SMA 50/70 and PmB 25H 
 
To calculate the material parameters k the resilient modules listed in table 3 have been taken into account. The resilient 
modules at 50 °C were extrapolated by means of the temperature master curve shown in figures 1 and 2. The resilient 
modules are significantly influenced by the binder used and by the compaction degree. The material parameter k of the 
function representing rut depth versus load cycles of the wheel tracking test (figures 7 to 10) has been calculated and are 
listed in table 3. 
 

y = 0.331x0.284

R2 = 0,981

y = 0.385x0.230

R2 = 0.971

y = 0.169x0.270

R2 = 0.955

y = 0.193x0.231

R2 = 0.952
0

2

4

6

8

10

12

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Load cycle

R
ut

 d
ep

th
 [m

m
]

PmB 45A (k=97) PmB 45A (k=100%) PmB 25H k=97% PmB 25H (k=100%)
 

 
Figure 6: Wheel-Tracking-Test ABI PmB 45A and PmB 25H 
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SMA :  = 0.45, T = 50°C  
slab thickness = 40 mm 

ABI :  = 0.45, T = 50°C  
slab thickness = 50 mm  

50/70 [%] PmB 25H [%] PmB 45A [%] PmB 25H [%] 
Compaction degree [%] 100 97 100 97 100 97 100 97 
Resilient modulus [MPa] 34 24 199 254 155 116 598 549 
wrZ,k  [10-2] 50.8 71.9 8.68 6.80 11.97 15.99 3.10 3.38 
wpZ,k (fig. 7 to 10) 5.72 10.15 2.28 3.14 3.62 5.26 1.77 2.27 

k  (fig. 7 to 10) 0.329 0.374 0.258 0.279 0.23 0.284 0.231 0.270 
k  (fig. 7 to 10) 0.43 0.35 2.04 2.91 3.1 1.98 5.80 4.63 

 
Table 3: Calculation of Material Parameter k of SMA and ABI  

To calculate adequate permanent deformation, resilient modules of decisive layers have been calculated for surface 
layer (50 °C), binder layer (40 °C) and base layer (30 °C) at different temperatures, table 4. By means of these 
temperature and compaction degree dependent resilient asphalt modules and material parameters k and k, the 
deformation were calculated for different variants after Eq. 2. Calculation results are listed in table 5. According to a 
lifetime of 12 years for a surface layer and 24 years for a binder layer [9] with conventional bitumen 6,44 million ESAL 
for the surface layer and 12,88 million ESAL for the binder layer were taken into account. These load cycles were 
generated on 42 days per year with a high summer service-temperature in Germany [8].  
 

Resilient modulus [MPa] 
Layer 

Poisson’s 
ratio  

 [-] 50/70(SMA & ABL) PmB 45A(ABI) PmB 25H (SMA, ABI & ABL) 

Compaction degree of asphalt [%]  100 97 100 97 
SMA (50 °C) 34 24 199 254 
ABI (40 °C) 438 335 1562 1378 
ABL (30 °C) 

0,45 
931 672 4494 3824 

Frost blanket course 200 200 180 180 
Subgrade 

0,35 
45 45 45 45 

 
Table 4: Resilient Modules for Different Asphalt Variants at Different Temperatures 
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Figure 8: Ratio of Rut Depth SMA (12 years) and ABI (24 years) 
 
It is well known, that with decreasing layer thicknesses creep dependent rut depths decrease too. Significant influences 
on the calculated permanent deformations show also the binder used. The innovative variant I-4 with optimum thickness 
will occur just one third of the rut depth of the reference variant. Thus this variant will causes low maintenance [figure 
8]. As expected, rut depths increase with decreasing compaction degree. The decrease of rutting resistance is much 
smaller for innovative variants than for reference variants. The innovative variant has a lower rut depth at a compaction 
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degree of 97 % compared to the reference variant with a compaction degree of 100 %. It indicates that the innovative 
asphalt at a compaction degree of 97 % will show a better rutting resistance than the reference variant at the target 
compaction degree of 100 %.  
 
6.3 Permanent Deformation of Granular Layer and Subgrade 
 
Main requirements for granular layers and subgrade are deformation resistance, although the deformation has a 
moderate influence on pavement performance. This type of permanent deformation occurs in the granular layer and/or 
subgrade. It may lead to rutting and/or roughness at the surface layer. To keep this deterioration as low as possible, 
resistance against permanent deformation should be taken into account during calculation. Due to the classical 
analytical-empirical theory, distress (rutting or roughness) caused by the number of load cycles should be kept lower 
than the permissible calculated distress.  
 
The relationship of calculated critical distresses ( ) and permissible number of loads (Np) can be expressed as 
following:  

610

a

ref
p E

EkN  [Eq. 3] 

The coefficient E is the modulus at a temperature of 20 °C and Eref  is a reference modulus of material used. The 
constant  and k are defined in various relationships for several reasons, but in this work the relationship after Shell, 
derived from the AASHO Road Test is assumed. Due to the constant  has a value of 4,0 and k has a value of 885. The 
constant  normally equals to zero. The calculated deformation in the decisive layer and related permissible load cycles 
are listed regarding to the different thicknesses and compaction degree in table 6.  
 
According to German standards RStO 01 [1] the asphalt pavement should bear at least 32 Mio ESAL. In this 
investigation a load cycle of 196 Mio ESAL has been considered, in which a safety factor  is included. The influence 
of layer thickness on calculated load cycle is in high gear, see table 6. The ratios of load cycle of several variants to the 
reference variant show the effect of the thickness. The innovative variant with reduced thickness bears more load cycle 
than the reference variant. An increase of distress in the granular layer and subgrade, due to a decrease of load cycles 
was determined with decreasing compaction degree. The effect of decreasing compaction degree on innovative variant 
is lower in comparison to reference variant.  
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Figure 9: Load Cycles to Failure of Different Asphalt Variants [ABL, Granular Layer and Subgrade] 
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 SMA ABI 
Compaction degree 100 % 97 % 100 % 97% 
 50/70 PmB 25 H 50/70 PmB 25H PmB 45A PmB 25 H PmB 45A PmB 25H 
 Ref I-1 I-2 I-3 I-4 I-5   Ref I-1 I-2 I-3 I-4 I-5   

SMA [mm] 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40 
ABi [mm] 80 80 80 80 40 40 80 40 80 80 80 80 40 40 80 40 
ABL [mm] 220 220 140 120 180 160 220 180 220 220 140 120 180 160 220 180 
Frost blanket course [mm] 410 410 490 510 490 510 410 490 410 410 490 510 490 510 410 490 
Subgrade                 
wtop [10-2] 92.96 47.79 56.78 59.84 54.19 57.15 111,40 54.87 67.02 43.53 52.89 56.12 50.29 53.38 74,52 51.94 
wbottom [10-2] 67.01 43.52 52.90 56.13 50.30 53.39 74,53 51.95 61.33 42.32 52.13 55.52 50.07 53.28 66,70 51.66 
w r.Z.k= w [10-2] 25.95 4.27 3.88 3.71 3.89 3.76 36,87 2.92 5.69 1.21 0.76 0.60 0.22 0.10 7,82 0.28 

k 0.43 3.12 3.12 3.12 3.12 3.12 0,35 3.12 3.10 2.04 2.04 2.04 2.04 2.04 5,26 2.04 
k 0.329 0.258 0.258 0.258 0.258 0.258 0,374 0.279 0.230 0.231 0.231 0.231 0.231 0.231 0,284 0.27 

w p.Z.k (Rut Depth) [mm] 19.40 7.61 6.91 6.61 6.93 6.70 45,42 7.23 7.62 1.08 0.68 0.54 0.20 0.09 42,99 0.47 
Ratio to reference variant 1.00 0.39 0.36 0.34 0.36 0.35 1,0 0,16 1.00 0.14 0.09 0.07 0.03 0.01 1,0 0,01 
 
Table 5: Calculation of Deformation of the SMA and ABI 
 
 Granular Layer Subgrade 
Compaction degree 100 % 97 % 100 % 97 % 

Layer 
50/70 - 

PmB 45A PmB 25H 50/70-
PmB 45A PmB 25 H 50/70 - 

PmB 45A PmB 25H 50/70 - 
PmB 45A PmB 25H 

 Ref I-1 I-2 I-3 I-4 I-5   Ref I-1 I-2 I-3 I-4 I-5   
Surface course 50/70 40 40 40 40 40 40 40.00 40 40 40 40 40 40 40 40 40 
Binder course 45 A 80 80 80 80 40 40 80.00 40 80 80 80 80 40 40 80 40 
Base course 50/70 220 220 140 120 180 160 220.00 180 220 220 140 120 180 160 220 180 
Frost blanket course 410 410 490 510 490 510 410.00 490 410 410 490 510 490 510 410 490 
Subgrade                 

Critical distress 195.6 99.9 174.
0 

203.
7 

174.
8 204.6 226.3 199.8 195.4 124.4 173.4 190.3 173.9 190.8 217.6 188.5 

Np [Mio.] 419 6.159 669 356 657 350 234 385 421 2.561 679 468 671 463 274 486 
Ratio to 50/70 1.00 14.70 1.60 0.85 1.57 0.84 1.00 1.65 1.00 6.08 1.61 1.11 1.59 1.10 1.00 1.77 
 
Table 6: Calculated Load Cycles of Granular Layer and Subgrade 
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7 ECONOMIC FEASIBILITY STUDY 
 
The calculated results based on pavement design method show, that innovative asphalt with a optimised layer 
thicknesses will provide a long lifetime and low maintenance effort compared to the reference variant after RStO 01 
[1]. It indicates that the innovative asphalt will cause low life cycle costs. To confirm this prediction an economic 
feasibility study is undertaken. A lifetime of thirty years and layer thicknesses of innovative variant I-4 are considered 
in the calculation. The results calculated by means of pavement design method, see chapter 6, are integrated. In the 
calculation of life cycle costs a cash method is taken into account and an interest rate of 7 % is regarded.. Estimation 
of material and construction costs are based on those of international asphalt pavement construction companies use 
from Germany. The following costs were estimate at the calculation:  
 
For surface layer with reference asphalt 12 years and for binder layer with reference asphalt 24 years until 
replacement were predicted [9]. According to design calculation results the innovative asphalt pavement will cause a 
long lifetime and low maintenance effort. For the innovative variant with same layer thicknesses like the reference 
variant no replacement of layer is to be expected. The innovative asphalt with reduced layer thicknesses will cause 
low maintenance [figure 8]. The replacement of the surface layer is predicted after a lifetime of about 20 years. 

Estimate construction cost for new construction Cost [€/t] 
Stone mix for asphalt mix 14.00 
Stone mix for granular layer 10.00 
Mixed costs of asphalt 7.00 
Bitumen 50/70 170.00 
Bitumen PmB 45A 250.00 
Bitumen PmB 25H 333.00 
Asphalt construction cost: SMA (density for 50 /70: 2.514, PmB 25H: 2.517, B = 6.5%) 5.60 
Asphalt construction cost: ABI (density for 50 /70: 2.608, PmB 25H: 2.599, B = 4.8 %) 3.75 
Asphalt construction cost: ATS (density for 50 /70: 2.640, PmB 25H: 2.536, B = 3.8 %) 6.00 
Estimate construction cost for maintenance (inclusive removal of old layer) Cost [€/t] 
Asphalt construction cost: SMA (50/70) 10.00 
Asphalt construction cost: SMA + ABI (50/70 + PmB 45A) 22.00 
Asphalt construction cost: SMA (PmB 25H) 12.50 
Asphalt construction cost: SMA + ABI (PmB 25H) 27.50 
 
Table 7: Input Values for Quotation 
 
With the above mentioned input data the life cycle costs have been calculated for a length of 1,0 Km with typical 
cross section of RQ 35.5 after German standards. The amount of the innovative asphalt construction costs are only 
about 95.5 % of the reference asphalt construction [table 8]. Even though the innovative asphalt is more expensive by 
weight, the construction costs can be reduced because of layer reduction. The innovative asphalt construction has a 
reduction of 8 cm asphalt layer in comparison to the reference asphalt. The calculations of maintenance costs show a 
significant reduction of maintenance costs for the innovative variant compared to reference variant in an amount of 
63 % [table 9]. Due to this the life cycle cost (construction and maintenance costs for a lifetime of 30 years) can be 
kept much smaller by use of innovative asphalt and its positive properties in distinct tendency. According to the 
calculation the life cycle costs of the innovative asphalt variant can be reduced to 80 % of life cycle cost of reference 
variant, see figure 10.  
 

Variant Thickness  
[cm] 

Material cost  
[€] Construction cost [€] Total Ratio 

 [%] 
Ref (Asphalt layer) 34 
Ref (Granular layer) 410 739.968 140.080 880.048 100,0 

I 4 (Asphalt layer) 26 
I 4 (Granular layer) 490 733.596 107.084 840.679 95,5 

 
Table 8: Calculation of Construction Costs  
 

Replacement of layer [years] Variant 
SMA SMA / ABI 

Maintenance cost 
[€] 

Ratio 
[%] Life cycle cost [€] Ratio  

[%] 
Ref 12 24 272.235 100,0 1.152.283 100,0 
I 4 20 [-] 100.235 36,8 940.914 81,7 
 
Table 9: Calculation of Maintenance- and Life Cycle-Costs 
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8 CONCLUSION 
 
The principal aim of this paper is studying the efficiency of innovative asphalt pavement construction (with high 
polymer modified bitumen) on life cycle-costs in comparison to a reference asphalt pavement construction (50/70 and 
PmB 45A) corresponding German standards. By means of MLT calculations in combination with material 
characteristics derived on the base of laboratory tests and performance models the effect of binder used has been 
determined. Fatigue at the bottom of asphalt base layer, permanent deformation at the surface, and the deformation 
resistance of the granular layer and subgrade were taken into account during calculations. The layer thicknesses were 
systematically varied to get an optimum thickness for innovative variant with a similar lifetime as the reference 
variant. The calculations show that the asphalt layer can be downsized about 80 mm. Anyway the innovative asphalt 
bears about 12 times more load cycles than the reference asphalt before reaching the fatigue failure. As expected the 
innovative variants show much lower rut depth and will cause lower maintenance. The permanent deformation in the 
granular layer and subgrade of innovative variant with reduced layer thickness is lower compared to the reference 
variant. In addition the innovative variant with a compaction degree of 97 % will bear more load cycle, cause low rut 
depth on the surface and show higher resistance against permanent deformation in the granular layer and subgrade 
compared to reference variant with a compaction degree of 100 %. It indicates that the innovative variant with 97% 
compaction degree will show a better quality than the reference variant at the target compaction degree of 100 %.  
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Figure 10: Comparison of Construction-, Maintenance- and Life Cycle-Costs 
 
To demonstrate the benefit of innovative asphalt an economic feasibility study is undertaken to calculate life cycle 
costs. The calculation based on a thirty years lifetime shows, that the layer optimized innovative variant will cause 
about 5 % less construction, 65 % less maintenance and 20 % less life cycle cost compared to the reference variant. 
As a consequence the disruption for the road user will minimize and the CO2 emission will decrease too. 
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ABSTRACT 
 
Even if pavement design engineers tell their clients that the pavement will last for twenty years before a strengthening is 
required, the major part of the pavement should expect to survive for typically 40 to 50 years and resurfacing will have 
to be carried out after some ten to fifteen years.  The information provided by the pavement design engineers is 
therefore of marginal value to the road keeper, who is interested in one thing: how many years will the surfacing last? 
 
In the Norwegian Public Roads administration, Eastern Region, the knowledge of surfacing service lives has recently 
been utilized to put up a new surfacing strategy (2007). By combining surfacing service lives in the region with asphalt 
prices for the different types of asphalt used in the region, it has been possible to produce a list of “best surfacing 
choice”, i.e. surfacings that give the lowest annual service costs.   
 
Since 2005, the knowledge of surfacing service lives has also been incorporated in the Norwegian Pavement and 
Materials Design Manual as part of the pavement strengthening procedure. By comparing the obtained surfacing service 
life on a particular road section with the expected surfacing service life, traffic volume and asphalt type taken into 
consideration, valuable information related to the need for strengthening is provided. If the existing surfacing service 
life is, for instance, 90% of what you should expect, there is not much to worry about. If the ratio is 50% you have 
entered a case where road strengthening probably is required. 
 
Keywords: asphalt surfacings, service life, rutting, roughness, road strengthening 
 
1. INTRODUCTION 
 
1.1  The Norwegian Road Network 
 
The Norwegian main national road network comprises approximately 26000 kilometers, of which 7000 kilometers are 
trunk road and 100 kilometres are multilane motorways. In addition there are about 27000 kilometers of county roads 
and 37000 kilometers of municipal roads.  

All national roads are now paved, while 20 % of the county roads still have gravel surfacings. Approximately 30 % 
of the annual maintenance budget of 3800 million NOK (about US$ 750 million) of the national roads is spent on 
pavement strengthening and rehabilitation. 
 
1. 2 The dilemma 
Pavement design engineers tell their clients that the pavement will last for a period of years, typically twenty, under a 
specified traffic loading. The pavement design engineer tells his client that after these twenty years the pavement will 
have to be strengthened. 
 
This is a sweet story which is generally very far from the reality. Except for the road surfacing, the major part of the 
pavement should expect to be in service for much more than twenty years, typically 40 to 50 years. On the other hand 
resurfacing will often have to be carried out prior to these twenty years, may be after ten to fifteen years depending on 
surfacing type and traffic loading. This resurfacing, and the resurfacings which follows, contribute to the strengthening 
needs, and is normally sufficient to take the pavement through a typical service life of 40 to 50 years. 
 
 
For the road keeper, the information from the pavement design engineer is therefore of little value. His main interest 
will be: How long will the surfacing last? An answer to this is highly relevant for his future costs. 
 
However, pavement design engineers will be reluctant to come up with information of the surfacing service life that 
should be expected, simply because this is a subject that these engineers have not taken an interest in.  
 
1.3 1990 – the start of systematic collection of pavement performance data in Norway 
Each year approximately 2000 and 1500 km of roads are resurfaced on the national and county road network 
respectively. The performance has been monitored regularly and on an annual basis since 1990, and we now have a very 
detailed performance history for these roads in respect of rutting and roughness. A number of monitoring vehicles are 
operating on the Norwegian road network, see Figure 1.   



 
This information is used to identify and prioritize the resurfacing works in the five regions, and has proven to be a very 
powerful tool to canalize the money to the best projects. However, the performance data has now been utilized to  find 
out the surfacing service lives obtained, not only for an average surfacing on a specific road network, but for different 
types of surfacing related to traffic load (ADT). In itself this is not enough to enable us to choose the right surfacing, but    
 

 
 
Figure 1 : 13 PMS monitoring vehicles are operating on the Norwegian road network   
 
with the knowledge of the price of different types of asphalt mixes or surface dressings it is possible to obtain a fairly 
good indication of what should be a “correct” surfacing for a particular road.     
 
The possible use of surfacing service lives does not stop there. The Norwegian Pavement and Materials Design Manual 
of 2005 [1] shows how the surfacing service life can be used to identify strengthening needs, as illustrated in Figure 2. 
This is described later in this paper.  
 
 

 
 
Figure 2 : Example of  identification of expected surfacing service life from PMS rutting data 
  
     In addition, a digital camera system (VidKon) is utilized to capture photos every 20 meters of road. An example of a 
screenshot from this system is shown in Figure 3. Any site can be seen from both directions if desired. The photos are 
extensively used to check damages like potholes, cracking etc.  
      



 
 
Figure 3:  Example of screenshot from the digital road photo system, VidKon. 
 
 
2. ASPHALT SERVICE LIVES IN NORWAY 
 
2.1 Development in surfacing service lives 1990 - 2005 
 
With the first registration of road performance data in 1990 the foundation was laid for the evaluation of asphalt 
surfacing service lives. The performance registration makes it possible to define not only the time between the laying of 
a surfacing and the following resurfacing, but the time between the laying and the year when the performance 
parameters for rutting and roughness are exceeded, i.e. when a new surfacing should have been laid.   
 
Prior to the introduction of the Pavement Management System, the knowledge of obtained surfacing lives has been 
limited. The performance monitoring has exposed a steady increase in the surfacing service life from just above eight 
years in 1990 to approx. 14 years in 2005 as shown in figure 4. This increase was both unexpected and remarkable, and  
     
 

 
 
Figure 4 : The development of asphalt surfacing service lives in Norway 1990 – 2005 (national road   
                             network) 
 
explains why it has possible to reduce the asphalt budgets in the same period with 40 % without a dramatic decline in 
performance.   
 
The present surfacing service life reflects the asphalt technology in the early 90’ies, and there is no reason why the 
future surfacing service life should not still increase. The systematic road strengthening of road sections with a low 
surfacing service life through the 90’ies will undoubtedly also contribute to an increased service life.   
  



 
2.2 Reasons for increased surfacing service lives 
 
The reason for the sharp increase in the surfacing service life is not fully known, but it can probably be related to the 
following factors: 

- the introduction of a Pavement Management System in 1990 which – in a much more systematic way – 
has identified the best road candidates for resurfacing  

- the systematic resurfacing works which has gradually contributed to the bearing capacity of the road 
- a road network which gradually has been strengthened to accommodate the allowed axle load 
- a sharp decrease in the use of studded tyres in some areas 
- possibly also: a development in vehicle technology, like tyre design and suspension system, as well as 
- general developments in techniques and procedures  

 
The administrative lifting of all spring thaw axle load restrictions in 1995, covering 40% of the national road network, 
resulted in a decrease in the surfacing service life of between a half and one year. This setback has definitely been there, 
but it has obviously been overshadowed by other, positive factors as described above.     
 
2.3 Surfacing service lives for different surfacing types 
 
The average asphalt surfacing service lives of 14 years for the whole national road network hides a range of different 
service lives for various ADT’s and various surfacings. Table 1 shows the performance of different asphalt surfacing. 
Again there is a great spreading in obtained surfacing service lives. There are however great variations in obtained 
surfacing service life also for a given surfacing type and a given ADT range. For stone mastic asphalts in the ADT 
range of 5 000 – 10 000, the obtained average service life is indeed 12 years, but 10% of these surfacings in this range 
would fall below 5 years and another 10% would survive 21 years or more.  This is shown in figure 5. 
 

Traffic volume (ADT) Surfacing type 
300 - 1500 1500 - 3000 3000 - 5000 5000 - 10000 

Stone Mastic Asphalt   15 years 12 years 
Asphalt Concrete (I)  15 years 12,5 years 11 years 
Asphalt Concrete (II) 15,5 years 15,5 years 12 years  
Soft Asphalt 13,5 years 13 years   
Surface dressing 13,5 years    
 
Table 1 : Average surfacing service lives (years) for different surfacing types 
 
In addition the stone size (normally 11 or 16 mm) and the surfacing thickness (often between 60 and 100 kg/m2) will 
influence the service life.  
 

 
 
Figure 5: The distribution of expected surfacing service lives for different ADT groups (national roads,  
                             Eastern  Region)  
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3. COMBINING ASPHALT SERVICE LIVES AND ASPHALT MIX PRICES 
 
The knowledge of asphalt surfacing service lives of different types is of much more value for the road keeper when it is 
combined with the knowledge of surfacing costs. Then we are in apposition to identify the best choice of surfacing for a 
certain road section with a fairly good accuracy. 
 
Table 2 gives an example of how this information is presented in the Sufacing Strategy for NPRA, Eastern Region [2]  
where the “best surfacing choices” for the ADT group 1500 – 3000. The ranking is presented according to annual 
surfacing costs. The listing should not be considered as a true picture for any given road by the surfacing planner. There 
will always be individual conditions which will influence the final choice of surfacing, but if this choice is too different 
from the best surfacings in the listing, the planner should have his arguments for his choice.  
 
The individual surfacing will require different types of preparatory works, and this is incorporated in the table.  
 
 

       annual cost (NOK/m2) 
 

levelling 
 

spot levelling deep 
milling milling No. Surfacing type 

expected 
surf. 

service 
life 

 (years) 
surfacing 

A B C D E F G 

sum planners
sum 

1 Agb11 75 kg/m2 13,8 3,06 1,82 3,06 1,15 2,11 1,34 1,63 2,58 4,88   
2 Agb16 100 kg/m2 17,0 3,39 1,57 2,64 0,99 1,81 1,15 1,40 2,22 4,95   
3 Ma16 100 kg/m2 15,5 3,31 1,67 2,82 1,06 1,94 1,23 1,50 2,38 4,98   
4 Ab11 75 kg/m2 15,0 3,32 1,71 2,88 1,08 1,98 1,26 1,53 2,43 5,03   
5 Agb11 90 kg/m2 15,4 3,36 1,68 2,82 1,06 1,94 1,24 1,50 2,38 5,03   
6 Ma11 75 kg/m2 12,3 3,06 1,99 3,34 1,25 2,30 1,46 1,78 2,82 5,05   
7 Ma11 90 kg/m2 13,9 3,32 1,81 3,05 1,14 2,09 1,33 1,62 2,57 5,13   
8 Ab11 90 kg/m2 16,6 3,68 1,59 2,67 1,00 1,84 1,17 1,42 2,26 5,26   
9 Ab16 110 kg/m2 18,2 4,10 1,49 2,51 0,94 1,73 1,10 1,34 2,12 5,59   

10 Ab11 tynnd. 45 kg/m2 13,3 3,33 1,87 3,15 1,18 2,17 1,38 1,67 2,66 5,99   
11 Ab11 60 kg/m2 13,3 2,93 1,87 3,15 1,18 2,17 1,38 1,67 2,66 6,08   
12 Agb11 60 kg/m2 12,1 2,74 2,01 3,39 1,27 2,33 1,48 1,80 2,86 6,13   
13 Ma11 60 kg/m2 10,6 2,79 2,23 3,76 1,41 2,59 1,65 2,00 3,18 6,56   

 
3.1 Basic guidelines for choice of surfacing 
 
The choice of surfacing in NPRA, Eastern Region, is based on the following guidelines:  
 
1. The surfacing choice should be based on annual costs (Table 2)  
2. The budget situation should not influence the choice of surfacing  
3. Asphalt reuse should be prioritized  
4. “Useless asphalt” should be avoided when possible , i.e. asphalt which at a later stage probably will be removed 
(normally milled) or asphalt which does not contribute to the pavement strength  
5. Sufacing seals should be preferred for ADT’s below 1500 if the present surfacing service life is reasonable 
6. Flatelapping should not be used for ADT’s above 5000, and for other roads only if the service life can be extended 
with one or two years 
7. Roads with 8 tons allowable axle load should not be surfaced unless the allowable axle load can be brought up to 10 
tons 
8. Polymer modified binders shall actively be tested out, also on low volume roads 
9. In built up areas with high traffic levels where the costs and the administrative implications of carrying out the 
surfacing works are high, the social costs should be considered. This implies that surfacings which will give high 
service lives should be preferred even if the annual costs should be higher than “best choice”  
  
3.2. Resurfacing practice 
 
The average surfacing in Norway will (2005) survive for 14 years. However, there is a backlog of two years, which 
means that the average surfacing will be in service for 16 years.  
 

Table 2 : Example of  “best surfacing choice” for the ADT group 1500 – 3000 



The annual average surfacing cost in Norway varies between 0,4 to 0,8 € per m2. If a more conscious choice of 
surfacing can give us a saving of 0,05 € per m2 there will be 2,5 mill € extra annually for resurfacing works in the 
region, and the 2 years backlog can be reduced. 
 
4. SURFACING SERVICE LIFE – A NEW FACTOR IN ROAD STRENGTHENING EVALUATION 
 
4.1  Traditional Road Strengthening Indicators 
 
The need for road strengthening or pavement rehabilitation is commonly related to inadequate service levels for the 
road users in combination with excessive costs in maintaining the existing pavement structure. 
 
The need for road strengthening was for many years based on “engineering judgement”. It was later followed by the 
introduction of deflection measurements (with or without backcalculated moduli), and today there is a move towards an 
analytical approach, taking into use the best possible knowledge of 
 - material characterization of the pavement layers 
 - existing traffic loads and predicted traffic growth 
 - the climatic regime 
 
The analytical approach has been greatly improved over the last 10-20 years, and many pavement strengthening design 
methods are today based on field measurements with FWD’s combined with the backcalculation of layer moduli. 
 
4.2  The background for the change in 2005 
 
The Norwegian procedure for pavement strengthening design, as described in the new Norwegian Pavement and 
Materials Design Manual, has for a long period been based on both an investigation of the pavements structural number 
as well as the determination of bearing capacity or layer moduli based on deflection measurements.  
 
During the 70’ies and 80’ies the Dynaflect equipment was in extensive use in Norway - with 18 units in use. While the 
use of the Dynaflects has been fading out, the falling weight deflectometer (FWD) was introduced in Norway during the 
late 80’ies and 90’ies, but only in a limited number, and the equipment has mainly been used for research purposes.    
 
The use of the deflection equipment has been very useful in evaluating strengthening needs, but Norway has never 
adopted the analytical approach in full. This is partly based on scepticism letting material parameters represent the 
service life of a surfacing/pavement and partly limited funding to develop such a system. 
 
Pavement strengthening or rehabilitation is considered when   
 - the surfacing service life is unreasonably low, or    
 - the allowable axle load shall be increased 
 
The aim of a strengthening is normally to upgrade a new road in order to achieve a surfacing service lives as expected 
from a new road. Another case is upgrading of an existing road in order to increase the allowable axle loads.. 
 
The system based on surfacing service life gives an answer to whether there is a need for strengthening or not, as well 
as the additional pavement strength required. The type of strengthening method has to be addressed separately, and 
evaluated using traditional field measurements and sound engineering judgement.   
 
4.3  Surfacing Service Life versus Pavement Design Life 
 
In pavement design systems, emphasis has generally been placed on pavement design life. However, the surfacing 
service life may in many cases be used as an indicator of success in the structural pavement design process.  
 
The pavement design life might typically be 20 or even 30 years for a flexible pavement, but at the end of the design 
life cycle, there will be no one around to tell whether the pavement design engineer did a good job or not. And if there 
was, the pavement design engineer could easily explain the discrepancies on several factors not taken into account in 
the original assumptions. 
 
The surfacing service life is a parameter closely linked to costs. With the new possibilities to obtain the surfacing 
service life, as provided by the pavement management system at project level, it is tempting to utilize this more 
extensively, also as a bearing capacity parameter. However, this will require a link between the expected and the 
observed surfacing service life. The observed surfacing service life is derived from the PMS registrations. The expected 
surfacing service lives is found from accumulated data in the Norwegian Road Data Bank (RDB) over years with PMS 
registration on the road network, see Table 1. 
 



All analytical/mechanistic design systems have to be calibrated against in situ performance. Such systems therefore 
represent an indirect way of providing an answer. On the other hand, the PMS gives us an answer directly from the in 
situ conditions in the form of a real surfacing service life.   
 
The advantage of using the surfacing service life as a parameter for pavement strength is that  

- it reflects performance, which is the main demand for the road user  
- it provides a direct link to economy 
 

4.4 Assessing the Need for Strengthening 
 
On road sections where the surfacing service life is unacceptable short, the strengthening need is established based on 
the Surfacing Life Factor (SLF).  
 
Definitions 
SLF = the relation between the functional (observed) surfacing service life and the expected surfacing service life.   
Functional surfacing service life = the service life that can be observed/estimated until target performance parameters 
are reached 
Expected surfacing service life = the service life that should be expected on a correctly designed road, depending on 
surfacing type and traffic volume  
 
This procedure requires that the expected surfacing service life can be derived. Table 1 shows the present expected 
surfacing service lives for new roads in Norway according to accumulated data in the RDB. Local experience can call 
for the use of other an alternative estimate of  “acceptable” surfacing lives, but this will be a modification according to 
sound engineering judgement. 
 
A low surfacing service life indicates a defect in the pavement construction. This could be due to a generally 
substandard design, or caused by deficiencies in the pavement calling for other remedies than just a new surfacing, even 
if the SLF only calls for this. For SLF’s below 0.7 an evaluation of the pavement structure is therefore required to 
identify the deficiencies in the structure and the strengthening needs in order to achieve a reasonable surfacing service 
life.  
 
Surfacings with Surfacing Life Factors above 0.7 
The required strengthening is based on Table 3. When SLF > 0.7, the required strength improvement is expected to be 
taken care of by the ordinary resurfacing.  
 
Surfacings with Surfacing Life Factors  0.7 -0,5 
The required strengthening is based on Table 3. However, the required strengthening should be verified by material 
sampling and an evaluation of pavement deficiencies.   
 
Surfacings with Surfacing Life Factors below 0.5 
A Surfacing Life Factor below 0.5 indicates a pavement structure with serious deficiencies. Such a pavement is 
generally substandard in many aspects, or the materials in one or more of the pavement layers may be of substandard 
quality. The root of the problem will normally be identified through sampling and testing of pavement materials and an 
evaluation of pavement structure deficiencies. In addition both deflection measurements and DCP/CBR testing may 
contribute to a correct evaluation of the pavement structure and the need for strengthening. 
 
 

 Strengthening needs related to   
Substandard Surfacing Service Lives  
(additional pavement structural index required) 1) 

 Traffic group  (million 10 tons ESAL’s) 
Surfacing Life 
Factor 2)      < 0,5 million  0,5 - 1 million 1 - 2 million 2 - 3,5 million 

f = 0,8  6 6 7 8 
f = 0,7  9 9 10 11 
f = 0,6 12 13 14 15 
f = 0,5  15 17 18 19 

1) a structural index of 3 is equivalent to 1 cm of asphalt concrete - 1 is equivalent to 1 cm of sub-base material 
2) the relation between the functional surfacing service life and the expected surfacing service life.   
 



Table 3 : Strengthening needs related to Surfacing Life Factor (SLF). 
 
 
4.5  Assessing the Effect of Road Strengthening 
With a good knowledge of existing surfacing service life, it has also been possible to evaluate the effect of road 
strengthening. By comparing the surfacing service life before and after the road strengthening, the effect of the 
strengthening can be evaluated in a very precise manner against both technical and economical criteria. An example is 
shown in Figure 6.  
 
 
 

 
Figure 6 : The effect of road strengthening can be picked up by increased surfacing service life [5] 
   
 
 
4.6  The Need of Strengthening is One Thing - What To Do is Another 
 
The system described here, based on the evaluation of the surfacing service life, is used to evaluate the need for 
strengthening, i.e. 
 - whether there is a need for strengthening or not , and 
 - the extent of the required strengthening 
 
While the need for and the extent of the required strengthening can be established through the Surfacing Life Factor 
(SLF), there are many options in the selection of strengthening method. If the pavement structure is just too thin, adding 
strength at the top of the pavement may be a reasonable solution. When there is a material quality problem is in the base 
layer, or even deeper in the construction, the most cost-effective solution may be to improve these substandard parts of 
the pavement, for instance by milling and stabilisation.  
 
The correct type of strengthening is obtained by an investigation of the reason for the short surfacing service life. This 
includes the following methods: 
 - sampling and testing of materials in the pavement layers  
 - DCP measurements 

- deflection measurements 
- georadar 

and other types of investigations. 
 
5. CONCLUSIONS 
 
By focusing on the surfacing service life for different types of surfacings and different traffic volumes, it has been 
possible for the road keeper to concentrate the choice of surfacing to the ones that provide the best value ( surfacing 
service life) for money. 
 
In a future situation where the asphalt surfacings are not specified by the road keeper, but asphalt contracts are to a 
larger extent performance based, the contractor who has a sound knowledge of surfacing service lives and the 
parameters that influence this, will be in the best position for tendering on such contracts. 

Strengthening intervention



 
The way the need for road strengthening works are determined today, is also based on indirect measurements, like 
falling weight deflectometers and the way through the determination of the E-values for the pavement layers, in stead of 
being linked more directly to the problem: a low surfacing service life which is not economical. 
 
The Norwegian Pavement and Materials Design Manual (2005) has linked the need for road strengthening directly to 
the surfacing performance, and a road strengthening is now justified from economic reasons only: a surfacing service 
life which is shorter than what should be expected, and not from indirect deflection measurements. 
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ABSTRACT 
 
The evaluation of asphalt pavement performance is an important content of Pavement Management System (PMS). It 
can provide basic decision-making basis for pavement manager. The science of the evaluation method for asphalt 
pavement performance directly affects the rationality of pavement maintenance decision-making. By introducing a 
method of Data Envelopment Analysis (DEA) based on a virtual Decision-Making Unit (DMU), a comprehensive 
evaluation model for asphalt pavement performance has been put forward in this paper. Then the indexes of input and 
output for evaluation model have been determined according to the demands of road users. Finally, the feasibility of an 
evaluation case has been illustrated with combination of the pavement condition data of different sections in an 
expressway. The evaluation results indicate that the established DEA evaluation model not only remedies the 
shortcomings that the traditional DEA cannot completely distinguish the efficient DMUs, but also overcomes the 
weakness of strong subjectivity of the evaluation methods usually used at present. Therefore, its evaluation conclusions 
will be more overall and be more in accordance with the reality. 
 
Key words: Asphalt Pavement, Pavement Performance, Evaluation, DEA, Virtual DMU 
 
1. INTRODUCTION 
 
With the constant function of traffic loads and environmental factors, the pavement performance will reduce gradually 
during the life time, and directly affect the quality of travel comfort and operating costs. Pavement managers need to 
judge on the extent of the pavement performance to meet the application requirements on the basis of the data of 
pavement conditions collected, to understand the level of pavement service, to determine the appropriate measures for 
maintenance/reconstruction/expansion and to prioritize them for each pavement section, namely the evaluation of 
pavement performance [1][2]. It is an important content and the main components of Pavement Management System 
(PMS), and provides pavement managers with the basic information and decision-making evidence.  

Pavement performance typically includes the five attributes: functional properties, structural properties, structural 
strength, safe properties and appearance[2]. These attributes reflect the requirements of the road user in different ways. 
At the present time, the analysis and evaluation of pavement performance are mainly based on the single attribute of 
ride quality, pavement damage conditions, structural strength, and anti-skid performance. The indexes and standards of 
evaluation according to the above single property have been proposed, respectively. These evaluation methods and 
indexes have been carried out with the combination of objective methods (measuring the pavement condition with 
instrument) and the subjective ones (organizing experienced engineers as evaluation groups to give their opinions). 

To enable the service performance of different sections to be of comparability, a comprehensive pavement 
performance evaluation index was presented through integrating several performance evaluation indexes together, for 
instance, the PMS of Arizona America [3] and Beijing China [4]. The pavement condition was expressed as a 
n-dimensional vector which was composed by n individual performance index to illustrate the pavement performance of 
each section of the road in different times. The application of dimensional vectors will give a complete understanding of 
the pavement performance for various sections, and be useful to select or determine the measures according to specific 
conditions of the parameters of different pavement performance. But it will be very difficult for this type of presentation 



to carry out a simple comparison among all performance conditions of various sections, and so be for the prioritization 
for different sections. 

Another kind of comprehensive evaluation method is through weighted individual performance evaluation indexes to 
generate a single comprehensive evaluation index to reflect the pavement performance. Equation (1) adopted by the 
Washington PMS is a comprehensive evaluation index composed by roughness and damage rate [5]. 
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Where SR is the score of pavement damage in 100-mark system and RS the score of roughness in10-mark system. 
Equation (2) used by the Utah PMS is a comprehensive evaluation index composed by Present Service Index PSI , 
Structural Strength index SSI and Damage Index DI three different performance indexes and multiplied by different 
weight number [5]. 
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Where F1 F2 F3  are the weights which were determined the volume of traffic and different road classification 
according to corresponding respective performance indexes. This kind of evaluation method will be convenient for 
relative comparison and priority sequencing according to the result of performance evaluation of each road section. 

The above pavement performance evaluations had such serious weaknesses as the performance indexes selection not 
comprehensive and the subjective determination of the weights, etc. By introducing a method of Data Envelopment 
Analysis (DEA) based on a virtual Decision-Making Unit (DMU) to overcome these shortcomings, a comprehensive 
evaluation model for asphalt pavement performance has been put forward in this paper. The evaluation results indicate 
that the DEA evaluation model has not only remedied the traditional DEA not completely distinguishing the efficient 
DMUs, but also overcome the weakness of the strong subjectivity to make the evaluation conclusions more overall and 
objective. 
 
2. DEA MODEL OF ASPHALT PAVEMENT PERFORMANCE EVALUATION 
 
2.1 Basic model of DEA 
 
DEA was built by the famous operational researchers, Charnes A. and Cooper W. W. et al, in 1978. It is a non-parameter 
statistic method which was based on the concept of relative efficiency to see whether the same type of DMUs with 
multi-input and multi-output is effective technically. Its basic idea is to take each object to be evaluated as a DMU. And 
then a large number of DMU are integrated as an evaluation group. By regarding the weighted input and output indexes 
of the DMU as variables, the input and output rate are comprehensively analyzed. Finally the effect of DEA for DMU 
can be determined. Because of the DMU weights chosen under the condition of most beneficial to itself in the DEA 
method and without the previous assumption of the function relationship between the input indexes and output indexes, 
the results of the evaluation are therefore not subject to any human activities and are likely to be more objective and 
impartial [6][7]. It has become a common analytical method in system engineering, technical evaluation, and decision 
analysis, and other fields [8]. 

Assuming that there are n sections composed of a group decision making units DMUj (j=1,2,3···,n), each 
corresponding DMU relative to road users has input indexes as m (Those present that the increasing of indexes will 
have a negative impact to road users) and output indexes as s (Those present that the increasing of indexes will have a 
beneficial effects to road users). Then all input and output indexes of DMUj can be expressed by vector Xj=(x1j x2j ···
xij ··· xmj)T Yj=(y1j y2j ··· yrj ··· ysj)T , of which xij and yrj are the i input index and the r output index of DMUj, 
respectively. The DEA model of pavement performance evaluation which based on the road users can be defined as 
follows: 
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Where v=(v1 v2 ··· vi ··· vm)T and u=(u1 u2 ··· ur ··· us)T express the weights of input and output indexes, respectively. 

As to Model 3, if the optimal solution u0 v0 of the equation (3) meet 
s

r
rjrj yuh

1
1

00
, the j0 section is called the 

weak DEA efficiency. If the optimal solution u0 v0 meet the above conditions and u0 0 v0 0 the j0 section is called 
the DEA efficiency. The optimal solution of equation (3) is the comprehensive evaluation index of the j0 section. The 
pavement performance evaluation comprehensive efficiency index hj0 of each section (DMU) can be calculated by 
solving above mathematical programming. The pavement service performance advantages or disadvantages of each 
section can be evaluated according to the size of comprehensive efficiency index, hj0. 
 
2.2 DEA Model with Optimal Virtual DMU 
 
Because the weights of each DMU are solved in the condition of most beneficial to itself in the traditional DEA method, 
it will lead to different DMU with different weight vector and its main shortcoming is that it can only judge the DEA 
efficiency in the traditional DEA method. When there are a lot of or even all the DMUs are DEA efficiencies, we can 
not carry out a comprehensive contrast and evaluation among the pavement sections. 

In order to effectively distinguish the difference among the DMUs an optimal virtual DMUn+1 can be built to 
substitute the evaluation of the DMU in the constraint conditions. The corresponding minimum value from the input 
indexes of the n actual DMUs will be selected as the input indexes of optimal virtual DMUn+1; and the corresponding 
maximum value from the output indexes of the n actual DMUs will be selected as the output indexes of optimal virtual 

DMUn+1. As for the input and output datum of n sections, if ijnji xx
1
min rjnjr yy

1
max i=1,2,···,m r=1,2,···,s

then the input and output values of the optimal virtual DMUn+1 are Xn+1=(xj x2 ··· xm)T and Yn+1=(y1 y2 ··· ys)T. When 
the DMUn+1 as a constraint condition substitutes for the corresponding constraint condition of evaluated DMUj, this will 
make all actual DMUs relative to the optimal virtual DMUn+1 are non-DEA effective. The purpose to further compare 
the different degree of each DMU will be achieved. 

Through introducing the virtual optimal decision-making section to the n actual decision-making sections, the 
pavement performance evaluation DEA equation (4) can be obtained with the basis of the optimal virtual 
decision-making section. 
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It has been proved that the DEA theories related to equation (4) are all true [9]. As the evaluation efficiency value of the 
pavement performance in the each evaluation section is based on the optimal virtual decision-making section, therefore 
this shows that the smaller the value is, the bigger differences between the pavement performance of this section and the 
optimal virtual decision-making section are, namely the pavement performance of this section becoming poorer. The 
order of the evaluation efficiency value will be the one for determining the advantage or disadvantage of the pavement 
performance for all evaluation sections. 
 
3. INPUT AND OUTPUT INDEXES OF PAVEMENT PERFORMANCE EVALUATION 
 
Pavement performance evaluation indexes include: 

- International Roughness Index (IRI), reflecting the basic function of pavement ride quality or service level. 
- Pavement Damaged Rate (PDR) or Pavement Condition Index (PCI), reflecting the integrity status of pavement 

structure. 
- Structural Strength Index (SSI), reflecting the strength of the pavement structure. 
- Section Accident Rate (SAR) and British Polishing Number (BPN) / Sideway Force Coefficient (SFC), reflecting 

the road safe performance. 
- Appearance Index (AI), reflecting pavement appearance situation. 

IRI DR SSI BPN/SFC can be obtained according to the method in the literature [10] and [11]. SAR is defined as the 
sum of weighted number of traffic accidents per 1 million vehicles in the unit length (1km). According to Equation (5) 
and the investigation results of traffic volume and traffic accidents the following can be computed: 

LN

Nw
SAR

e

i
ii

4

1               (5) 

Where Ni is the number of four traffic accident levels (small, common, big and serious) which will take place, 
respectively. wi  is respectively the weights of four traffic levels, the corresponding values of (1 2 5 10). Ne is the total 
traffic volume in million vehicles. L is the length of the evaluation section in km. The AI is defined as the averaged 
value which was gained by organizing a group of experts separately marking each section with a 10- mark system. The 
higher the AI score is, the more aesthetic the evaluation section will be. 

The smaller the IRI, DR and SAR are, the more comfortable and secure the road users feel. If the SSI, BPN/SFC, and 
AI are bigger, the ride environment for the road users will be more comfortable and secure. Therefore, in accordance 
with the DEA theory and demands of the road users, the DEA evaluation on the pavement performance can be carried 
out by taking the IRI, DR and SAR as the input indexes, and regarding SSI, BPN/SFC and AI as the output indexes. 
 
4. EXAMPLES 
 



According to the detection data of pavement conditions for 9 sections of a given highway asphalt pavement, IRI, DR, 
SSI and BPN can be calculated. Through investigating and organizing experts scoring and the assessment value for 
pavement appearance, the SAR and the AI will be worked out. All results are showed in Table 1. 
 

Evaluation Indexes 
Sections 

IRI DR SAR SSI BFN AI 

A 3.27 0.35 1.35 0.81 47 7.88 

B 4.90 0.46 5.64 1.63 44 6.85 

C 4.23 1.49 7.38 0.76 40 5.91 

D 3.90 2.21 1.67 0.69 52 6.53 

E 4.30 1.83 2.57 0.68 47 6.59 

F 3.57 3.19 6.56 0.60 37 5.12 

G 3.63 2.97 3.55 0.63 45 6.73 

H 2.17 1.87 2.01 1.55 44 8.14 

I 4.03 0.70 4.59 0.99 39 7.47 

 
Table 1: Each pavement performance test results of the sections 
 
The comprehensive evaluation efficiency values of each section which are showed in Table 2 are acquired to solve 
respectively equation (3) and (4) by using linear programming process of Matlab.   
 

Sections A B C D E F G H I 

Efficiency values of Equation (3) 1 1 0.580 0.916 0.662 0.511 0.622 1 0.798 

Ranking 1 1 8 4 6 9 7 1 5 

Efficiency values of Equation (4) 0.968 0.761 0.395 0.808 0.475 0.432 0.517 1 0.494 

Ranking 2 4 9 3 7 8 5 1 6 

Results of Equation (1) 74.052  63.635 62.532 61.860 60.972 60.789  61.065  71.309 67.260 

Ranking 1 4 5 6 8 9 7 2 3 

Results of Equation (2) 4.274  4.266  3.953  3.817  3.590  3.527  3.741  4.375  4.235  

Ranking 2 3 5 6 8 9 7 1 4 

 
Table 2: Comprehensive evaluation results of asphalt pavement performance for each section 
 
The results of equation (3) show that A, B, and H three sections all reach to the DEA efficiency, but the evaluation 
efficiency values of C, D, E, F, G, and I all are smaller than 1. It shows that equation (3) is good at comparing 
non-efficient DMUs. But it can not effectively distinguish the ranking among A, B, and H of the efficient DEA. The 
results of equation (4) based on the optimal virtual DMU show that the equation not only can compare non-DEA 
efficient decision-making sections, but also can further rank the four DEA efficient decision-making sections. Equation 
(4) makes up equation (3) not capable of distinguishing the different degree of the DEA efficiency decision-making 
sections.  

Comparing to the evaluation results and ranking according to equation (1) and equation (2). It can be known that all 
of the ranking results are basically same. The differences mainly reflected on the two sections of C, D. It mainly results 
from no index which reflects the pavement safe performance in the equation (1) and (2). Moreover, equation (1) only 
includes two pavement performance indexes: pavement damage and roughness. Equation (2) only includes three 
pavement performance indexes: pavement service, strength, and pavement damage and the corresponding weights of 
those indexes are determined subjectively. As to comprehensive evaluation method of the pavement service 



performance based on the DEA model, many evaluation indexes can be included in the model and their weights are 
determined by an objective method. This method completely avoids deficiency of the subjective determination weights. 
Therefore, the evaluation conclusions should be more complete and effective. Similar to equation (1) and (2), this 
method is only used to determine the priority of pavement maintenance.  
 
5. CONCLUSION 
 
With the application of Method DEA, a comprehensive evaluation model for asphalt pavement performance based on 
an optimal virtual DMU has been built. Then the indexes of input and output for evaluation model have been 
determined according to the demands of road users. Finally, with the combination of the investigation result of the 
pavement condition data from different sections in an expressway the evaluation result for application of DEA shows 
that the DEA evaluation model based on a optimal virtual DMU not only has remedied the traditional DEA not capable 
of completely distinguishing the DEA efficiency DMUs, but also avoided the weakness of strong subjectivity of the 
evaluation method commonly used at present. Therefore, the evaluation results will be more overall and objective to the 
reality. 
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ABSTRACT 
 
In Germany asphalt structures are designed empirically by choosing a catalogued proven construction depending on 
weather and volume of traffic. With the implementation of the private public partnership projects, it is allowed to use 
other constructions, which are not implemented in the catalogue (RStO). To guaranty the equality of these new 
dimensioned constructions to the proven experience, a design procedure, which is based on an analytic basis, is 
necessary. The basic requirement for the analytic design of asphalt constructions is a material model, which is built on 
material properties. These properties were identified experimentally with material tests under dynamic loading. The 
material behaviour of four surface course asphalts, one binder and one base course asphalt were evaluated with three 
deformation test methods (uniaxial compression test, three axial compression test, dynamic penetration test with a flat-
ended dye ) by varying temperature, applied stress and load frequency. The results allowed a comparison of the 
material properties and test methods as well as the validation of an analytic material model. With this knowledge only a 
small number of tests are necessary to predict the deformation properties of Asphalts. 
 
Keywords: physical properties, compression test, deformation; stiffness 
 
1. INTRODUCTION 
 
The road construction must face new challenges like the raising traffic stress, the increase in axle load as well as the 
new motor vehicle types (Gigaliner) and/or new combinations of existing transport vehicles. Due to the decline of 
public financial resources and the progressive material loss of the roads new solution methods have to found.  
According to the new contract form of Germany, the functional building contract, the operator is held responsible not 
only for the construction, the development and the basic renewal of a road but also for the preservation of the specific 
road section for a period of 15 – 30 years under consideration of the functional requirements. 
The interest of an operator is therefore mainly to find a more economically and /or a technically more advanced solution 
for a certain project than described in the standard solutions complying with the guidelines valid in Germany (a 
catalogued with proven constructions depending on weather and volume of traffic). 
Design procedures on an analytic basis make a substantial contribution to the optimization of the material properties and 
to the prognosis of the life cycle of a pavement structure 
The tension strain processes of asphalt can be determined with the help of a material model for the building material 
asphalt and with input values concerning the material properties, the weather as well as the volume of traffic. Then it is 
also possible to optimize the pavement construction regarding the resistance against fatigue, cracking and deformation. 
A model is only as good as its initial parameters. The material properties are determined by lab tests which should 
reflect the reality on the road as good as possible. 
With these lab tests it is possible to draw conclusions upon the cold temperature behaviour, the fatigue behaviour and 
the deformation behaviour of asphalt. 
In this paper the deformation behaviour of four surface course asphalts, one binder and one base course asphalt have 
been evaluated. The results of three different tests (uniaxial compression test, three axial compression test, dynamic 
penetration test with a flat-ended dye) of the examined asphalt variants by varying temperature, applied stress and load 
frequency are compared regarding the rankings of the asphalt variants and the influence of the different load 
combinations on the deformation behaviour. 
 
2. EXPERIMENTAL 
 
2.1. Material 
 
In order to receive practical material the examined asphalt mixtures were manufactured in asphalt mixing plants. These 
asphalt mixtures were not manufactured separately, but taken from the current production. It is about four surface 
course asphalts (AC 11, SMA 11(two variants), OPA 8), one binder course asphalt (AC 16) as well as one base course 
asphalt (AC 32). 
 
In order to achieve a practical compression as well the test specimens were bored from plates, that were manufactured 
with the segmented roller compactor according to the Braunschweiger compaction programm. This programm contains 
a deformation controlled precompaction, that corresponds to the compaction of a paver screed of the paver, and a force 
controlled compaction, that corresponds to a smooth-wheeled roller [1]. 



2.2. Deformation tests methods 
 
The load of the asphalt within the pavement structure is characterized by a three axis tensile state. In perpendicular 
direction the vertical compression stress 1 acts, considerably affected by the tyre contact pressure. In horizontal 
direction the horizontal tension 2 respectively 3 act due to the obstructed lateral extension by the surrounding 
material. 
These tension combinations can be shown close to reality with the three axial compression test with defined tensions 1 
und 2/3 (figure 1). 
 

 

1  

2/3  2/3

1   
Figure 1: Tension combination 

The test can be realized in two different ways. DIN EN 12697-25 (2005) describes a procedure in which a cylindrical 
asphalt specimen is exposed to a constant radial pressure which is overlaid by a cyclic axial load. 
This cyclic axial load can be applied either as a haversine pulse-type or as a block-pulse-type. Further test conditions 
are described in the DIN EN 13108-20 (2006) appendix D. 
Since the axial load is applied cyclically, also radial cyclic reactions arise. In order to examine the material behaviour 
close to reality, a cyclic load for the obstruction of the lateral extensions is to be preferred rather than a static load for 
the obstruction of the lateral extensions. In addition this cyclic load must be applied dephased in relation to the axial 
loads due to the viscoelastic behaviour of asphalt. This kind of load application represents the second procedure for the 
execution of the three axial compression test which was developed in the context of the research contract „Pilotphase 
Qualitätssicherung in der Querschnittsforschung; Qualitätsplanung im Asphaltstraßenbau – behandelt am Beispiel des 
Verformungswiderstandes“ of ARAND and VON DER DECKEN at the institut of high way engineering at the TU 
Braunschweig [2] and further enhanced in the research contract „Optimierung des Triaxialversuchs zur Bewertung des 
Verformungswiderstandes von Asphalt“ [3]. 
Within this project the second procedure for the execution of the three axial compression test was selected. 
A pressure cell developed particularly for this type of attempt at the institute of high way engineering at the TU 
Braunschweig can be seen in the following illustration:. 
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Figure 2: Test equipment for the three axial compression test 

For the installation of the test specimen the lower base plate is driven out of the pressure cell by means of hydraulics. 
The cylindrical test specimen and the upper load plate are positioned and carried into the pressure cell. There is a rubber 
membrane inside the pressure cell that encloses the test specimen. In order to create a specific radial supporting pressure 
(static or dynamic), the cavity between pressure cell wall and rubber membrane is filled with hydraulic oil. 
The axial pressure load is carried out by the upper load plate and the load stamp. Both the axial as well as the radial 
deformations are recorded by inductive displacement transducers. The axial transducers are connected to the load stamp 
and measure the distance to the rigid pressure cell. 



The radial displacement transducers are arranged on three levels and measure the distance between the rubber 
membrane and the pressure cell wall. Per level a mean value is determined for the radial deformation by three 
displacement transducers that are arranged with an offset of 120°. Since the three axial compression tests are driven 
under isotherms conditions, the pressure cell is hosted in a climatic chamber. Additionally the hydraulic oil used in the 
inside of the pressure cell is kept at a moderate temperature by a separate heating. 
The pressure cell is suitable for cylindrical test specimens with height of up to 80 mm and a diameter of 100 mm (drill 
core and Gyrator test specimen) or 101.6 mm (Marshall test specimen). 
The three axial compression tests were performed at 30 and 50 °C, with the frequencies 10, 5 and 3.33 Hz, an axial 
tension amplitude of 0.5 MPa as well as different radical tension amplitudes within the range of 0 – 0.45 MPa. 
The tests were carried out without the arrangement of rest times because of the additional influence on the deformation 
behaviour of the examined asphalt. 
These selected stress combinations are more broadly based than those included in the EN 12687-25/B. 
 
A further test method is the uniaxial compression test, which is used in Germany according to the test provision TP A-
StB Teil: Einaxialer Druckschwellversuch – Bestimmung des Verformungsverhaltens von Walzasphalten bei Wärme 
[4]. This test was also selected for the test program in this project. Thereby a haversine pulsating pressure stress is 
enforced up on a cylindrical test specimen under isotherms test conditions (figure 3). 
The experimental construction is shown in the following figure. 
 

 
Figure 3: Uniaxial compression test 

During the experiment the deformations of the test specimen in the load direction are recorded for every reversal of 
stress by inductive displacement transducer at the traverse. 
Differing from the TP A-StB the experiments with this project were performed at 80 mm and not at 60 mm high test 
specimens with a diameter of 100 mm. This was done in order to eliminate the influence of test specimen geometry for 
drawing the comparison uniaxial compression test and three axial compression test. 
The tests were also carried out without the arrangement of rest times, which are specified in the TP A-StB. The testing 
temperatures were specified to 30, 40 and 50°C, the testing frequencies to 10, 5 and 3.33 Hz and the axial tensions to 
0.15, 0.30 and 0.45 MPa. 
 
The third type of experiment resembles the experiment described in the EN 12697-25A. For this experiment a 
cylindrical specimen ( 200 mm) with an even surface is clamped into a steel framework and exposed to a swelling 
compressive load, which comes from a centrically erected stamp with a diameter of 80 mm (figure 4). The stamp 
penetration depth that results from the repeated load is registered as a function of the number of reversals of stress. 
 

 
Figure 4: Dynamic penetration test with a flat-ended dye 



For the developed dynamic penetration test with a flat-ended dye for the determination of the deformation resistance of 
rolled asphalt according to LEUTNER et al. [5] no technical test regulation was provided until today. However a first 
draft [6] for the test regulation already exists. 
The execution of the tests in this project also differ from the first draft concerning the arrangement of rest times. Like 
before the variation of the testing frequencies was specified to 10, 5 and 3.33 Hz and the testing temperatures to 30, 40 
and 50°C. The load influence was determined with axial tensions of 0.3; 0.6; 0.9 MPa. 
 
Because of the consistently stressed abutting face of the test specimen during the three axial compression test and the 
uniaxial compression test a definite stress condition within the test specimen exists. This is necessary for the 
determination of material properties. 
The dynamic penetration test with a flat-ended dye does not meet this condition. The results of this compression test 
will not be used to determine the material properties but to validate the analytic material model of asphalt because of the 
inhomogeneous stress condition in the test specimen. 
 
3. RESULTS AND DISCUSSION 
 
The data of the uniaxial compression test were evaluated regarding the elastic strain in form of the resilient modulus and 
the accumulated permanent axial strain. The accumulated permanent strain can be classified into three phases (figure 5). 

 
Figure 5 The impuls creep curve determined with the uniaxial compression test 

The first phase begins with strong deformations with a progressively decreasing deformation rate (consolidation). A 
second phase with an almost constant deformation rate and a turning point (volume-constant deformation) follows. In 
the third phase the deformation increases progressively (progressive unit volume expansion and destruction of the 
structure of the test specimen). 
For the determination of material properties the curve progression within the first and second phase is of particular 
importance, because in the third phase a destruction of the specimen takes place. 
The strain after 16,000 reversals of stress was specified to evaluate the accumulated axial strain. At this defined number 
of reversals of stress the axial strain of all test combinations is situated within the second phase with a constant volume 
deformation. 
The studies of the deformation resistance of porous asphalt showed, that it is not possible to reason the deformation 
characteristics of this asphalt by looking at the results of the uniaxial compression test [7].  
This is justified by the fact that the porous asphalt showed clearly larger deformations after testing than conventional 
asphalt. This statement stays in contradiction with the practical experiences that porous asphalt shows a larger 
deformation steadiness than asphalt concrete or stone mastic asphalt.  
Therefore the tests were only carried out for three surface course asphalt variants, a binder course and a base course 
asphalt. With rising axial tension and increasing temperature the permanent axial deformation of all examined asphalt 
variants increase (figure 6).  
 

 
Figure 6 Uniaxial compression test – permanent axial deformation after 16,000 reversals of stress determined 
with different test combinations 



The influence of the frequency is clearly smaller than the load influence. With a decreasing frequency the permanent 
axial deformation rises. 
The base course asphalt shows the largest deformation resistance of all examined test combinations followed by the 
binder course asphalt. The ranking of the surface course asphalt variants differs depending upon the load combination. 
One reason for the not uniform ranking of the surface course asphalt variants most definitely is that at these tests the 
deformation over the whole test specimen was measured. Due to the friction between the test specimen and the stamp 
stress areas arise at the load introduction areas with supporting effects. In order to eliminate this effect and to measure 
the actual material behaviour the deformation must be detected within the middle sector of the test specimen. However 
this measuring method could not be performed in the scope of the project. 
Further more a larger range of test results could be determined in contrary to the two other testing methods with this 
type of attempt. 
The elastic strain was evaluated in form of the resilient modulus. With an increase of the test temperature the resilient 
modulus decreases. An influence of axial load at 10 Hz and the different axial tensions can only clearly be identified for 
the base course asphalt. An influence of the frequency can be detected for all examined asphalt variants. 
 

 
Figure 7 Uniaxial compression test – resilient moduli determined with different test combinations  

A comparison of the resilient moduli for all examined asphalts determined with the uniaxial compression test with 
different axial tensions, frequencies and temperatures shows that the base course asphalt possesses the largest resilient 
modulus. The two variants of stone mastic asphalt and the binder course asphalt only differ slightly from each other. 
The asphalt concrete variant reaches similarly high values as the base course asphalt does. 
 
Contrary to the uniaxial compression test impulse creep curves the three axial compression test impulse creep curves no 
turning point arose in the scope of this project.  
Therefore the permanent axial deformation and the permanent radial deformation have been evaluated after 100,000 
reversals of stress. In the following illustrations these determined values were plotted against the tension of the deviator. 
The axial tension amounted 1.0 MPa at all tests performed. The radial tension varied within the range of 0.01 and 
0.9 MPa. 
 

 
Figure 8 Three axial compression test – permanent axial deformation after 100,000 reversals of stress 
determined with different test combinations 



The temperature influence can be noticed for all examined asphalt variants with permanent axial deformation apart from 
the porous asphalt variant. The permanent axial deformations rise with an increasing tension of the deviator for all 
asphalts. For these results the ranking of the different asphalt variants is also not alike per load combination examined. 
The surface course asphalts AC 11, SMA 11 (I) and SMA 11 (II) at 30 °C and with a tension of the deviator of 0.85 
MPa, 0.7 MPa and 0.4 MPa make up a range as well as with 50 °C and 0.4 and 0.7 MPa. 
The binder course asphalt and the base course asphalt, whose permanent axial deformation turns out to be smaller, make 
up the second range. 
The implausible results of the temperature influence for the porous asphalt variant can be explained by a look at figure 
9, which illustrates the permanent radial deformation after 100,000 reversals of stress. 
 

 
Figure 9 Three axial compression test – permanent radial deformation after 100,000 reversals of stress 
determined with different test combinations 

During the evaluation of the radial deformation one could state that the test specimen were bulged at certain test 
combinations Nevertheless axial deformations showed up due to the consolidation. 
At 50 °C and a tension of deviator of 0.4 MPa, 0.55 MPa and 0.7 MPa the test specimens of the porous asphalt were 
bulged, whereby the axial permanent strains were minimized. This can justify the implausible results of the temperature 
influence. 
 
The fact that it comes to radial buckling before reaching the hydrostatic tensile state can be explained by the small h/d 
relationship of 0.8 and the influence of the friction between the test specimen and the stamp as well as the radical strain 
coefficient. By assuming an isotropic and linear elastic material behaviour the following formula can be used for the 
radial deformation under the consideration of the three-dimensional tensile state: 
 

rad ax rad
rad E  

 
If the condition rad=0 applies, it follows: 
 

0

1

rad ax rad

rad ax

E

 
For the axial tension of 1.0 MPa and the assumption of a radical strain coefficient of 0.35, a load of 0.54 MPa would 
have to be applied radially for the conducted three axial compression test, in order to prevent a radial buckling. Due to 
the small test specimen height and the tension at the force induced areas, which is formed by the friction between the 
test specimen and the stamp, the deformation resistance of the examined material is being increased and the value for 
the radical strain coefficient gets smaller. This results that only 0.33 MPa must be applied radially in order to meet the 
condition rad = 0 when having a radical strain coefficient of 0.25 and an axial tension of 1.0 MPa for example. With 
higher tensions than 0.33 MPa it comes to radial buckling. 
An explanation why the porous asphalt is so strongly bulged, followed by the base and binder course asphalt, could be 
the higher cavity contents compared to the asphalt concrete and the two variants of stone mastix asphalt. Due to the 
horizontal load and the higher cavity contents the test specimens received an additional compression in horizontal 
direction, which works perpendicularly to the normal compression direction. 



The resilient modulus was computed by the following formula: 
1 2 / 32 * *

axial

E
 

The radical strain coefficient  was uniformly assumed with 0.35. 
The values of the resilient modulus, which were determined at bulged test specimens, are red bordered in the following 
illustration and treated with caution for later evaluations. 
 

 
Figure 10 Three axial compression test – resilient moduli determined with different test combinations 

The temperature influence is clearly noticeable. With a decrease in temperature the values for the resilient modulus rise. 
Likewise the values rise for an increasing tension of the deviator. The ranking of the examined asphalt variants depends 
on the current load conditions. Generally speaking it was possible to determine higher values for the binder and base 
course asphalts than for the surface course asphalts. 
 
For the dynamic penetration test with a flat-ended dye no turning point could be determined during the evaluation of the 
deformation curves as this is also the case for the three axial compression test. The permanent axial deformation was 
evaluated after 100,000 reversals of stress for all examined asphalt variants. 
 

 
Figure 11 Dynamic penetration test with a flat-ended dye – permanent radial deformation after 100,000 
reversals of stress determined with different test combinations 

The results show a clear influence of the load upon the permanent axial strain for all asphalt variants. The temperature 
influence samples out more clearly for the deformation curves determined with an axial tension of 0.6 or 0.9 MPa than 
for the deformation curves determined with 0.3 MPa. The varied frequencies only have a marginal affect upon the 
permanent axial deformation. This behaviour is also reflected by the examined axial tensions of 0.6 and 0.9 MPa. 
However these results are not being represented at this point. The ranking of the examined asphalt materials only 
changes slightly with this type of experiment and the different load combinations compared to the uniaxial compression 
test and the three axial compression test. 
The greatest permanent axial deformations are being reached using the porous asphalt variant. This result is surprising 
because it is known in practice that the deformation resistance of porous asphalt is usually larger than the deformation 
resistance of the asphalt concrete and the one of stone mastix asphalt. One reason for this could be the constant load 



without rest time, because the material can not relax during the missing rest time and the tack coat between the rock 
grains is pushed more and more into the cavities that are numerous for this asphalt variant. 
The smallest permanent axial deformations after 100,000 reversals of stress are reached for the asphalt variants SMA 11 
(I), AC 16 and AC 32. The AC 11 and SMA 11(II) show slightly higher values. 
 
Because there is no homogeneous tensile state within the test specimen during the examination, the resilient modulus 
cannot be computed. In order to still evaluate the flexible reaction to the load, it is illustrated as a stiffness modulus 
(figure 12). 
 

 
Figure 12 Dynamic penetration test with a flat-ended dye – stiffness modulus determined with different test 
combinations 

The effect caused by the change of the load combinations upon the stiffness modulus becomes particularly clear. With a 
rising axial tension the values increase for all examined variants. The reduction of the temperature likewise causes an 
increase of the stiffness modulus. The frequency influence gets very descriptive for the base course asphalt. For those 
the values of the stiffness modulus rise with an increasing frequency. 
For all load combinations the base course asphalt reaches the highest values followed by the binder course asphalt. The 
asphalt concrete shows slightly smaller values for the stiffness modulus than the binder course asphalt.  
The two stone mastix asphalt variants follow within the ranking, whereas for the SMA 11(I) higher stiffness moduli 
were determined than for the SMA 11 (II). The porous asphalt variant shows the smallest stiffness moduli. 
 
4. CONCLUSION 
 
With all the experiments performed, the influence of the different strain factors (temperature, frequency and load) upon 
the deformation of each asphalt variant could be proven more or less destinctively. 
If the ranking of the examined asphalt variants determined by the different testing methods is analysed, one can find 
partial analogies for example for 50 °C, an axial tension of 0.3 MPa and 10 Hz, which however cannot be determined 
for other strain combinations. 
 
Testing methods Ranking of the examined asphalt variants concerning the permanent axial deformation with  

50°C, 0,3 MPa (axial tension) and 10 Hz 
largest axial deformation                           >>>                                 smallest axial deformation 

Three axial 
compression test 

SMA 11 (II) AC 11 SMA 11 (I) AC 16 AC 32 

Uniaxial compression 
test 

SMA 11 (II) AC 11 SMA 11 (I)          AC 16 AC 32 

Dynamic penetration 
test with a flat-ended 
dye 

SMA 11(II) AC 11 SMA 11 (I)          AC 16               AC 32 

Table 1 Ranking of the examined asphalt variants determined by different testing methods  

One reason for the differing results of the various testing methods is the different strain condition within the test 
specimen and the different reaction of the asphalt followed by that. During the uniaxial compression test an uniaxial 
tensile state prevails whereas a three-axial tensile state is present during with the three axial compression test and the 
dynamic penetration test with a flat-ended dye. 
The specimen geometry for the uniaxial compression test and the three axial compression test can also be consulted for 
explaining the deviations in the results of the different testing methods. Because of the small h/d relation of 0.8 and the 
friction between the test specimen and the stamp, which creates supporting effects concerning the resistance of 
deformation in the force induced areas, the resistance against deformation of the test specimens increases to an 



unknown size. In order to consider these influences during the evaluation of the examined asphalt materials and to 
determine the real material behaviour, the experiments must be recomputed regarding the boundary conditions with the 
help of the finite elements method for example. However for this simulation tension strain relations appropriate to the 
asphalt materials are needed. These relations were detected by OESER in the context of the research project 
„Nachhaltiger Straßenbau – Bemessungsmodell zur Förderung der Innovations- und Wettbewerbsfähigkeit kleinerer 
und mittlerer Straßenbauunternehmen“ [8] with given deformation curves determined by three axial compression tests 
with different strain combinations and the method of neural networks. This method makes it possible to predict the 
permanent deformation for any tension combination. In the following illustration the numeric simulation as well as the 
original measuring curves of the dynamic penetration test with a flat-ended dye is shown. These were determined at the 
SMA 11(I) by OESER. 
 

 
Figure 13 Original measuring curve and simulation of the permanent axial deformation of the dynamic 
penetration test with flat-ended dye with REFEM 3D [8] 

The grey labelled area represents the permanent axial deformation, which adjusts itself under the load stamp while 
performing three dynamic penetration tests with a flat-ended dye, carried out under the same test conditions. The 
numeric simulation of the axial deformation curves under the load stamp was done for different test specimen depths 
(z=0, 8, 16, 24, 32 and 40mm).These different curve progressions can be justified with the inhomogeneous tensile state 
within the test specimen. The dash-dotted curve reflects the average value of the simulation strain curves and adapts to 
the original measuring curves. 
 
With the test results of the different testing methods at different asphalt materials and the help of the method of the 
finite elements and the neural networks, it is possible to simulate experiments with appropriate boundary conditions and 
to determine the real material behaviour. 
This knowledge makes a substantial contribution to the optimization of the analytic dimensioning of asphalt structures 
regarding the deformation behaviour of asphalt. 
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ABSTRACT 
 
The paper presents the test results and long-term performance record of a preventive maintenance solution for dense 
asphalt pavements. The preventive maintenance principle is based on a rejuvenating product, comprising of a special 
mixture of bituminous emulsions, particularly developed for the preventive maintenance of asphalt pavements. This 
paper first gives a brief introduction to the theoretical background, research approach and test results, i.e. the effect of 
the treatment on the properties of bitumen binder as well as the mechanical performance of the existing asphalt 
pavements. Then the lifetime of the treatment on the asphalt is predicted based on the theoretical model as compared 
with practical test results. It has been shown that the repetition of this treatment can prolong the lifetime of an asphalt 
pavement considerably. Two case studies will be presented in which long term treatment results will be involved as well 
as an achieved life-cycle costing reduction of up to 40%. Also the environmental benefits of the treatment will be 
discussed. Finally, the conclusions are drawn, followed by our recommendation for an innovative pavement 
maintenance strategy based on this proven technology. 
 
Key words: maintenance, emulsion, rejuvenators, social and economic cost-benefit 
 
1.  INTRODUCTION 
 
The performance of asphalt pavements decreases with service time due to ageing of bitumen [1], influence of rainwater 
and de-icing salt [2-3], as well as dynamic loads of traffic in service[3]. The deterioration of asphalt pavements is 
manifested in the form of pitting and ravelling of the surface, brittle cracking, or combinations thereof. The damage of 
the pavement network does not only imply high maintenance costs, but also temporary closure of traffic and hence 
increased road congestion. Given the high costs for the road authorities and the inconvenience for the road users, it is 
greatly desired to shift the solution from a repair philosophy to a preventive one [1-7]. 
The funds required for pavement maintenance, to protect the existing infrastructure and to meet the expectation of the 
performance, have being kept increasing both in the developed and in the developing countries [7]. It will be of great 
economic benefit for asphalt road authorities if it is possible to slow down, stop or even reverse the ageing process, in 
situ, by adding appropriate asphalt components, lost during the service period, at the right time. Based on this idea, a 
great effort has been made to try to develop a new solution for asphalt maintenance [8-18]. This refers to a special 
mixture of bitumen emulsions, so called Eco-PenTack, a new generation of Esha PenTack, designed to activate the aged 
binder and restore the flexibility of old asphalt constructions. The key issue of this technology is an environment-
friendly green “component” from renewable nature resources, which has been carefully selected as a rejuvenator. The 
mechanism of this treatment is that the product is first able to penetrate into the upper-layer of the aged asphalt, then to 
migrate into the aged binder and further activate the binder, and eventually to restore the original flexibility of asphalt. 
As a result, new bonds are established between aggregate particles through the activated bitumen phase, so that the 
lifetime of the asphalt pavements can be extended for ca 3-5 years, the performance of the road will be improved, and 
the disintegration (ravelling and cracking) will be prevented.  
This product has been successfully on the market for more than 10 years. Since 2003, around 1-2 million square meters 
of asphalt have been treated by means of this technique each year, including various types of asphalt pavement on 
highway, runway in the airport in Europe (12-16). The experience has shown significant social, economical and 
environmental benefits, indicating fast working, cost saving (ca 40%) and less emission as compared with other routine 
maintenance options.  
 
2.  THEORETICAL MODELLING AND MODEL PREDICTION 
 
Theoretically the penetration of bitumen binder can be expressed as a function of its viscosity at a given temperature as 
shown in equation (1): 
 

 P = F (  )             (1) 
 

Where: P - Penetration of bitumen 
    - Viscosity of bitumen at a given temperature 
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Figure 1 presents the test results of the penetration against the viscosity of various types of bitumen within the range of 
20-100 pen. The results show the higher the penetration, the lower the viscosity, but there is no linear relationship 
between the penetration and viscosity. By a regression analysis, the relationship between the penetration (at 25oC, 
x0.1mm) and viscosity (at 60oC) could be expressed by equation (2): 
 

P = 5258,8* -0,7672    (R2 = 0,9956)         (2) 
 

 
 
Figure 1:  Penetration of bitumen as a function of viscosity 
 
In practice, the dosage (g/m2) and viscosity of the rejuvenating product are known. On the other hand, it is also possible 
to know the ageing degree of the binder in the existing asphalt pavement to be treated (by means of extraction and 
recovery method) and the penetration depth of Eco-PenTack into asphalt (by means of adding a trace amount of 
lightening agent and viewing under UV light). Thus, it is also possible to know the amount of the aged binder (g/m2) in 
the pavement to be rejuvenated. 
Theoretically the rejuvenating effect (the end viscosity) of asphalt pavement can be predicted by equation 3. In turn, the 
end viscosity of the treated binder can also be correlated back to the penetration, which will be elaborated in Section 5. 
 

     R = G (  1 ,V 1,  2 ,V 2 )           (3) 
 
Where:   R   -  End viscosity of the treated bitumen in asphalt (after treatment) 
     1 V 1 - Viscosity & volume fraction of Eco-PenTack binder 

      2 V 2 - Viscosity & volume fraction of aged bitumen (before treatment) 

       V 1 + V 2 = 1 
 
Based on Equation 2, the predicted penetration values of the rejuvenated binders are presented in Table 1, in which the 
measured results are also given for a comparison purpose. The predicted values are in good agreement with the 
measured ones as shown in the Table. The results further confirm the validation of the model developed. 
 
Viscosity at 60oC (Pa.s) 1000 780 590 490 367 280 186 

Test results 25 32 40 46 58 70 90 Penetration (at 
60oC, x0.1mm)  Prediction 26 31 38 44 55 68 93 
 
Table 1:  Model predicted penetration values against test results for different types of bitumen 
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3.  RESEARCH APPROACH AND TEST SET-UP 
 
Reactivity of Eco-PenTack with aged bitumen: The test method is described elsewhere [9]. 
Extraction and recovery of the binder: The asphalt cores (10cm in diameter) were taken out of the roads and the first 
1.5cm from the top were cut off for extraction of bitumen binder. The extraction test was done in accordance with Test 
Method DK 30.6-1985 at Ribe Road Laboratory in Denmark.  
Tests on the recovered binder: Penetration, softening point, penetration index and DSR tests were done on the 
recovered binder according to the following standards:  
(1) Penetration - (EN 1426 – Bitumen and bitumen binder – Determination of needle penetration);  
(2) Softening point - (EN 1427 – Bitumen and bitumen binder – Determination of softening point); 
(3) Penetration index - (Calculated through the penetration and softening point of bitumen binder);  
(4) Rheology - (Determined by DSR approach, some important parameters are presented in Table 2). 
(5) Static compression test and dynamic compression test: The test method was given in Reference [18]. 
 

Amplitude Sweep Parameters Temperature Sweep Parameters 

Spindle M 30 (25mm) Spindle M 30 (25mm)  

Gap (sample height) 1mm Gap (sample height) 1mm 

Amplitude range 0.0001 – 1 Temperature range -5°C - 80°C 
 

Table 2:  Some important parameters for DSR tests  
 
4.  RESULTS AND DISCUSSIONS 
 
4.1  Reactivity of Eco-PenTack with aged bitumen 
 
It is essential to select a right type of reactive rejuvenator, which has to be quantitatively evaluated. Figure 2 presents 
the results of the reacted depth and reaction speed of Eco-PenTack with bitumen (20 pen) against time. The reaction 
speed decreases with the time because the viscosity of Eco-PenTack becomes higher and higher due to its reaction with 
aged binder in asphalt. and the migration of it into the aged binder becomes more and more difficult. However, the 
reaction depth keeps increasing. 
It is well known that the thickness of bitumen film around minerals in asphalt is up to 15 m maximum. The reaction 
speed of this product with bitumen is obviously quick enough to activate the aged binder in asphalt within a short period 
of time. Assuming that a reaction speed is 10 m/h and a thickness of bitumen film is 15 m, then the activation of the 
this bitumen layer needs only 1 to 1.5 hours. The point is how to bring the rejuvenating product homogeneously into 
asphalt, instead of remain on the surface of asphalt pavement. This subject will be described in a later section. 

Figure 2:  Reaction depth and speed of Eco-PenTack with bitumen against time 
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4.2  Visual examination  
 
Table 3 Demonstrates the surface characteristics of the treated and untreated asphalt by visual examinations. The 
treatment does not only heal-up the cracks, but also embed stones more tightly in the asphalt so that further stone loss is 
prevented. This finding has been confirmed by the photos as shown in Figure 3. The photos were taken before and after 
the treatment. If the asphalt pavement surface were not treated in time , the stones (marked with S) in the vicinity of  
voids (or along cracks) would face a high risk of loss, especially after a severe winter. 
 
Properties Untreated asphalt Treated asphalt 
Colour It looks grey and dry Road surface becomes more dense and black 
Structure Cracks, erosion and 

ravelling are apparent 
Cracks are healed 
Stone is very well embedded in asphalt, i.e. it prevents stone from loss 

 
Table 3: Visual examination of road surface (SAM) 
 
 

  
(A) Before the treatment    (B) After the treatment (after half year) 
 

Figure 3:  Surface structure of dense asphalt pavement before and after the treatment 
 
Table 4 shows that the asphalt density is increased after the treatment (from 2360kg/m3 up to 2430kg/m3) due to the fact 
that voids, probably due to the erosion of asphalt by means of rainwater under the traffic [2], are filled up and cracks are 
healed or bridged-up. This is in a good agreement with the asphalt surface structure revealed in Figure 3. 
 

No. H (cm) W (g) Density (kg/m3) W (g) H (cm) No. 

For dynamic creep test For static compression test 

14 2,700 520,7 2,343 2,355 531,2 2,740 13 

16 2,716 528,1 2,362 2,347 535,2 2,770 15 

18 2,860 560,8 2,382 2,354 548,4 2,830 17 

20 2,827 545,8 2,346 2,361 548,0 2,820 19 

Average (untreated) 2,358 2,354 Average (untreated) 

34 2,546 511,8 2,442 2,442 516,5 2,570 33 

36 2,015 406,6 2,452 2,401 539,6 2,730 35 

38 2,817 561,7 2,422 2,442 548,8 2,730 37 

40 2,980 586,7 2,392 2,426 503,3 2,520 39 

Average (treated) 2,427 2,428 Average (treated) 
 
Table 4:  Density of asphalt before and after treatment 
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4.3  Properties of recovered binders  
 
Table 5 presents the penetration, softening point, penetration index and binder content of the asphalt before and after the 
treatment. The first 1.5cm asphalt from the top of the pavement was cut for the extraction and recovery tests, due to the 
fact that the rejuvenator was able to penetrate into the treated asphalt up to 1.0 - 1.5cm. The results show that the 
penetration of the recovered binder increases from 43 pen to 68 pen, whereas the softening point decreases from 54.4 to 
49.90C. As can be seen from Table5, the penetration index also increases from –0.52 to –0.46, meaning that the binder 
becomes less susceptible to temperature. Furthermore, the binder content increases ca 0.4% due to the contribution of 
the new binder from the treatment, which compensates the binder lost during the passed years in the service.   
Based on the viscosity or penetration of the recovered binders, the lifetime of the treated asphalt pavement can be 
predicted. This will be elaborated further in Section 5.    
 

Properties Before treatment After treatment 

Penetration 43 x0.1mm 68 x0.1mm 

Softening point 54.4oC 49.9oC 

Penetration index -0.52 -0.46 

Binder content 4.94% 5.33% 

 
Table 5:  Properties of the recovered binder (Done in by Ribe Pavement Laboratory, Denmark) 
 
Figure 4 presents the complex modulus in logarithmic scale against the temperature of the recovered binder from 
asphalt. The test was done with a dynamic shear rheology apparatus (DSR).  The results show that the complex modulus 
of the binder from the treated asphalt is lower than that of the untreated one in the temperature range from 0 to 80oC. In 
other words, the complex modulus curve of the treated binder appears to be shifted ca 4oC to the left side (in the low 
temperature direction). The low complex modulus gives an indication of the rejuvenating effect on the aged binder in 
the asphalt. The lower the complex modulus, the softer the bitumen binder. This finding is in good agreement with the 
results of the penetration and  softening point shown in Table 5. 

 Figure 4:  Complex modulus against temperature of the recovered binder 
 
4.4  Results of static compression tests 
 
Table 6 lists the results of the elastic modulus and strain of treated and untreated asphalt cores by means of static 
compression test. The asphalt cores were taken out of an eight year-old road in Ribe county, in Denmark. The results 
demonstrate that the treated asphalt has a higher strain and lower elastic modulus as compared with the untreated one. If 
the untreated asphalt is used as a reference (100%), the modulus and strain of the treated asphalt is 93.62 and 106.88%, 
respectively. The decrease of the modulus and increase of strain suggests rejuvenating effect of the treatment and the 
restoration of the flexibility and plasticity of the aged asphalt. 
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Property E-Modulus  (MPa) Relative (%) Strain (%) Relative (%) 
9787  6,38  
8615  7,25  
8878  7,03  

Untreated 

9333  6,69  
Average 9153 100,00 6,84 100,00 

9365  6,67  
8276  7,54  
8139  7,67  

Treated 

8496  7,35  
Average 8569 93,62 7,31 106,88 

 
Table 6: Static compression test results 
 
4.5  Results of dynamic compression tests 
 
The dynamic creep tests were conducted by means of a universal test machine (UTM). Figure 5 presents the permanent 
deformation of asphalt cores against a number of load repetitions. As can be seen from the Figure, a slight difference in 
the permanent deformation between the treated and untreated asphalt cores appeared within about 1000 load repetitions, 
after which 2 cures remains almost parallel till the end of the test (7200 load repetitions). The test results suggest a 
rejuvenating effect on the asphalt contributed by the rejuvenating treatment, however asphalt is still strong enough 
(never  too soft or too weak) to have enough resistance to rutting. By the end of the test, the permanent deformation for 
the treated and untreated asphalt is 2. 69% and 2.57%, respectively, which is only ca. 5% difference.  

 
Figure 5:  Permanent deformation of asphalt cores against the permanent deformation 

 
5.  THEORETICAL PREDICTION OF THE LIFETIME OF THE TREATED ASPHALT 
 
Figure 6 presents 2 curves, of which one is the viscosity of the recovered binder at 60oC against its corresponding 
penetration (the dash line); the other is the service time (in year) of the asphalt pavement against the penetration of the 
binder in the asphalt due to the ageing (the solid line), which is provided by Ribe County road authority. As can be seen 
in the Figure, the treatment brings the viscosity from 530 Pa.s down to 336 Pa.s, which corresponds to the penetration 
from 43 pen up to 62 Pen. If this is the case, then one single treatment brings this piece of asphalt pavement age from 8th 
year back to 2nd year, meaning the extension of the pavement lifetime for 6 years.  
The test result in Table 6 shows the treatment brings the penetration from 43 pen up to 68 pen , whereas the model 
prediction is 62 pen, only 6 pen difference, which implies that the model prediction is in a good agreement with the 
measurement. The results further confirm the validation of the model prediction   
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Figure 6: Model-prediction of the lifetime of the treated pavement (extension of 6 years)  
 
6.  APPLICATION 
 
The rejuvenation technology has mainly been used in Norway, Sweden and Denmark since 1990. Some scale test work 
has also been done since 1997 in the Netherlands and in Germany. Around 1-2 million square meters of asphalt 
pavements and airport runways were treated per year with this technology in the last few years. The skid resistance, 
noise absorption and drainage (for porous asphalt) properties were also examined before and after the treatment. Totally 
more than 10 million square meters have been applied. The practical experience and model prediction show that the 
treated road can be extended for another 3 to 5 years, even some of the roads have been in service for more than 5 - 6 
years since the treatment.  
In the past few years not only extensive research was carried out to improve the quality of the product [8-18], but also 
the equipment for the production and application was updated. The product is applied by means of a spraying truck with 
4 compartments (one for the emulsion, one for the activator, one for water and the other one reserved for cleaning water 
for environmental consideration) as shown in Figure 7. A computer-controlled system ensures homogeneous application 
and good quality. The spray truck has a walking speed of 40-60 m/min, with an adjustable spray-bar of 0.35-4.15meter 
wide. Thus the maximum spray capacity is 15000 m2/hour. The application patterns can be a narrow strip (ca. 35cm) up 
to full width of 4.25m wide. This product is favourably applied in dry weather and high temperature circumstances so 
that it can fast penetrate into asphalt, migrate into the aged binder and become dry quickly. As a result, the road can be 
open to traffic also sooner. In general, the sanding-off with broken mineral rock in the fraction 0-2mm is necessary 
before the road is open to traffic in order to gain sufficiently initial skid resistance and form mortar around coarse 
mineral aggregates in the case of dense asphalt. Figure 7 demonstrates the application on the road and air field, 
respectively.  
 

    
(A) on Highway       (B) on Airfield  

 
Figure 7:  Application of Eco-PenTack both on highway and airport 
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7.  ENVIRONMENTAL BENEFIT, COST SAVING AND OTHER ADVANTAGES 
 
This technology has been regarded to be environmental beneficial based on the following considerations: 
* A cold applied technology – no fume emission as compared with asphalt technology; 
* Non-destructive maintenance technology (without milling or cutting asphalt) – less noise and dust emission into our 

environment; 
* Test result by TauwMilieu Institute [19] – no dangerous substances such as polycyclic aromatic components (PAC), 

are measurable;  
* Selection of raw materials - raw materials with a clean label, such as natural and  sustainable materials: 

 - Rapeseed oil(a well known edible food-oil) instead of flux oil 
-  A fruit solvent (with a clean label) instead of a mineral solvent 

* Social benefit - a quick maintenance option with the minimum interference with traffic (lasting only ca. 2-4 hours); 
 
It is well known that a mineral solvent, refined from crude oil, can be used as a plasticizer to soften the aged bitumen 
and asphalt. The use of a mineral solvent is a mostly simple, cheap and economical way to rejuvenate asphalt, but it is a 
harmful substance with respect to health and environment. Figure 8 shows the searching results from European 
environmental and safety information database by inputting CAS number of a typical mineral solvent and alternative 
rejuvenator, respectively.  As can be seen from the searching result, the mineral solvent has been classified as a toxic 
substance, however the fruit solvent as a clean substance (with a clean label). 
 

                      
   (A) A mineral solvent      (B) A Fruit solvent 
 
Figure 8. Searching result from European environmental and safety database 
 
The components in this product include bitumen, rapeseed oil and a rejuvenator. The last two types of raw materials are 
renewable and sustainable. It thus encourages farmers to plant more rapeseed and fruit trees. This is also a support to a 
specialised sector of agriculture.  
 
The cost reduction has been estimated by the life time of the maintenance, cost of maintenance treatment and interest 
rate of a loan per year. Table 7 shows a brief calculation, indicating >40% of cost reduction by this preventive 
maintenance as compared with traditional hot-asphalt maintenance. 
 

Price per. m2  €8,00 
Lifetime in years  10 
Interest rate p.a.  4.00% 
Yearly expense without interest of payment ( price per m2 / lifetime ) €0,80 
Average interest per year (price/m2*Interest rate p.a.)/(100*2 )     €0,16 

 

 Yearly expense. € 0,96 
Price per. m2  €1,50 
Lifetime in years  3 
Interest rate p.a.  4.00% 
Yearly expense without interest of payment ( price per m2 / lifetime ) €0,50 
Average interest per year (price/m2*Interest rate p.a.)/(100*2 )     €0,03 

 

Yearly expense. €0,53 
Cost saving per m2 per year €0,43 
Cost saving per year 44,8% 

 
Table 7: Cost comparison between new asphalt and rejuvenation option 

N
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 asphalt 
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8.  CASE PROJECTS 
 
8.1  Case-I:  Billund airport 
 
In 1997, Billund airport authority in Denmark was planning to renovate and repave the runway due to very bad 
condition of asphalt (ravelling and erosion). At that time Eshacold Denmark paid a visit to them with a proposal to treat 
the existing runway with rejuvenating technology. After a series of discussions and negotiations, the Billund airport 
authority agreed with the proposal. It was initially proposed that the maintenance should be done once per 3 years, but 
the airport authority preferred once per 2 years in order to be sure to keep the runway in the relatively good condition. 
Thus the treatment started  in 1999, followed  in 2001, 2003 and 2005. Through this simple, but effective maintenance 
procedure, the existing runway gives an extra period of 8 years service life. The airport authority has been very satisfied 
with this treatment option. However, this runway is going to be renovated in 2008. The reason for this renovation is not 
due to the bad quality of the top layer of the asphalt, but due to the insufficient bonding between the top layer and 
underneath intermediate layer.  
An independent consultant  company (Carl Bro-consultant) was involved to conduct an investigation into the asphalt 
from the runway in 2005. The results will be presented and elaborated in a separate paper on this conference. 
 
8.2  Case-II:  Ribe county  
 
Eshacold Denmark has already had more than 10 years good customer relationship with Ribe county. In the last 10 
years Ribe county was always willing to offer a piece of asphalt and encourage Eshacold Denmark to carry out some 
innovative tests on it and further optimise the product. 
Ribe county road authority believed the treatment may last ca. 3-5 years, but the treatment with the recently 
developed Eco-PenTack has shown even more positive results. The test results include the properties of the recovered 
binder and mechanical properties of asphalt out of the pavements. It has been found that new bonding is formed 
around stones and voids are closed by the new mortar formed by the fresh binder from Eco-PenTack and mineral 
powders sprayed after the treatment. Therefore, less water can penetrate into the asphalt (fast drying after rainfall, 
meaning less water damage) and further ravelling is reduced (or prevented) due to the dense structure of the pavement 
surface (see Figure 3).  
 
9.  STRATEGIC MAINTENANCE PROGRAM FOR ASPHALT PAVEMENTS 
 
The potential benefits of preventive maintenance for pavements have been recognized over 20 years [5]. The beneficial 
effects of preventive maintenance treatments depend on the characteristics of the pavement structure, type and extent of 
distresses, and other factors. It is crucial to apply the right treatment to the right pavement at the right time. Therefore, a 
procedure needs to be developed to identify the sections that would benefit most from preventive maintenance (the right 
pavement), to identify the time at which the preventive maintenance needs to be done (the right time) and to select the 
most beneficial treatment solution (the right treatment). It is the right time to do the preventive maintenance if the 
damage induced by water (or moisture) and dynamic traffic loads is going to start (with typical symptoms such as de-
bonding, erosion and raveling) [2-3,6].  
 

 
Figure 9:  A strategic maintenance of asphalt pavements 
 
Figure 9 presents a strategy for the road maintenance program. As the road is newly laid, the performance of the road is 
100% (ideal situation). However, the performance will decrease in practice with the time. In order to keep the road in 
the good condition, the maintenance at the right time is essential. For example, if you like to maintain the road 
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performance, for example above 90%, then you are advised to choose maintenance Option II, with not only relatively 
low maintenance costs, but also with relatively high performance. If you miss the right time for doing the maintenance, 
for instance 3-4 years later, then the pavement performance will decline rapidly (see road performance Option-I), then 
you have to spend more cost and time to do it. Furthermore the road users drive on a unfavourable road for years and 
reclaim more damages to their automobiles. If you don’t take any measure to do the maintenance, the road performance 
will decrease dramatically after a few years in service, and eventually the road has to be removed and a new top layer 
has to be laid. Of course, the costs are much higher then.  
 
A software program has been designed so that it is possible to predict treatment result beforehand. Table 8 presents 
some model-calculated results, showing effects of the treatment on different degrees of aged asphalt (model prediction). 
The results reveal that the earlier the treatment is, the better the results will be. For example, as the bitumen in the 
asphalt is 43 pen (this is the real test result), the treatment can bring the penetration up to 62 pen; whereas as the 
bitumen in the asphalt is 10 pen, then the treatment can only bring the penetration up to 21 pen. The penetration 
difference gained between these 2 types of asphalt is 11 pen. Furthermore, the less ageing the binder in asphalt, the 
easier it allows the rejuvenator to migrate into it. Therefore, it is strongly advised to keep in mind to maintain the road 
at the right time! 
 

Viscosity at 60oC (Pa.s) 530 827 1250 2100 Aged binder  
Penetration (Pen) 43 30 21 10 
Viscosity at 60oC (Pa.s) 336 498 718 1135 
Penetration (Pen) 62 45 34 21 

After treatment 

Penetration  ( Pen) 19 15 13 11 
 
Table 8:   Effect of the treatment on different degrees of aged asphalt (model prediction) 
 
10.  CONCLUSIONS 
 
Based on the test results and theoretical calculations presented in this paper, the following conclusions can be drawn: 
1. The asphalt surface is closed  and the defects are healed up, so that the further damage could be alleviated or 
 prevented. 
2. The treatment shows a rejuvenating effect 
 Recovered binder - High penetration  
    - Low softening point  
        - Low complex modulus (DSR) 
 Asphalt  - Slightly low E-modulus 
    - A bit higher strain 
    - A bit higher permanent deformation  
3. The service time of the pavement can be extended  for ca 3 years by means of a single treatment.  
4. Prevention is better than cure. As a preventive maintenance solution of the pavement, the rejuvenation treatment 

is effective with respect to social benefits, environment and cost-saving considerations. 
5. The treatment can be done successively if the pavement foundation is still in a relatively good condition. 
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Abstract 
 
  Quality Assurance (QA) and Quality Control (QC) Plans have been used by State Highway 
Agencies for many years to evaluate the acceptability of materials placed in the pavement 
system.  Acceptance and payment decisions have been based on the results of these tests.  Quality 
Control tests are done at the time of production of the mix.  Quality Assurance tests from 
samples taken during the placement of the mix are generally done by the DOT at a later time. 
  The objective of this project is to evaluate if the material sampled from the truck (QC sample) is 
from the same or a different population as material placed on the roadway and sampled behind 
the paver (QA sample) and to determine if the allowable tolerances for variability were 
appropriate for both of these sampling locations.  The evaluation was performed on data 
collected in 2004 and 2005 and included in the Maryland Ware (MDWare) database (a software 
application to manage Maryland’s HMA QC/QA program).  Over 7000 test results were a part 
of the evaluation. 
  As an initial step, a survey of 28 highway agencies was conducted by Maryland State Highway 
Administration (MDSHA) to evaluate the HMA Pay and Acceptance programs used by other 
highway agencies.  Summary information from the survey is included in this initial report.  This 
report also includes an overview of a pilot study that was conducted to evaluate the factors that 
could affect material variability at the plant and on the roadway and a detailed statistical 
analysis of QC/QA data collected over the past two years. 
  As a result of this project it was determined that the QC and QA data were indeed representing 
two different populations of material.  Efforts are now underway at the MDSHA to revise the 
existing HMA specification to develop separate acceptance criteria and pay factors for material 
sampled at the plant and from the roadway. 
 
Keywords:  quality assurance, quality control, sampling variability, specification tolerances 
 

1.  INTRODUCTION 
 
  Quality Assurance (QA) and Quality Control (QC) Plans have been used by State Highway 
Agencies for many years to evaluate the acceptability of materials placed in the pavement 
system.  Acceptance and payment decisions have been based on the results of these tests.  The 
Quality Control tests are done at the time of production of the mix.  Quality Assurance tests from 
samples taken during the placement of the mix are generally done by the DOT at a later time. 
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  In the publication, “Optimal Procedures for Quality Assurance Specifications,” Burati, et.al. ask 
the question “What is Expected of the QA Specification?”  The authors answer this question in 
the following manner: 

Identify and list the expectations for the new QA specification. Ensure that they are 
realistic and not just “wishful thinking.” For instance, expecting that the new specification will 
double the expected pavement life or reduce the life–cycle cost (LCC) by 50 percent may seem 
desirable, but is unlikely to occur. If unrealistic expectations are listed, the final product may be 
considered a failure when the expectations are not met; yet, the product may still be substantially 
better than that previously produced. 

Define the criteria that will be used to measure the degree of success. Decide upon the 
criteria that will be used to judge whether the goals and expectations have been met when the 
QA specification is implemented. The criteria must be realistic. A few potential criteria are listed 
below, and some are more realistic than others. Expecting all problems to be solved by the 
improved specification is an unrealistic goal.  Possible criteria upon which to judge success 
include: 
• Improved quality. Certainly improved quality of the product is always a desirable goal.  
However, to make this determination, quantifiable measures of quality are needed for both the 
old and new specifications. Such quantifiable measures may not be present in some old 
specifications, but are a necessary part of a QA specification. 
• More knowledgeable industry. One advantage of QA specifications is that they place more 
responsibility on the contractor; thereby making the industry more knowledgeable about the 
product it produces. This increased knowledge may be difficult to quantify, but has been 
observed and is important. 
• Faster completion times. It may be possible to speed production/construction by the use of less 
restrictive specifications. 
• Lower bid cost. This may be desirable, but because of many other considerations in the bidding 
process a reduction in bid price may not be realistic or even determinable. (1) 
  Have these expectations been achieved in Maryland?  By doing their own mix designs and their 
own QC, Maryland contractors have improved their product quality and are more knowledgeable 
about their plants and materials.  By the change in how density is measured (using cores for 
acceptance), more money has been spent on better rollers and compaction personnel.  This has 
resulted in delivery of a better product to the MDSHA.   
  The majority of Maryland asphalt producers sample mix at least once a day from trucks at the 
plant for quality control testing.  This testing includes the volumetric properties, bitumen content, 
gradation and maximum specific gravity of the mix.  The results of these tests are used to control 
the production process to ensure specification compliance.  The QC tests are performed at the 
time of mix production on the contractor’s site to enable any production adjustments to be made 
in timely manner. 
  MDSHA receives samples of the asphalt mix from the roadway after the material is placed by 
the paver.  The behind-the-paver samples are used to determine the same mix characteristics as 
the QC tests and are required to be completed within 5 days of the sampling date as part of the 
Quality Assurance program. 
  The results of the contractor QC testing and the MDSHA QA testing may be combined (if they 
are determined to be statistically from the same population) to evaluate the quality of the asphalt 
mix produced/placed on the project to determine any pay adjustments required.  The tolerances 
for allowable variability for asphalt acceptance have not changed for many years and were based 
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on material variability expected at the plant.  Combining of the two separate data sets and the 
allowable tolerances for material sampled from the roadway have been raised as concerns in 
ensuring a fair and reasonable acceptance process. 
  In order to address this concern, MDSHA developed a team to review the evaluation process.  
The team is charged to evaluate the acceptance process and recommend any changes necessary 
to current test/sampling procedures and material specifications. 
  The objective of this project is to evaluate if the material sampled from the truck (QC sample) 
is from the same or a different population as material placed on the roadway and sampled behind 
the paver (QA sample) and if the allowable tolerances were fair considering the potential for 
increased variability in the mix from the plant to the roadway.  The evaluation was performed on 
data collected in 2004 and 2005 and included in the MDWare database.  MDWare is a software 
product that has been developed by the University of Maryland for the MDSHA based on the 
AASHTOWare Superpave mix design database that was discontinued by AASHTO several years 
ago.  Over 7000 test results were included in the evaluation. 
  A survey of 28 highway agencies was conducted by MDSHA to evaluate the Asphalt Pay and 
Acceptance programs used by other highway agencies.  Summary information from the survey is 
included in this initial report.  This report also includes an overview of a pilot study that was 
conducted to evaluate the factors that could affect material variability at the plant and on the 
roadway and a detailed statistical analysis of QC/QA data collected over the past two years.   
 

2.  EXISTING MDSHA SPECIFICATION 
 
  Currently asphalt is randomly sampled by the producer for QC every 1,000 tons or once per 
day, whichever is greater.  This sample can be taken by the producer at the plant (truck) or from 
the roadway (behind the paver).  The producer tests the asphalt for bitumen content, Voids in 
Total Mix (VTM), and gradation (P75 m, P2.36 mm and P4.75 mm).  For QA, the mix is 
randomly sampled from the roadway (behind the paver) by the contractor every 1,000 tons or 
once per day, whichever is greater and immediately provided to the MDSHA for testing.  The 
QA sample is tested by SHA for the same mix properties as the QC sample. 
  QC and QA data test results for each lot (6,000 tons) are statistically analyzed using student t 
and F tests to see if there exists any evidence that both data sets are not from the same population 
at the 0.01 level of significance.  Both data sets are used as a basis for acceptance and pay if the 
data passes both the t and F tests and only the QA data is used if either the t or F tests fail. 
  A PWL (Percent Within Limits) specification is used to determine acceptance and pay for each 
lot for each of the following factors (tolerances in parentheses): 

 Bitumen content (+ 0.4%) 
 VTM (+1.2%) 
 P75 m (+2.0%) 
 P2.36 mm (+4.0%) 
 P4.75 mm (+7.0%) 

  In addition, the theoretical maximum specific gravity of the mix (Gmm) is measured each day 
at the plant by the producer and from the roadway sample by SHA.  These samples are used to 
calculate density from cores retrieved each day on the roadway to monitor compaction and for 
the reference density for the non-destructive testing as well as the volumetric testing of the plant 
produced material. 
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2.1  Survey of Highway Agencies 
 
  MDSHA conducted a survey of 28 highway agencies on the subject of QC/QA.  The objective 
of the survey was to determine how other agencies evaluate plant sampled and roadway sampled 
asphalt in the acceptance process.  The agencies participating in the survey were: 

 Alabama DOT  Arkansas DOT  Arizona DOT 
 Colorado DOT  District of 

Columbia DOT 
 Georgia DOT 

 Kansas DOT  Kentucky DOT  Louisiana DOT 
 Maine DOT  Minnesota DOT  Mississippi DOT 
 Missouri DOT  Nevada DOT  New Hampshire 

DOT 
 New Jersey DOT  New York DOT  Ohio DOT 
 Oregon DOT  Pennsylvania DOT  Rhode Island DOT 
 South Carolina DOT   Tennessee DOT  Texas DOT 
 Washington DOT  West Virginia DOT  Ontario Ministry 

of Transport 
(Canada) 

 Western Federal 
Lands Highway 
Division (FHWA) 

    

The key issues which were discussed in the survey were: 
 Factors that constitute the pay and acceptance of asphalt; 
 Any potential differences in procedure and acceptance for particular conditions; 
 Combining of QC and QA test results for acceptance and pay; 
 Locations for QC and QA sampling; 
 Use of behind-the-paver sampling;  
 Use of Maximum Specific Gravity as the reference unit weight for density 

determination; 
 Agency plans to modify existing QA/QC programs; and 
 Evaluation of personnel competency. 

  The most common factors that constitute asphalt pay and acceptance criteria are density, 
bitumen content, voids in the total mix (VTM) and voids in the mineral aggregate (VMA).  Some 
agencies have added other criteria to meet specific needs within their jurisdiction.  Some 
agencies noted that the procedures for acceptance vary depending on the particular project.  
Examples include the lot size, traffic level (Equivalent Single Axle Load (ESAL)), International 
Roughness Index (IRI) requirements, new construction, and multiple versus single lift 
construction. 
Overwhelmingly, agencies responded that they do not combine QC and QA test results for 
acceptance and pay decisions.  Eighty-two percent of the participants responded in this manner. 
  The four most common locations for sampling for both QC and QA are at the plant, from the 
truck, behind the paver and from the compacted mat.  The survey respondents indicate the 
following sampling locations: 
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 Locations for QC Sampling Locations for QA Sampling 
Plant 15 Responses 11 Responses 
Truck 13 Responses 11 Responses 
Paver 6 Responses 12 Responses 
Compacted Mat 5 Responses 9 Responses 
  Several agencies allow samples to be taken at more than one location. 
  Samples taken behind the paver are retrieved by either a “cookie cutter” template, plate 
sampling, or simply using a shovel.  Frequency of sampling varied from agency to agency.  All 
agencies reported using a random sampling process.  Most agencies report using the maximum 
specific gravity of the HMA mix as the reference density for determination of percent 
compaction.  Several of the agencies surveyed indicated that modifications to the existing 
QA/QC procedures are in the planning stages and twenty-five of the agencies indicated that a 
certification process is used to evaluate the competency of personnel. 
 
3.0 PILOT STUDY 
 
  The MDSHA team completed pilot studies to compare the variability of material sampled at the 
plant versus material sampled on the roadway.  The evaluation included sampling variability and 
test result variability as a result of the method of sampling, the location of the sample, the 
location of the laboratory test and the timing of the laboratory test.  
  The pilot study included two projects where additional QC and QA samples were taken under 
considerable supervision to evaluate several factors that could affect variability.  Samples were 
taken from trucks at the plant during production and then sampled, as close as possible, from the 
same sublot of material from the roadway behind the paver.  These sets of plant and roadway 
samples were compared to evaluate the statistical difference between the two sets of data.  In 
addition, the material sampled from the roadway was sampled by placing a shovel in the hot 
asphalt in three directions, longitudinal, transverse and diagonally.  These different methods of 
sampling were also compared to the plant sampled material.  
  The results of the pilot study did show a notable difference between the plant and roadway 
sample especially for gradation and the maximum specific gravity.  However, both sets of data, 
although statistically different, resulted in 100% pay for the mix.  This effort concluded that the 
results from QC samples taken at the plant and QA data taken from the field were significantly 
different and that they represented different populations of data.  In addition, the following 
concerns/questions were also raised after a careful review of the data: 

 Are the test results significantly different between the contractor lab and the SHA 
lab of material even when they are sampled at the same source (i.e. truck or 
roadway)? 

 Is there an effect on the asphalt mix properties if a sample is tested right away 
while it is still hot or after it is cooled and then reheated? 

 Does it matter if the material is sampled in a longitudinal, transverse or diagonal 
direction when taken from the roadway mat with a shovel? 



 6

  In order to better answer these questions, additional samples were taken on other projects to add 
to the dataset already created from the first pilot projects.  To date, the additional projects that 
have been completed focused on the sampling differences between fresh, hot material and 
material that had a chance to cool requiring reheating.  The preliminary results of this effort did 
not indicate a significant difference between the test results. 
 
4.0  ANALYSIS OF EXISTING QC/QA DATABASE 
 
  The MDSHA/Industry partnering team conducted an extensive analysis of existing QC and QA 
data available within the MDWare database system to further evaluate the differences between 
these two data sets as a result of the findings from the pilot study.   The MDWare database 
included 7,554 data sets for both QC and QA.  In close scrutiny of the data, it was discovered 
that several duplicate data points existed; some entries were obvious errors; and some Job Mix 
Formula (JMF) identifications were incorrect.  By correcting these issues, 7043 data points 
resulted from this initial sorting of the database.  This edited database was then sorted by JMF so 
that only like mixes were combined.  The final sorting was to eliminate any dataset that included 
five or fewer data points.  The rationale for this final sorting was that including small datasets is 
not representative of the majority of work performed by MDSHA.  This final sorting resulted in 
a data set of 5598 test results representing 160 unique JMF’s.  Of these results, 2,476 are QA 
tests and 3,122 are QC tests, representing asphalt placed throughout Maryland in 2004 and 2005. 
  With the sorting process completed, an extensive analysis of QC and QA data was conducted to 
analyze the differences in the results from the plant versus the roadway.  The first step was to 
compare differences between QC and QA test results.  The median for the standard deviation 
values was calculated for each mix type, for mixture properties and for both QA and QC test 
results.  These median values were plotted for each property for comparison purposes.   
  This comparison of standard deviations will enable the development of specification tolerances 
for the specific material property.  The comparison of median standard deviations was conducted 
on the database by mix type and by plant location.  This report will only discuss the comparisons 
of mix type.  The mixture parameters included in the evaluation were maximum specific gravity, 
percent passing the 75 m (#200) sieve, percent passing the 2.36mm (#8) sieve, percent passing 
the 4.75mm (#4) sieve, and the percent bitumen in the mix. 
  Figure 1 presents a comparison of the median standard deviations for QC and QA for the 
maximum specific gravity test results in the database.  The results are shown by mix type.  It is 
noted that for most mixes, the median standard deviation of the maximum specific gravity value 
determined by the QA test samples was higher than for the QC samples.  This is likely the result 
of the QA sample having the opportunity for additional absorption of the bitumen (through 
additional loss of any moisture in the mix), reheating of the sample for the test and other 
potential factors.  The difference in median standard deviation for the maximum specific gravity 
is greater for the larger mix sizes.  It is further noted that the correlation coefficient (R2) for these 
data is poor, indicating that the QC test result is a poor predictor of the QA test result. 
  Figure 2 presents a comparison of the median standard deviations for QC and QA for the 
percent passing the 75 m (#200) sieve by mix type.  The variation in median standard deviations 
for the percent passing the 75 m (#200) sieve is shown to be higher for QA than for QC in all 
but the High Polish (HP) mix type.  The correlation coefficient for these data is good, indicating 
that the QC test result is a good predictor of the QA test result. 
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  Likewise, Figure 3 presents a comparison of the median standard deviations for QC and QA for 
the percent passing the 2.36mm (#8) sieve by mix type.  The variation in median standard 
deviations for the percent passing the 2.36mm (#8) sieve is shown to be higher for QA than for 
QC for all but the 4.75mm mix type.  The correlation coefficient for these data is very good. 
  Figure 4 presents a comparison of the median standard deviations for QC and QA for the 
percent passing the 4.75mm (#4) sieve by mix type.  The variation in median standard deviations 
for the percent passing the 4.75mm (#4) sieve is shown to be higher for QA than for QC for all 
mix types.  The correlation coefficient for these data is very good. 
  Figure 5 presents a comparison of the median standard deviations for QC and QA for the voids 
in the total mix (VTM) by mix type.  The variation in median standard deviations for the VTM is 
shown to be higher for QA than for QC for all mix types except the 4.75mm mix.  The median 
standard deviation values are the same for QC and QA for the 4.75mm mix.  The correlation 
coefficient for these data is poor. 
  Figure 6 presents a comparison of the median standard deviations for QC and QA for the 
asphalt content by mix type.  The variation in median standard deviations for the VTM is shown 
to be higher for QA than for QC for all mix types except the Gap Graded mix.  The correlation 
coefficient for these data is good. 
  Based on this review of the median standard deviations, it is clear that the Gmm and VTM do 
not correlate well between the QA and QC test results.  This lack of correlation forces the user to 
question the validity of including these items as a basis for acceptance and pay. 
  Table 1 summarizes the complete database.  Shown are the median standard deviations for all 
5598 test results for each of the current pay properties.  The information is separated into QA and 
QC components.  Based on the median Standard Deviations, a proposed tolerance is calculated 
based on a 95% confidence limit.  These proposed tolerances may change as further analysis of 
the data is performed.  However, the information clearly shows that changes need to be made in 
current specifications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Comparison of Median Standard Deviations for QC and QA Maximum Specific 
Gravity Tests 
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Note:   GGM = Gap Graded Mix = Stone Matrix Asphalt 

HP = High Polish Mix 
RAP = Reclaimed Asphalt Pavement 

 
Figure 2.  Comparison of Median Standard Deviations for QC and QA Percent Passing the 75 m 
Sieve Tests 
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Figure 3.  Comparison of Median Standard Deviations for QC and QA Percent Passing the 
2.36mm Sieve Tests 
 

Figure 4.  Comparison of Median Standard Deviations for QC and QA Percent Passing the 
4.75mm Sieve Tests 
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Figure 5.  Comparison of Median Standard Deviations for QC and QA VTM Tests 
 

 
Figure 6.  Comparison of Median Standard Deviations for QC and QA Asphalt Content Tests 
 

 
Table 2 presents a comparison of F and t tests on the entire population of data which includes 
both QC and QA results.i  The table breaks down the comparison between regions of MDSHA 
and shows failing F and t test results.  The value at the right of each regional table is the overall 

                                                 
i The F test is used to determine if two datasets have equal variability.  The t test evaluates the 
means of two datasets to determine if they are equal.  Failing either F or t tests indicates that the 
datasets do not represent the same populations. 
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failure rate for either the F or t test.  The failure rate is indicative that either the variability or the 
means of the data are not the same.  It is noted that 83% of the samples for Maryland SHA 
Eastern Region, 92% for Northern Region, 95% for Southern Region and 92% for Western 
Region failed either the F or t test.  This confirms that the QC dataset is not the same as the QA 
dataset. 
Table 1.  Summary of Variation in Test Properties Using Complete Database 
 

Property Quality Assurance Tests Quality Control Tests 
 Median 

S.D. 
Proposed 

Tolerance* 
Median 

S.D. 
Proposed 

Tolerance* 

Current 
Tolerances 

Gmm 0.0095 0.0156 0.0070 0.0115 -- 
P 75 m 0.6994 1.1506 0.4897 0.8056 2.0 

P2.36mm 2.4523 4.0341 1.6026 2.6363 4.0 
P4.75mm 3.5798 5.8888 2.2198 3.6516 7.0 

VTM 0.9590 1.5776 0.5100 0.8389 1.2 
% Bitumen 0.1978 0.3254 0.1324 0.2179 0.4 

 *Proposed Tolerance based on Median S.D. X 1.645.  This provides the 95% confidence limit. 
  

 
 
5.  INTERIM RECOMMENDATIONS 
 
  Based on the database review, the MDSHA team has recommended the following changes to 
the asphalt acceptance specification: 
  Sample Retrieved at the Plant 

 SHA will conduct verification testing at the asphalt plant to statistically compare QA 
and QC data at the plant. 

 The pay factor will be determined based on the following parameters: 
o Bitumen Content:  +0.4% 
o % Passing 4.75mm sieve:  +7% 
o % Passing 2.36mm sieve:  +4% 
o % Passing 75 m sieve:  +2% 

Southern Fail F Fail T Fail F & T 95%
Gmm 32% 53% 68%
P    75 m 21% 58% 68%
P 2.36mm 21% 32% 47%
P 4.75mm 42% 42% 58%
VTM 47% 42% 74%
AC 26% 42% 53%

Eastern Fail F Fail T Fail F & T 83%
Gmm 7% 17% 23%
P    75 m 7% 7% 13%
P 2.36mm 10% 23% 30%
P 4.75mm 0% 27% 27%
VTM 20% 30% 43%
AC 10% 50% 60%

Table 2.  Comparison of T&F Population Analysis by SHA Region
Northern Fail F Fail T Fail F & T 92%
Gmm 25% 47% 63%
P    75 m 29% 69% 75%
P 2.36mm 25% 21% 38%
P 4.75mm 36% 26% 49%
VTM 42% 35% 60%
AC 26% 50% 63%

Western Fail F Fail T Fail F & T 92%
Gmm 26% 51% 67%
P    75 m 23% 54% 64%
P 2.36mm 26% 18% 38%
P 4.75mm 36% 26% 54%
VTM 44% 26% 51%
AC 26% 51% 62%
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 This portion of the mix pay factor will be based on QC results only provided the data 
is verified through QA sampling and testing. 

Sample Retrieved Behind the Paver 
 Sample shall be taken using SHA specified procedure. 
 Sample will be tested in a SHA laboratory to determine the following parameters: 

o Bitumen Content 
o % Passing 4.75mm sieve  
o % Passing 2.36mm sieve 
o % Passing 75 m sieve 

 Volumetrics and maximum specific gravity will not be tested on a production basis. 
 A pay factor will be developed based on the ability to meet the following tolerances: 

o Bitumen Content:  + 0.5% 
o % Passing 4.75 mm sieve:  + 7% 
o % Passing 2.36mm sieve:  +5% 
o % Passing 75 m sieve:  +2% 

 This portion of the pay factor will be based solely on the QA data results from the 
roadway. 

 
6.0  CONCLUSIONS 
 
  This project used an enormous database to evaluate the relationship between QC and QA test 
results.  The MDWare database made this evaluation possible.  Some of the preliminary 
conclusions are: 

 MDWare is a very useful tool for evaluation of mix production and placement; 
 The QC and QA databases are statistically different and should not be combined for 

acceptance purposes; 
 VTM and Gmm test results do not correlate well between QC and QA activities; 
 Changes need to be made in the acceptance criteria for asphalt by the MDSHA; 
 A consensus needs to be reached for the Gmm value (plant or field) which will be 

used for determination of the percent compaction in the field; and 
 A complete system for calculation of the pay factor, including incentives and 

disincentives, needs to be developed. 
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ABSTRACT 
 
In the recent years several papers have been published on Long Life Pavements, Perpetual Pavements and Success 
Stories of long life pavements. All these papers could be combined with the words “Sustainable development”, meaning 
“a development that meets the needs of the present generation without compromising the ability of future generations to 
meet their own needs”. 
This leads to the following statement: The need of the present generation is having pavements that are durable, long 
lasting and material & energy efficiently built. 
This paper gives an overview of the lessons learned from the Success Stories of PIARC Technical Committee 4.3.1 and 
describes how road infrastructure could be built in a sustainable way, by using the knowledge of the studies that have 
been done until now. 
 
Keywords: Design of pavement, Energy, Sustainable infrastructure, Whole life costing 
 
1. INTRODUCTION 
 
The recent publications on climate change and energy reduction give a new focus on the activities of the society of 
today and its implications for the future. Everyone is realising now that we all have a responsibility with regard to the 
future generation. In the domain of road infrastructure, that applies to the asphalt industry, the road authorities and the 
road users. 
Issues like sustainable development, minimizing environmental impact, optimising the use of natural resources, 
encouraging recycling and/or re-use of material are getting more and more important and they also apply to road 
infrastructure. 
 
There are several definitions of sustainability. The most well know definition of sustainability is the Bruntland 
definition [16]: “Development that meets the needs of the present generation without compromising the ability of future 
generations to meet their own needs.” 
Within this definition, in a certain way asphalt pavements could be seen as quite sustainable because also the future 
generations will surely continue to need pavements among the different means of mobility.. The asphalt pavements 
have been built with natural limited resources, but the materials that are used are 100% re-usable. So asphalt roads can 
been seen as a temporary storage of material that can be re-used to build other asphalt roads in the future, and in the end 
it could even be used as fuel if there is no need anymore to be used as pavement. 
 
With regard to “optimising the use of natural resources” some progress is still possible. Roads need maintenance and 
some roads are built in such a way that they need earlier maintenance than expected.  
In the recent years several studies were done with regard to the durability of roads and building roads that last longer 
(Long Life Pavements) and roads that last forever (Perpetual Pavements).  
The main reason for these studies was the reduction of traffic interruptions due to major pavement rehabilitation 
or reconstruction. 
 
In Europe there is the ELLPAG project, dealing with “Long Life Pavements”, in the USA they did studies on 
“Perpetual Pavements”, an OECD project is looking for long lasting surface layers and the PIARC Technical 
Committee 4.3.1 recently finished a project on “Success Stories” [13.]. 
All these studies are dealing with improving the durability of pavements to avoid maintenance activities that lead to 
traffic hindrance. 
Improving the durability will lead to “optimising the use of natural resources” and in this way it will contribute to 
sustainability. 
 
2. LONG LASTING PAVEMENTS 
 
Long lasting pavements could be achieved in different ways. This could be done by: 

- improving construction techniques and construction practices; 
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- using better design techniques by avoiding fatigue of the asphalt layer; 
- building thicker pavements to avoid fatigue; 
- using high quality pavement materials and products; 
- better education and creating awareness of important issues regarding road construction. 

 
During the last decennium the concept of Long-Life Pavements (LLP) has been established in Europe and America. The 
development of this concept started when experiences in USA and UK indicated that fatigue cracking and structural 
deformation were not prevalent in pavements which were constructed with sufficient strength (above a certain level) [3, 
8, 9]. The main conclusions indicate that well-constructed flexible pavements show very long service lives provided 
that distress mechanisms such as rutting and cracking are restricted to the pavement surface, which significantly 
facilitates maintenance.  
The main purpose of this concept is to develop a framework, in which more cost-effective pavements can be 
constructed.  
 
In the USA the wording `Perpetual Pavement´ is used and it is defined as “an asphalt pavement designed and built to 
last longer than 50 years” [2, 11].  
In Europe, the European Long-Life Pavement Group (ELLPAG) has proposed a description of LLP, which applies to all 
types of pavement structures and defines a LLP as “a type of pavement where no significant deterioration will develop 
in the foundations or the road base layers provided that proper surface maintenance is carried out”. When needed the 
surface-layer will be replaced with a new one [1]. 
 
The Organisation for Economic Co-operation and Development (OECD) [10] has a special project called ‘Economic 
Evaluation of Long-Life Pavements’. In this project the prospects for the development of an economic basis of longer-
life wearing courses for heavily-trafficked roads is analysed. In this project they are looking for wearing course 
materials for pavements, which can handle a very high cumulated traffic volume without surface deterioration. In this 
case it is assumed that the pavement itself is already a LLP from a structural point of view. 
 
This knowledge can be combined with the lessons learned from the results of  PIARC TC4.3 that used the concept of 
“Success Stories” [13].  PIARC Committee 4.3. used the following definition for the ‘success story’ concept: 
A pavement is considered as a “success story” when it has proven to behave better performance than expected when it 
was designed. Such a pavement must be clear of structural maintenance and still be in good shape, despite the fact that 
it has sustained a cumulated traffic higher than the one contemplated at its design.       
 
With this definition a Long Life Pavement (as defined in for instance ELLPAG) could be a “success story”, but a 
“success story” is not necessarily a LLP.  
Long Life Pavements are often designed for heavy trafficked roads. But in general the success story concept also 
applies for pavements designed for a relatively low traffic volume.  
 
This paper is based on the recommendations given by PIARC Committee 4.3 based on success stories [13]. 
 
The goal of analysing the success stories was to understand the reason why a pavement did last a particularly long 
period. These lessons learned can be used for the design and construction and maintenance of future pavements. The 
success stories that have been analysed by PIARC TC 4.3 showed that a good pavement design, a good quality of the 
materials used and a good construction of the pavement are the basics for a success story. The examples of success 
stories collected from the different countries by PIARC TC 4.3 were dealing with the cases of rigid pavements, semi-
rigid  pavements as well as flexible pavements. This paper will only cover the flexible part  
 
3. STRATEGY FOR LONG LIFE PAVEMENT DESIGN AND CONSTRUCTION 
 
3.1. Introduction 
 
The aim of a pavement structure is to provide the users of vehicles and pedestrians a track that can be used to go from 
one place to another place in a safe and comfortable way.  
The pavement structure itself should be able to resist the traffic and environment to which it will be exposed. Pavements 
are mostly designed as layered structures with relatively low strength in the lower layers and materials with 
progressively increasing strength towards the top. The reasons for this approach are technical and economical. In the top 
the highest compressive or tensile stresses occur, where high strength materials are needed. These high strength 
materials are generally more expensive and therefore they are as thin as possible, to reduce costs.    
The materials used for the (unbound) road base layers depend on the locally available materials, such as native soil, 
crushed/uncrushed granular materials and re-used (secondary) material. 

 
In pavement design the performance of pavements is governed by the magnitude of stresses and strains induced by 
repetitive traffic and environmental loading. The design life determines the magnitude of allowable stresses and strains 
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for a certain design period. In general lower stress and strain levels will increase the pavement live. If the stresses and 
strains are below a certain level no significant fatigue damage will occur [3] and that means a Long Life Pavement 
structure. 
 
The magnitude of the stress and strain levels that occur in a pavement depends on numerous items, like the stiffness of 
the individual layers, the traffic loads and the environmental conditions. 

 
3.2. The foundation  
 
The bearing capacity of a road firstly depends on the bearing capacity of the subgrade. So building a road needs to start 
with building a good foundation. The type and thickness of the unbound materials used for the unbound road base 
layers depend on the structure to be designed and the stiffness of the subgrade. The thickness of the subbase layer is 
determined by the bearing capacity of the subgrade and the total design of the pavement as well as practical issues. A 
granular road base is a good working platform, for the next pavement layer. Some countries require a minimum strength 
or a minimum bearing capacity of the (total) foundation. Some other countries specify a minimum compaction degree 
or a minimum compaction level. 
 
A good construction of the pavement is utmost important and one of the most important parts of good road construction 
is compaction. A good compaction of all pavement layers is vitally important. It increases the stiffness of the layers, 
hardly without any additional cost. 
 
3.3. The design of the asphalt pavement  
 
Traditional pavement  
 
To achieve a long lasting pavement a good pavement design is essential. The thickness of the asphalt layers depends on 
the bearing capacity of the subgrade, the subbase and road base, the amount of traffic, the traffic loads and the climatic 
conditions. Asphalt pavements can be relatively thin when there is a good bearing capacity of the foundation and with 
light traffic. They will be thicker for heavily trafficked roads and weaker foundations. 
 
For pavement design mostly the so-called semi-mechanistic methods are used. These methods are partly based on 
fundamental engineering principles. Semi-mechanistic procedures consist of a structural response model and associated 
performance models. The response models relate traffic loading to stresses and strains in the pavement structure. The 
performance models relate calculated stresses and strains to a rate of deterioration.  

 
The two main (classical) distress mechanisms considered in semi-mechanistic methods are rutting (in the top of the 
subgrade  only; the risk of rutting in bituminous materials is taken care of in the asphalt mixture design  procedure) and 
fatigue cracking (initiated in the bottom of the asphalt layer). Structural rutting originating at the subgrade can be 
controlled by limiting the compressive strain induced at the top of the subgrade, which is normally a function of the 
expected number of load applications during the design period and the thickness and the stiffness of the upper pavement 
layers.  
 
Pavements are normally designed for a certain period. In the past a design life of 20 years was often used. Nowadays 
pavements are designed for a longer period. In some countries they use 30 years and some use 40 years or even more 
[1.]. In cases where structural maintenance is not favourable, because the road cannot be closed even for one whole day, 
the Long-Life Pavement concept is often used.   
 
Case of flexible LLP  
 
The design philosophy of these long-life pavements does not differ significantly from traditional semi-mechanistic 
design methods. In the UK pavements design above a traffic level of 80 million standard axles (80 kN) are said to be 
designed as long-life pavements [1]. The rationale for this traffic level is supported by empirical and analytical studies 
[1. and 9.].  
Several investigations have suggested that conventional transfer functions should be replaced by thresholds for 
allowable maximum strain values, in order to eliminate structural deterioration [4., 5., 6. and 14.]  
 
The choice of the different bituminous mixtures to be used for the different layers is important. The functional 
requirements for the individual layers should be taken into account. In the end the durability of the surface layer 
depends on the mixture that is chosen [15]. Within a global economical approach higher material costs are often more 
than compensated by the lesser costs of traffic measures and disruption and user costs. 
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3.4. The construction of the pavement 
 
For obtaining a durable pavement the construction of the pavement is very important. With the same basic materials  a 
better performance and a better durability can be obtained if the construction of the pavement is done in a perfect way. 
 
For flexible LLP, it starts with the production of a good asphalt mixture in the asphalt plant. 
The bituminous binder should be chosen taking into consideration the prevailing conditions concerning aggregate type 
and regional climate since they collectively influence mixture performance. Asphalt binder and mixture properties can 
be improved using certain additives, e.g. polymers. In addition to binder properties, binder content shows a major 
impact on mechanical properties of asphalt mixtures. The aggregate should exhibit adequate properties regarding 
mainly stability and wear resistance. 
 
The transportation of the asphalt mixture from the asphalt plant to the construction site is important for smooth paving 
operations and durability of the pavement. During transport the temperature of the asphalt mixture should not drop too 
much and one should be aware of possible segregation. During transportation there could occur temperature segregation 
and/or mixture segregation. Material Transfer Vehicles that remix the mixture could be used to avoid temperature and 
mixture segregation.  
 
One of the most important parts of good road construction is a good compaction of all pavement layers. It increases the 
stiffness of the layers, hardly without any additional material cost. 
 
A good compaction of the asphalt layers increases the resistance to permanent deformation and it improves the fatigue 
behaviour. Three percent more compaction of the asphalt mixture can result in 15% less thickness needed due to 
improved fatigue behaviour (in this case 8% air voids versus 5% air voids) [7]. Better compaction of the asphalt layer 
also results in a better stiffness and it will enhance the resistance against moisture-related damage.  
 
Well-constructed flexible pavements show very long service lives provided that distress mechanisms such as rutting and 
cracking are confined to the pavement surface, which significantly facilitates maintenance [3and 9].  

 
3.5. Maintenance 
 
In the past most attention of the road engineers was focused on the construction of new roads but since many countries 
have almost completed their main road network, the attention gradually turns to maintenance of the existing network 
[12].  
For high traffic roads the maintenance has to be done in a short time period with minimal hindrance to the traffic. In 
some countries the cost of traffic measures during maintenance works on highways are already more than 50% of the 
total job costs; not even taking into account user delay costs. For this reason maintenance should be reduced as much as 
possible. 
 
When an asphalt pavement structure is well designed with a sufficient thickness, the pavement has basically an infinite 
life by just periodically removing and replacing the surface layer only (“mill and fill”) [22]. The material that is milled, 
the reclaimed asphalt pavement (RAP), can be re-used to produce a surface layer. In this way limited new material is 
needed to maintain the pavement structure. 
Reducing maintenance for non-highways (by building good quality roads that will last for the design period) will lead to 
a reduction of material use and energy. In this way it will contribute to sustainability and is important too for that 
reason. 
  
In planning maintenance activities possible changes in the functional requirements of the surface layer, based on new 
demands from society have to be taken into account. Other technical solutions might be needed to incorporate these 
(additional) requirements. An example is noise reduction. This could mean that an old surface layer will might be 
replaced by a noise reducing surface layer (when maintenance is needed or even in an earlier stage if reduction of traffic 
noise has a higher priority). In the future the reduction of air pollution might be a reason for changing a surface layer by 
a smoother one with less rolling resistance.  
However in most cases a surface layer will (only) be replaced if actual maintenance is needed. So durable surface layers 
will reduce maintenance and (maintenance) costs [23.].  
 
4. MAIN CONCLUSIONS OF THE ‘SUCCESS STORIES’. 
 
The success stories that have been analysed [17 – 22] show that a good pavement design, a good quality of the materials 
used and a good construction of the pavement are the basics for a success story.  
Next to this general conclusion, the following conclusions were also drawn from the success stories that were analysed:  
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- Well designed and constructed asphalt pavements are very durable and long lasting. Many case studies do show 
this [21]. 

- Building good road pavements starts at the design stage. A high bearing capacity of the subgrade and the subbase 
is preferred [19and 20]. If the bearing capacity of the subgrade is poor, there might be a need to improve it by 
replacing a part of the (top) subgrade. Old pavements could offer good subgrade conditions; if a new road is to be 
built at the same place, it could be recommended to keep the subgrade as it is without introducing disturbances.  

- Weak subgrades might also lead to settlements and unequally distributed settlements. A good soil-investigation on 
forehand is needed. 

- A good bearing capacity of the base layers contributes to the success stories [21]. A good base layer could be an 
unbound base layer with a good bearing capacity [17] or a cement stabilized gravel base (CTB) or a semi-rigid 
base layer [18]. 

- A stiff road base (= a road base with a high bearing capacity) will contribute to a success and will influence the 
bearing capacity and stiffness of the asphalt base layer positively [21]. 

- The lower pavement layers need to provide a good support for the upper layers including the base and surfacing 
[21] and therefore it is important to use of good quality aggregate/material [19]. A good base is needed to protect 
the lower layers for high stress and strain levels [21]. For a good structural performance it is important to build the 
road layer by layer (well compacted with high quality materials (= suitable for their task)).  

- An appropriate aggregate should be selected for the unbound base layers to prevent permanent deformation [21]. 
- A good strength-balance between the various layers in the pavement should be ensured [21]. 
- For a good bearing capacity of the whole road structure it is important that there is a good bound and interlock 

between all the (bituminous) bound pavement layers and a good interlock between the unbound pavement layers 
[17, 19 and 21]. It of course also applies to the interlock/bond between the first asphalt layer and the unbound base 
beneath it.  

- The pavements should be designed wide enough to avoid traffic edge loading [17]. 
- A good drainage of the whole pavement structure (surface layer, interlayers, subgrade and soil) is important [17 

and 18] to keep the (unbound) pavement layers dry [21]. Asphalt should perform its role of adequately protecting 
the base against traffic and environment [21].  The asphalt / single seal surfacing should be well designed and 
constructed to avoid ingress of water into the lower layers. [21]. 

- In climates with frost penetration, frost resistant sub-base material needs to be used to avoid frost heave if it is 
used in or close to the freezing zone.[17]  

- For a high quality job, a high quality construction is needed and the technical specifications should be respected 
[19].  

- It is important to have a good homogeneity within the individual pavement layers in all directions, by using 
homogeneous materials and equal (homogeneous) compaction levels.  A chain is a strong as the weakest element 
[17]. The formation and the skill of the working teams are of utmost importance. 

- For a good durability of the road it could be desirable to minimize ageing of the pavement by reducing the air void 
content of the mixture and by selecting an appropriate binder [17 and 21] that does not age quickly. This will also 
contribute to preventing fatigue cracking in the surface layer. 

- The thickness of asphalt pavement is a very important parameter for the pavement life. A conservative design 
giving an extra thickness added to the theoretical design will lead to a much longer pavement life [18 and 19]. An 
extra thickness can also be regarded as an extra safety margin in the design.  

- The use of modified asphalt with higher quality can be justified in the case of severe conditions (climatic, traffic) 
[20] 

- A good asphalt mix gradation is essential for obtaining a rut resistance asphalt mixture [20]. 
 
By taking all these conclusions into account when designing and building a road, the probability of creating a success 
story will definitely increase. Many case studies showed that well designed and constructed asphalt pavements are very 
durable and long lasting and will contribute to sustainability.  
 
5. ECONOMICAL ASPECTS OF LLP 
 
One of the overall purposes of Long Life Pavements is to achieve lower annual costs by increased pavement life and 
fewer and more cost effective maintenance activities. In order to assess the economic benefits of LLP, the full financial 
consequences can be considered using Cost/Benefit Analysis (CBA).   
By using CBA, UK experience has shown that pavements classified as LLP are expected to be more cost-effective than 
traditional road pavements since the small increase in construction cost is compensated by lower direct maintenance 
costs and indirect disruption-related costs. For a 10 year period, the total savings by adopting the LLP concept in the 
UK, are expected to reach 350 Million Euro [1.]. 
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6. CONCLUSIONS 
 
The lessons learned from the Success Stories of PIARC Technical Committee 4.3.1 show that the technical knowledge 
about pavement design, pavement materials, pavement construction and maintenance is high enough today to build LLP 
or transform existing roads to LLP. 
The past experience shows that a good pavement design, a good quality of the materials used and a good construction of 
the pavement are the basics for a success story.  
Each layer in the pavement is important and should be well constructed, by choosing the right materials and should be 
well compacted. 
Global economical calculations show that the concept of LLP will lead to lower (annual) costs, and the road building 
materials are used in a more efficient way, which will result in a more sustainable development.  
The question today rather seems to be on the side of road owners: How to develop consistent Long Life Pavement 
networks?. So decisions have to be made for a global strategy within a constraint budget dedicated to road construction 
or road maintenance. This supposes   

 To decide which road sections need to be transformed into LLP at a national or a regional level; 
 To plan such construction works in time, available space and constrained budget;  
 To ask for a higher quality with the same road building materials. 

 
The tools for LLP are available; they just need to be implemented. 
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ABSTRACT 
 
The control frequency at an asphalt mixing plant depends on its quality classification as a result of the 
conformation of previous data. According to the European standard EN 13108-21, the amount of 
asphalt produced per one analysis sample in “A” class plants varies between 600 to 2000 tons. Each 
sample weighs about 2.5-3 Kg. When analyzing onsite online data using this method one can see 
fluctuations of batches outside defined tolerance. The proposed method suggests online automatic 
estimation of grading and asphalt percentage variation from permitted tolerances. This method enables 
online correction, better plant classification and transparency that lead to increased asphalt quality. A 
pilot study that used the proposed method in an asphalt plant showed an increase of 4.8% in asphalt 
quality. In addition, a method to control the raw material feedstock density by measuring the conveyor 
belt speed fluctuations is proposed.  

 
Keywords: asphalt, quality control, AMP, frequency, standard, online. 
 
 
INTRODUCTION 
 
Most asphalt mixing plants (AMP) in Israel are located adjacent to quarries. The basic 
aggregates for the production of asphalt are primarily dolomite rock with some magma rock. 
All the AMPs operate automatically and online from the feed stage up to the production of 
asphalt. The documentation system documents the temperatures and weighting at different 
stages. Throughout the process a continuous printout is received of the production batches, 
fraction weights, bitumen temperature, bitumen weight and overall weight of the asphalt. A 
production batch is in effect a uniform mixture of mineral and filler materials and bitumen in 
the mixer (pugmill), as a result of the feed of various weights of ingredients. The batch size is 
1.5-4 ton depending on type of AMP.  
Every plant has an internal control array that conducts daily tests of the quality of the mineral 
raw materials, fillers, bitumen and the rest according to the Israeli standard, which is similar to 
the US standard.  
The paper refers only to final production tests of asphalt i.e. continuous grading 
(segmentation of aggregate size), bitumen percentage and asphalt temperature. This control 
restarts after several minutes of production when the laboratory receives a random sample 
from under the mixer. According to the grading and bitumen percentage results, a process 
that takes two hours, the test results are used to correct the mixture if necessary. Because 
this control procedure is based only on ''one sample in space" it doesn't take into 
consideration the fluctuation of production parameters and even possible deviations from the 
specification requirements. Therefore it is possible that either necessary corrections to the 
production will be applied or, vice versa, a non conforming mix will be produced, taking a 
sample from point a and b (same sample) in Graph no. 1 and 2. This will serve to reduce the 
quality of the asphalt in effect until the results of the subsequent sample which, according to 
the Israeli standard, as in the Israeli and Canadian end standard [1,2] will be conducted after 
300 ton of asphalt production.  
According to the European standard [3] the AMP rating is determined based on the last 32 
asphalt tests and their deviation from the required standard. In plants rated A, C, tests will be 
required every 2000 and 600 ton, respectively. This sample of 3 kg should reflect a very large 
quantity of asphalt, which could be damaged. 
From studying production data of AMP in south Israel [4] deviations were observed from 
weight and temperatures standards even in a new production plant, from 2002, rated A 
(Graph no. 1 in AMP no. 1). 
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In the above plant out of the last 32 tests that were conducted only one test was found to 
deviate from the standard, thus the rating of the plant according to the European  standard [3] 
is A. According to the data received from the plant computer on 13.07.2006, it can be seen 
that there are only small deviations and according to the results of 2 tests which were taken 
during production (sample 1, 2), it can be claimed that the asphalt complied with the demands 
of the European standard. 
In an asphalt production test using the method proposed in this paper, AMP no.2, it can be 
seen that out of 513 ton and 171 production batches, there are 41 batches of deviations: 7 
batches in which there is  a deviation in grading, 6 batches in which there is a deviation in 
bitumen percentage and 11 batches in which there is a deviation in temperature and therefore 
according to Israeli standards the manufacturer should be penalized in money, at the price of 
24 ton asphalt or alternatively at 4.7% of daily production. 
 
 

weight deviation at AMP Nr.1

0

200

400

600

800

1000

1200

1400

4:4
1

4:5
0

5:0
1

5:1
1

6:2
7

6:3
7

6:4
8

8:1
5

8:2
4

8:3
3

8:4
2

9:3
7

9:4
7

9:5
6

10
:47

10
:56

11
:20

time

w
ei

gh
t (

kg
)

0.063-0.075 mm < 0.063 mm 0.075-4 mm 4-9.5 mm 9.5-12.5 mm 12.5-19 mm 19-31.5 mm

 1  2

 a

 
 

Graph no. 1. Segmentation of weighting in new Grade A in AMP no.1 
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Graph no. 2 Difference between real weighting and calculated weighting of size 4-9.5 mm,     
                     AMP no.1. 
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There is considerable importance to the fact that before taking the sample the laboratory 
technician will inspect the weighting data to check that the data are within the standard limits 
or that the deviations are continuous. 
When a sample is not intact the laboratory technician inspects the production records, in 
tables. Deviations in temperature and in bitumen percentage are relatively easy to discern, 
but deviations in grading due to deviations in weighting require more complex processing of 
the data. 
In AMP no.2 out of the last 32 tests conducted 4 tests were found to deviate from the 
standard, hence the AMP rating is B [3]. 
Despite the tests in the time period in which no deviations were detected (sample 3, 4), it can 
be seen that between the tests there were significant deviations over time. Asphalt from the 
same production day after spreading and strengthening in the field flaked and did not meet 
the required density. 
In a test of asphalt production according to the method proposed in this paper, it can be seen 
that out of 329 ton there are 182 deviant batches: 121 batches in which there is a deviation in 
grading, 37 batches with a deviation in bitumen percentage and 24 batches in which there is a 
deviation in temperature and thus, according to Israeli standards, the asphalt producer should 
be penalized 78 ton or alternatively 18% of the daily production. 
Using the software the technologist can identify a deviation from the grading standard 
continuously and immediately and also receive a suggestion how to correct the weighting in 
specific materials, bitumen percentage and temperature to meet the grading standards. Thus 
an array for continuous retesting will facilitate representative random sampling and a reduced 
total number of samples, according to the type of AMP and an increase in quality of asphalt 
produced. Based on this data it is hard to consider 3 kg. of asphalt tested as representing 
300, 600 and 2000 ton. 
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              Graph no. 3: Segmentation of weighting in a B rated AMP no.2   
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METHODOLOGY 
 
In the first stage the weighting data of raw material are calculated automatically for grading, 
and are presented for each batch continuously. In addition, the calculated grading is 
compared with the JMF operational standard. Should the computerized grading deviation 
exceed the permitted standard deviation, an initiated warning will be issued. 
In Table no. 1 several batches can be seen in which there was a deviation in the calculated 
grading standard. Using this method a mechanism can be created to calculate fair and 
continuous penalties. 
 
           

 Percent Passing   
 1" 3/4" 1/2" 3/8" 4# 10# 20# 40# 80# 200#   

Standard 100 
84-
94 

68-
78 

60-
70 

44-
54 

28-
38 

18-
26 

12-
20 

7-
12 4-7 

Bitumen 
(%) Tempera. 

J.M.F 100 90 74 63 50 30 18 13 9 5.5 4.8 
>150 
(0C) 

04:41 99.9 93.1 69.4 60.4 47.7 26.3 14.9 10.1 7.2 4.5 4.41 142 

04:42 99.9 94.1 70.0 61.2 48.5 26.7 15.1 10.2 7.2 4.5 4.42 142 

04:43 99.9 94.2 70.5 61.4 48.1 26.4 14.9 10.1 7.1 4.4 4.53 142 

04:44 99.9 93.9 70.2 61.3 48.6 26.7 15.0 10.1 7.1 4.4 4.74 145 

04:45 99.9 94.0 70.5 61.2 48.4 26.7 15.1 10.2 7.2 4.4 4.74 147 

04:46 99.9 96.2 72.7 64.6 47.1 25.7 14.6 10.0 7.2 4.4 4.71 150 

04:47 99.8 92.4 69.2 61.8 45.5 24.5 13.5 8.9 6.1 4 4.52 152 

04:47 99.9 94.3 71.0 62.2 46.6 25.5 14.5 9.9 7.1 4.4 4.58 154 

04:48 99.9 94.1 71.1 62.3 47.0 25.8 14.6 10.0 7.1 4.3 4.56 157 

04:49 99.9 94.0 70.3 61.6 48.2 26.6 15.2 10.4 7.4 4.5 4.74 159 
 

Table no. 1: Grading, bitumen percentage and asphalt temperature calculated according to 
weighting at the plant. The marked cells represent deviation from the standard 

 
 
In the second stage, a calculation is made in real time, with the results showing the 
corrections in weighting that must be performed in order to bring the material within the limits 
of the required standard deviation. This calculation takes into account the reciprocal relation 
between the various weightings typical for each and every plant, according to the type of 
process. The required weighting calculations are performed correlatively for past batches 
simultaneously, according to the different weightings and deviations from the theoretical 
weighting required in the JMF. Thus correction is performed simultaneously that in effect 
calibrates the weighting process for each and every plant to comply with the limits of the 
required deviations and the required batch size. Furthermore, these calculations will point to 
the corrected upper and lower limits of the various weightings in a manner that takes into 
consideration the reciprocal relations between them, as can be seen in Graph no. 2, 4. 
From observing the corrected limits the theoretical weighting composition can be changed to 
JMF in order to produce symmetrical limits, as can be seen in Graph no. 4. 
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production. Following this pilot test the quality of the asphalt was observed to have risen by 
4.8%.  in an average of 312 daily batches which usually obtained 20 batches under spec 
(6.4%), the following method decreased it to only 5 batches under spec (1.6%). 
This method identified the relation between cold and hot cells and also the cell capacity where 
the flow is volumetric and there is no consideration of the density weight of the material, 
obligating a change in the flow by altering the conveyor belt speed.  Every mining site has its 
typical rock density segmentation, as can be seen in Photograph no. 1, in which the rock 
density changes from the lower part to the upper part, from 2.7 to 2.3 kg/cm3. 
According to the Israeli standard [1] the asphalt mixture density during its supply will not 
deviate beyond 50 kg/m3. Should the density change in a range of + - 50 kg/m3 a new Marshal 
must be conducted in order to find the correlation between the bitumen and grading. In order 
to diagnose changes in the composition of material entering the plant through changes in 
material density and particularly aggregates below sieve 4, 75 mm, the changes can be 
measured in the speed of conveyer belts for each group of materials, by setting upper and 
lower limits of speed for each material, and this by calculating their simultaneous effect on the 
mixture density correlatively.  
It should be noted that the following factors could also affect the speed of the conveyer belts: 

1. Inadequate separation between the materials in silos that feed to cold cells. 
2. Wheel loader list errors in identifying the suitable cold cell 
3. Partial blockage in the exit of material from the cold cells 
4. Changes in material moisture, especially in the winter, etc. 

In the event of change beyond the required, first these operative reasons must be ruled out 
and an asphalt rod sampled and the density checked. It is important to point out that changes 
1-3 are only temporary and do not endure over time, compared with the change in material 
moisture (mainly during the winter) which is a continuous change proportional to the size of 
the aggregate – larger in sand and smaller in fraction 19-24 mm - according to the surface 
area of the aggregate.  
 
 

  
 
 

Photograph no. 1: Picture of dolomite exposed rock in quarry “X” 
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CONCLUSIONS 

 
As such, the method permits real time warning of deviations from the standard and also real time 
calculation of changes required in weighting to obtain quality and stable material, which permits a 
relatively smaller amount of tests than that required in the Israeli standard. This method will allow the 
operator to supervise the deviations and to correct them immediately, easily and conveniently in real 
time, affording the team direct and close contact with the product quality. Furthermore, the method will 
provide the customer a tool for choosing the asphalt supplier based on the reliability and efficiency of 
the AMP.  
In running this method at Sde Yoav there was a 4.8% increase in asphalt quality compared to the 
preceding period. In addition, according to the test results of the actual final production of samples, a 
close correlation was found to the method calculations. 
In this model the operator sees and receives a warning about slow or enhanced flow of materials and 
receives the suggested required correction under the extreme assumption that the material is not 
homogenous. When the material is homogenous the amount of feed material becomes the complete 
mixture without losses.  
Receiving all the data in real time will allow the representation of 2000 ton asphalt by taking a sample 
of 3 kg according to the European standard.    
This method can be applied in other plants with different asphalt composition by modifying the system 
to use the local standard and a suitable material relation matrix available (JMF). 
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ABSTRACT 
 
Co-operation between clients and the private sector provides significant opportunities to promote innovation in the 
road construction industry.  This paper describes such an innovation project. In 2006, the Dutch ministry of Transport 
organised an innovation competition, challenging contractors to propose new technologies that might be relevant for 
the future of roads and road construction. BAM Wegen proposed using a combination of a dual layer paving process 
with a shuttle buggy for improved homogeneity, and themographic imagery and continuous GPS tracking on the paver 
and rollers for improved process control during the asphalt paving process. The main objectives were two-fold.  Firstly, 
to work towards a 25% increase in the service life of the porous asphalt by improving the total process from the choice 
of raw materials and mix design to the monitoring of the finished product. Secondly, to develop innovative monitoring 
techniques of the asphalt laying process, since major developments in road paving are often hampered by insufficient 
feedback from finished projects. This proposal was one of the three "winners" that were each granted a project to put 
their ideas to the test on a short stretch of the A35 highway. This paper explains the idea's behind the proposed 
innovations, the way they where translated into practice, the actual project and the findings. Evaluation and discussion 
subsequently focuses on [1] the success of the proposed new technologies, on [2] the way the contractor has dealt with 
an innovation project in its daily business, and on [3] the effect of monitoring additional process data on quality 
control. Finally, the introduction of innovation during the construction process is discussed in the context of new trends 
in contracting i.e. the introduction of performance-based contracts, the move towards longer guarantee periods, risk 
transfer and new business models.  
 
Keywords:  asphalt, innovation, process control, GPS technology, thermographic images 
 
1. INTRODUCTION 
 
There is a wealth of research on the importance of innovation in construction.  Several themes are addressed with 
appropriate business strategies for construction firms initially dominating the knowledge base [1, 2]. Recently, 
innovation is seen as an important source of competitive advantage [3, 4] and the implementation of innovations in 
construction has subsequently received much attention [5-7].  The situation is no different in The Netherlands.  Pries 
and Janszen [8] in analysing the innovative behaviour of the construction industry in the country, stresses that 
innovation creates possibilities for achieving competitive advantage, but only when managed properly.   Bremer and 
Kok [9] suggest that innovation aims can be realised but, only if paid by the whole construction sector and not by 
individual firms.  Bossink [10] found that innovation drivers e.g. technological capability and knowledge transfer, are 
used by managers of the authorities, clients, architects, consultants and contractors to stimulate and facilitate innovation 
processes. More significantly, over the last four years since the Dutch parliamentary enquiry into the construction 
sector, the business environment within the road construction sector has changed dramatically. According to Dorée [11] 
the collusion structure that regulated competition has fallen apart. Public clients have introduced new contracting 
schemes containing incentives for better quality of work [12] and therefore play a critical role in the construction 
innovation process. This prominent role allows them to stimulate and support the implementation of innovative 
solutions such as process performance [13, 14].  Nam and Tatum [15] suggest that clients’ sponsorship is essential for 
the successful implementation of construction innovation.   
New types of contracts, tougher competition and the urge to make a distinction in the market, spur the companies to 
advance in product and process improvement. These changes have significantly altered the playing field for 
competition. The companies see themselves confronted with different “rules of the game” than what they were used to. 
Performance contracting and longer guarantee periods create a new set of risks and business incentives [16]. In general, 
the companies experience the pressure of new types of competition and other rules and trends, but at the same time, 
they acknowledge the opportunity to distinguish themselves. Road construction companies, in turn, seek better control 
over the construction process, over the planning and scheduling of resources and work, and over performance. 
Improved control would also reduce the risks of failure during the guarantee period. To be able to achieve these goals, 
the relevant on-site operational parameters need to be known and the relationships between these parameters need to be 
thoroughly understood. For asphalt paving companies to be able to improve product and process performance, they now 
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more than ever acknowledge they need to develop intricate understanding of the asphalt paving process and the 
interdependencies within the process. 
This paper is structured as follows. After the introduction, we explain the background to the Dutch Ministry of 
Transport sponsored innovation project, BAM Wegen’s innovation role and objectives for the project.  This is followed 
by a description of the data collection, the analysis and a discussion of the results. Finally, we present conclusions and 
recommendations for practice in the context of the introduction of innovation during the construction process. 
 
2. THE INNOVATION PROJECT 
 
In 2006, the Dutch Ministry of Transport organized an innovation competition, challenging commercial parties to put 
forward ideas to extend the mean service life of the dual layer porous asphalt system from seven to nine years. The 
porous asphalt system consists of a 25 mm thick upper layer with a maximum grain size of 8 mm and a 45 mm thick 
lower layer with a maximum grain size of 16 mm. It is specially designed for high reductions of traffic noise (5-7 dB 
(A) at normal traffic speed). BAM Wegen joined forces with the University of Twente and various other parties to enter 
the innovation competition. The group’s focus was on extending the service life of porous asphalt and involved 
improving the whole process from the choice of raw materials and mix design, to monitoring of the finished product. 
The aim of this project was to improve the homogeneity of the asphalt mix during production, transport and application. 
The realisation phase of the project was a 460m long section of resurfacing of the A35 highway in the east of The 
Netherlands. BAM Wegen developed, planned and carried out the construction of the test section. The scope of the 
project required the removal of the existing surfacing layer followed by repaving with the dual layer porous asphalt 
system.  The two layers were laid simultaneously with a special paver. The 12m wide highway was divided into three 
paving lanes viz. 5m, 4m and 3m wide. Construction work was carried out over two nights during April 2007.   
The University of Twente research team monitored some key process parameters during construction.  The team 
focuses on innovation and performance in the asphalt paving process, having recently consulted key role players in the 
industry [11, 17-19] and subsequently publishing a number of conference papers in this research area [20-22].   Their 
research is aimed at improving quality and consistent reduction of quality variability in the hot mix asphalt (HMA) 
paving process.  Two key research questions are addressed.  The first tackles the main causes of variability in the 
asphalt paving process whilst the second focuses on the effect of revised operational strategies on quality in the paving 
process.  
 
3. OBJECTIVES 
 
Contractor BAM Wegen set two main objectives for the project.  Firstly, to work towards a 25% increase of the service 
life of the porous asphalt by improving the total process from choice of raw materials and mix design to the monitoring 
of the finished product.  Secondly, to develop innovative monitoring techniques of the asphalt paving process since 
major developments in road paving are often hampered by insufficient feedback from finished products. The latter 
objective led to the contractor introducing two innovations for the project viz. to use a combination of a dual layer 
asphalt paving process with shuttle buggy for improved homogeneity; and to use themographic imagery and continuous 
GPS (Global Positioning Systems) tracking on the paver and compactor rollers for improved process control during the 
asphalt paving process. The introduction of monitoring and control mechanisms using temperature profiling and GPS 
systems in the asphalt paving process is the focus of this paper. 
 
4. DATA COLLECTION 
 
4.1 Temperature profiling 
 
Infrared camera images were used to document temperature differentials during the hot mix asphalt paving operations. 
Two ThermaCAM™ infrared cameras were used to collect surface temperature data.   More than 400 thermal images 
were taken in a predetermined protocol at 10m staked positions (see  
Figure 1).  The research team prepared schedules (see the example in  
Table 1) based on paver speeds of between 3m/min and 5m/min since the success of the photographic regime was 
highly dependent on the speed of the paver. The supplied camera software was used to undertake the initial analysis of 
the thermal images with extensive post processing using Excel and MATLAB software.   
Figure 1 shows an example of a thermal image taken with possibilities for spot analysis (Sp1), area analysis (Ar1) and 
line analysis (Li1).  The screed of the asphalt paver is clearly visible on the right of the image.  
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Figure 1: Typical thermal image 
 
 

Staked position on the asphalt lane to be paved - based on the paver speed of 3m/min

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230

Time an 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
infrared 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55
picture is
taken 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66
(min) 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75

58 60 62 64 66 68 70 72 74 76 78 80 82 84 86
67 69 71 73 75 77 79 81 83 85 87 89 91 93 95

 
 
Table 1:  Typical thermal image schedule 
 
 
4.2 Monitoring of equipment movements 
 
A GPS system was used to collect positioning data over the two-night period using a high-end Leica GPS system with 
10cm accuracy. The system consisted of a reference station set up next to the highway and roving units mounted on 
each of the asphalt paver and two roller compactor units.  Positioning data was collected at 1-second intervals and was 
analysed using the MATLAB software.    
 
5. ANALYSIS 
 
5.1 Temperature profiling 
 
The temperature data were analysed in two exercises.  In the first, we prepared temperature contour maps of the paving 
operations (as the asphalt mix leaves the paver) and in the second, we compared surface temperature cooling rates with 
in-asphalt cooling rates.  
Figure 2,  
Figure 3 and  
Figure 4 shows the resultant temperature profiles for three of the five paved lanes.  The data are presented on both 
distance and time axes to highlight key findings.  The temperature profiling has highlighted several operational issues.   
Figure 2 shows a distinct difference in surface temperature in the first half of the section paved compared to the second 
half.  The narrow band of contours between positions 70m and 90m in  
Figure 3 represents the initial movement of the paver and shows the initial coolness of the mix.  The more or less 
constant pattern in the contours between positions 110m and 190m indicates a constant movement of the paver and 
delivery of asphalt to the surge bin.  The rate of cooling of the asphalt mat is clearly visible in  
Figure 4 when the paving operations stop as shown at position 140m or when paving operations stop at the end of the 
paved lane. A common temperature characteristic is visible in  
Figure 2 and  
Figure 4 viz. a distinct lack of consistent repetitive temperature contours during continuous paving operations. There is 
evidence of the appearance of cooler areas that could be the result of the cool mix in the surge bin being reworked in the 
fresh, hotter mix i.e. the cooler asphalt in the outer areas of the surge bins finally moved through the paver.   
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Figure 2 shows examples at positions 40m and 90m.  In addition, an analysis of the range in surface temperature 
across the width of the paved lanes in  
Table 2 revealed that all five lanes have significant areas where surface temperature varies across the width of the 
paving lane.  This was used to identify potentially segregated areas. 
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0-5 5-10 10-15 15-20 20-25 25-30 >30 Total
Wednesday Lane 1 0 6 6 11 1 0 0 24

Lane 2 2 9 6 0 1 0 1 19
Lane 3 0 1 11 5 1 0 0 18

Thursday Lane 1 2 17 1 1 1 0 0 22
Lane 2 0 9 11 2 0 0 0 22

Total 4 42 35 19 4 0 1 105

Surface temperature differentials 

 
 
Table 2:  Difference in surface temperature across the width of the paved lane 
 
 
The thermal images were used to produce individual cooling rate curves for the 10m staked positions based on the 
photographic regime shown in  
Table 1 .  In-asphalt temperature measurements were then compared with the surface temperature cooling rate 
curves.   
Figure 5 shows the in-asphalt temperature curve at staked position 115m on one of the lanes.  The rate of cooling 
of the surface temperature, as expected, is higher than the in-asphalt rate of cooling.  This is normal given that 
the surface of the asphalt is exposed to ambient weather conditions.  These results were typical for all in-asphalt 
temperature data processed.  The in-asphalt temperature readings were compared with the average surface 
temperature readings to determine the extent of correlation.  All five lanes showed a strong correlation, based on 
R2 values, with all values above 0.9.  A graphical representation of the strong relationship for the same position 
115m (Kilometre 60,845) is shown in  
Figure 6. 
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Figure 5: Typical cooling rate curves for in-asphalt and surface temperature 
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Figure 6: Typical correlation between the in-asphalt and surface temperature 
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5.2 The monitoring of equipment movements 
 
5.2.1 Paver operations 
 
The paver speeds were derived from the GPS data and is shown in  
Figure 7.  Note the higher paver speeds for Lane 2 on both nights.  This is possibly due to the need to complete 
paving operations before the highway had to be opened for traffic the next morning. This pressure to complete 
the work is substantiated in a comparison of the start of paving and subsequent compaction starting times for 
both rollers shown in  
Table 3.  Note the early starts of Roller 1 in compacting Lanes 2 and 3 of the first night and Lane 2 on the second night. 
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Figure 7: Paver speeds derived from the GPS data 
 
 

Lane 1 Lane 2 Lane 3 Lane 1 Lane 2
Start of paving T0 (22h40) T0 (04h30) T0 (05h39) T0 (21h58) T0 (03h07)
Start of roller 1 (Tmins later) T41 T2 T2 T32 T2

Start of roller 2 (Tmins later) T85 T35 T28 T60 T45

Wednesday ThursdayComparison of paving & 
compaction starting times

 
 
Table 3:  Comparison of paving and compaction starting times 
 
 
5.2.2 Compaction operations 
 
Animations showing equipment movements were produced from the GPS data using the MATLAB software.  The 
animation has been converted from the MATLAB file to an .avi file and can be visualised using a media player.  The 
example in  
Figure 8 shows the position of the machines before the start of construction of Thursday night’s Lane 1.  The 
animations provide explicit evidence of all paving and compaction activities on distance and time-lines and the extent of 
co-operation between the paver and the roller compactors.   
 

Date and time stamp 
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Figure 8: Animation for Thursday Lane 1 
 
In addition to being able to observe and analyse the operational behaviour of the compaction rollers using the animation 
video, the GPS data were used to prepare compaction coverage contour maps showing the number of passes applied to 
specific areas of the paved lanes.  This resulted in a more detailed analysis of the compaction process.  The process 
followed was to initially determine the compaction coverage separately for each roller and then calculate the overall 
compaction coverage for the lane.  This was compared with the core density results for the lane.  Lastly, we conducted a 
comparison of the overall compaction coverage for all lanes.  To illustrate the process followed,  
Figure 9 to  
Figure 12 show examples of typical results for Wednesday’s Lane 1.  It appears that Roller 1 (shown in  
Figure 9) applied most of the compaction effort to Lane 1 on the first night of paving with a large percentage of the area 
covered with between 5 and 10 roller passes.  In  
Figure 10, Roller 2 applied a significantly less amount of compaction effort to the lane with more than 90% of the area 
being covered with less than five roller passes.  The two roller operators appeared to work in a complimentary way with 
one roller concentrating on compaction duties on the left of the lane and the other on the right.  However, scrutiny of the 
overall number of passes in  
Figure 11 shows a compaction inconsistency.  Most roller passes have been applied to the centre of the lane.  The 
outer edges show areas where less passes have been applied.  The density results on the right of the lane tend to 
be lower in places where less roller passes have been applied ( 
Figure 12).   
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Figure 9: Compaction coverage for Wednesday Lane 1 - Roller 1 
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Figure 10: Compaction coverage for Wednesday Lane 1 – Roller 2 
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Figure 11: Overall compaction coverage for Wednesday Lane 1 
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Figure 12: Core density results for Wednesday Lane 1 
 
 
6. RESULTS 
 
The temperature profiling has enabled the contractor to measure the extent of variability in surface temperature and 
hence draw a number of conclusions about temperature homogeneity.  There is evidence of a distinct lack of consistent 
repetitive temperature contours during continuous paving operations for all lanes and the surface temperature varies 
appreciably both longitudinally and transversely leading to extensive variability in temperature homogeneity. Also, 
several operational discontinuities affecting the paving process were identified.  The rate of cooling of the asphalt mat is 
clearly visible when the paver stops during continuous paving operations and at the end of paved lanes; and the initial 
movement of the paver and subsequent initial coolness of the mix are clearly visible through narrow bands of contours 
at the start of paving operations.   
The monitoring of equipment movements using GPS systems has highlighted a number of operational issues. The paver 
speeds vary considerably for certain lanes. The time between the start of paving and the start of compaction varies 
significantly. Also, it appears that roller operators attempted to work in a complimentary manner with one roller 
concentrating on compaction duties on the left of the paved lane and the other the right.  However, the result of the 
operational behaviour shows distinctly different outcomes in terms of overall compaction coverage. 
 
7. DISCUSSION 
 

Less roller passes applied to 
the sides of the paved lane  

More passes applied to the 
right side of the paved lane 
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The use of thermographic imaging and GPS technology in the asphalt paving process is not new.  According to Stroup-
Gardiner [23], Read [24] is credited with the initial observation that temperature differentials in the HMA during 
construction was a strong indicator of segregated mix.  Several researchers have since used infrared camera images to 
fully document temperature differentials during all aspects of HMA paving operations and identified infrared camera 
images as a useful method in determining temperature differentials for detecting, locating, and measuring segregation 
[25-28].  Also, there have been several organized industry-aided research efforts for the development of state-of-the-art 
technologies for real-time locating and positioning systems for construction operations.  Li et al. [29] reported on a 
system to map moving compaction equipment, transform the result into geometrical representations, and investigated 
the use of Geographic Information System (GIS) technology to develop a graphical illustration depicting the number of 
compactor passes.  Krishnamurthy et al. [30] developed an Automated Paving System (AUTOPAVE) for asphalt 
compaction operations. Peyret et al. [31] reported on their Computer Integrated Road Construction (CIRC) project. This 
aims to develop Computer Integrated Construction systems for the real-time control and monitoring of work performed 
by road construction equipment, namely compactors (CIRCOM) and pavers (CIRPAV). Oloufa [32] described the 
development of a GPS-based automated quality control system for tracking pavement compaction. Hence, it appears 
that several thermographic imaging and GPS experiments to map the asphalt paving experience were conducted in 
recent years. However, although some of these technological experiments were developed into industrial applications, it 
appears that it is not yet part of operational strategies and working practice in asphalt processes [18, 19].  
BAM Wegen, through this innovation project, has shown a conscious desire to adopt and integrate temperature profiling 
and the monitoring of equipment movements into their operational strategies and methods. Explicit knowledge, 
systematic and easily communicated in the form of hard data [33], may provide support for and a deeper understanding 
of the operational process being followed.  Improving control over the asphalt paving process is an essential step 
towards improving control over pavement quality. The first step towards insight into temperature homogeneity, paving, 
compaction and operational strategies is documentation of the operations on site. Capturing and analysis of the thermal 
images leads to greater insight into temperature homogeneity.  Logging the movements of the equipment captures the 
results of the operational choices made by the operators. The documented operations will therefore provide the lever to 
discuss and confront the operational choices made by management and more importantly, those choices made by the 
paving team during construction operations.   
A number of benefits are apparent.  The consequences of on-site operational behaviour and discontinuities are made 
explicit.  The temperature profiling highlights the resultant variability in temperature homogeneity and identifies 
potentially segregated areas.  Temperature contour maps and compaction coverage plots are digitally “georeferenced in 
layers” and saved in permanent records (see Fejl! Henvisningskilde ikke fundet.). Thus, future reviewing and 
matching with on-site pavement distress and failure is possible.  Logging the movements of the equipment using GPS 
captures the results of the operational choices made by the paver and roller operators.  The animations provide evidence 
of the rolling patterns and of how rolling is undertaken during the construction process.  Mapping the heuristics the 
operators use allows a deeper understanding of the on-site paving process.  This systematic analysis and mapping of the 
asphalt paving process should lead to firstly, addressing the important issue of reducing variability in operational 
behaviour and secondly, to an improvement in consistency and quality in the final product. 
 

 
 
8. CONCLUSIONS 
 
The Dutch road construction industry is in transition. The policy and conduct of the Ministry of Transport actively 
stimulates innovation and development in two ways. On the one hand, they reshape the business environment for the 
contractors through performance contracting, longer guarantee periods and risks transfer. On the other hand, contractors 
are challenged to invest in Research, Technology and Design. In innovation, newly developed products and processes 
can be tested and demonstrated. This paper described an innovation project in The Netherlands. This project (although 
relatively small) provided several valuable outcomes and insights: 
 Systematic monitoring of surface temperature provides insight in the variability of asphalt temperature, and the 

shape of the cooling process. This type of monitoring can be useful for improving process and quality control; 

 

Cumulative compaction coverage 

Temperature contour plot 

Position on road & time of paving 

Figure 13: Example of "georeferencing" for permanent records 
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 Surface temperature measurement can be used as a reliable indicator of in-asphalt temperature; 
 GPS monitoring of the paver and the rollers maps the actions of the machine operators. The generated animations 

provide valuable insight into the number and spread of compactions during the process. The compiled data can be 
compared with the density measurements (nuclear gauge and drilled cores);  

 The generated animations can be a good evaluation tool for the operators and teams, speeding up process learning 
and continuous improvement; 

 The full array of registered data can be used to develop new strategies for maintenance and product/process 
improvement; and 

 The more data-rich approach to road construction opens up new strategies for combined technology and skills 
development, enhancing the effectiveness and adoption of new technologies in the road contraction. 

Overall, the conclusion is that the new contracting policies (performance contracting, longer guarantee periods, risk 
transfer) create a more challenging business environment and incentive to innovate. The contractors are aware of this 
and reshape their competitive strategies. Innovation projects as described in this paper are valuable for experimenting 
with new technologies. Above all, this project made clear that - with new monitoring technologies in place – a great 
deal can be gained in quality, process control and process improvement.   
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ABSTRACT 

Because of its water draining capabilities as well as its noise reduction properties, porous asphalt is the 
preferred road surface material on Dutch Motorways. These advantages imply a downside of porous asphalt: it  
has a shorter life span than dense graded mixtures and  it needs more frequent replacement.
Reclaimed porous asphalt pavements (PRAP) can’t be used in regular mixes in the same quantities as regular 
reclaimed asphalt pavements RAP. Asphalt cannot contain more than 10 % - 20 % reclaimed porous asphalt. At 
the same time, the re-use of RAP and/or PRAP in (bound) base courses is decreasing due to the availability of 
many other secondary materials and a decreasing number of new roads. Furthermore, reconstruction usually 
involves replacing the top layer only. Net result: more PRAP is generated than used.  
The solution lies in recycling PRAP into new porous asphalt. History shows several unsuccessful attempts in this 
direction. The paper discusses the research and development of a new approach, based on optimum rather than 
maximum recycling. Contrary to previous attempts, a primary condition is that no extra pre-treatment is needed. 
Any pre-treatment will increase the cost of the product, and render it non-competitive with “new” porous 
asphalt. The approach proves to be very successful. It is concluded that porous asphalt with PRAPis not only 
technically feasible, but has economical and environmental benefits too.

Keywords: Reclaimed Asphalt Pavement, Environment, Mechanical properties, Porous Asphalt, Recycling 

1. INTRODUCTION 

Porous Asphalt (PA) is a mixture of gap graded, high quality crushed rock, a little sand, filler and a bituminous 
binder. This results in a high quality asphalt with a porosity > 20%. The general composition of porous asphalt 
is:
Crushed rock  85  m% (in) 
Sand    10,5 m% (in) 
Filler    4,5  m% (in) 
Bitumen 70/100  4,5 m% (on) 
Porous Asphalt made its entry in the Netherlands during the seventies. However, it was not until the end of the 
eighties that porous asphalt became the preferred type of asphalt for the surface layer of Dutch motorways.  
The advantages of porous asphalt are obvious. Apart from reducing splash & spray it has also significant noise 
reducing properties. The latter property has led to a wave of innovations resulting in al kinds of PA-alternatives. 
Noise reductions up to 6 dB(A) are possible. These specialist mixes are mainly used on urban roads. On the 
primary network the traditional porous asphalt is still the most common. More than 30% of this network is 
covered with porous asphalt: approximately 25 km2 or over 3000 kilometre in length. because of the benefits, 
porous asphalt is expected to remain the preferred surface material on many locations. 
The advantages of porous asphalt are derived from its open structure. Where asphalt usually consists of a well 
graded mineral mixture, porous asphalt has a gap graded character. That means that most particles in the mixture 
have a similar grain size, which in its turn implies relatively large pores that are not filled by smaller particles. 
This leads to a drawback: its durability. Where dense graded mixtures have an average lifetime of more than 15 
years, porous asphalt often lasts for only 8 years (in The Netherlands). The main reason is ravelling (loss of 
particles from the road surface, probably due to the combined effect of accelerated ageing of the (unmodified) 
binder and the fact that aggregate particles not as well embedded. 
Figure 1 shows the difference between a well graded mixture and a gap graded mixture. The difference in 
embedding of the grains and the accessibility of the binder to oxygen (ageing) is obvious.  



Figure 1: Difference between porous asphalt (continuous line in diagram & left picture) and dense graded 
asphalt (dotted line in graph & and right hand picture) 

The combination of its popularity and its shorter life span results in large quantities of recycling material: Porous 
Reclaimed Asphalt Pavement or PRAP). At the same time, the specific nature of PRAP, as well as the large 
quantities of ‘normal’ RAP, limit its use in asphalt recycling.  

2. RECYCLING IN THE NETHERLANDS 

Each year approximately 8 million tonnes of asphalt are produced. At the same time approximately 4 million 
tonnes of asphalt are removed from the infrastructure. Only 10% leaves the recycling cycle, as it cannot be 
recycled.
In the last 10 years the overall content of RAP in asphalt has grown from 15% to 28%. The lower asphalt layers 
consist for 40 - 50% of RAP, while even in many dense surface layers the percentage is approximately 30%. 
More than half of all the asphalt produced includes at least some reclaimed asphalt. 
There are about 50 asphalt production facilities in the Netherlands. Apart from a few exceptions, all installations 
have the possibility to recycle asphalt. In contrast to many other countries, recycling always involves heating the 
recycling material in a parallel drum up to approximately 130 °C. This is one of the major reasons why the 
recycling in the Netherlands is so high.  
When only porous asphalt is considered, approximately the same amount is applied as is removed. It is 
interesting to know that in the Netherlands porous asphalt is traditionally produced without polymer 
modification. Although it may be argued that this reduces the durability, the supposed advantage is that there is 
no risk of unexpected interaction between modifications in the RAP. Up to this moment new porous asphalt does 
not contain any RAP. Normal RAP has a wrong grading to be reused in porous asphalt in significant 
percentages. PRAP has the right grading, high quality minerals, but contains a very hard binder (ageing).  
In the past several attempts have been made to produce PRAP-containing porous asphalt. These attempts 
involved pre-treatment of the PRAP by sieving and/or washing. Although the coarse fraction can then be used in 
porous asphalt, a waste stream remains. The possibilities to re-use the fine fraction in other asphalt mixtures are 
limited as these already contain large amounts of RAP. The fine fraction is also unsuitable as quality foundation 
material. In other words, by solving one problem, another, possibly larger, problem is created.  
With the increasing surplus of PRAP, KWS Infra picked up the challenge to reuse PRAP in porous asphalt. 
Contrary to previous attempts, a primary condition was set: no extra pre-treatment is allowed. Pre-treatment in 
any way will increase the cost of the product, rendering it non-competitive with “new” PA.  
To achieve this goal it was necessary to reconsider the aims of recycling. Instead of pursuing a maximum 
recycling percentage, the research was directed at finding the pragmatic recycling percentage.  

3. DEVELOPMENT PROGRAM 

From past experience it was clear that recycling of porous asphalt is possible. However, the techniques used in 
the past are either no longer feasible or, in some cases, involve procedures or products that are no longer 
allowed. It also became clear that the recycling would have to be possible without significant adjustments to both 
the production facility and the production process. 
The program consisted roughly of the following steps: 

Prestudy: identification of the aspects that need to be evaluated. These aspects include the asphalt 
technology as well as the production technology.  
Formulation and selection of possible mixtures 



Detailed testing: laboratory research 
Evaluation: production and field trials 

4. PRESTUDY 

4.1 Asphalt technology 
Reclaimed porous asphalt consists of high quality minerals. However, as most of the granulate is produced by 
milling in a grain size of 0-20 millimetres, the granulate will contain a relatively large amount of fine particles. 
Furthermore, the binder is usually aged. Where newly produced porous asphalt contains bitumen with a 
penetration of 70 -100 · 0,1 mm, the granulate often has penetration values of  7 – 15 · 0,1 mm.  
Past practice was to sieve the granulate, removing the fraction finer than e.g. 8 millimetres. This method has 
several advantages: the amount of fine minerals is significantly reduced as well as the amount of the aged 
bitumen, as it tends to accumulate in the finer fraction. A lower bitumen content in the granulate gives more 
flexibility in the adjustment with a new binder. With this treatment, it is possible to achieve a PRAP percentage 
up to 50%.
Drawbacks are the sieving costs, the loss of expensive binder and the creation of another problem: what to do 
with the fine fraction? These drawbacks have led to the discussed aims of the development program. 
By reducing the percentage of reclaimed porous asphalt (PRAP) in the mixture, an asphalt is possible that fits the 
criteria set by the Dutch Road Standards (CROW, 2000). At the same time it is clear that a relatively soft 
bitumen should be used to compensate for the hardened binder in the granulate. In figure 2 the effect of the 
bitumen properties is shown graphically. The relationship between binder hardness and resulting bitumen quality 
is quantifiable but non-linear. 
An alternative solution is to use specialist products that aim at rejuvenating old binders. However, these binders 
tend to increase the costs significantly. Also the rejuvenating ability is not really clear. It is assumed that ageing 
involves a change in the proportions of the bitumen components. By adding a softer bitumen these proportions 
can (partially) be rebalanced. Therefore, careful weighing between RAP percentage and needed binder is 
necessary.
Concerning the asphalt technology, it is clear that mineral grading and bitumen quality are the most important 
factors to evaluate. 

4.2 Production 
Many attempts have stranded on problems with the production process. The character of porous asphalt 
granulate is quite different from that of traditional RAP. The main difference is that traditional RAP contains a 
much larger amount of fine particles. The recycling installations are designed to accommodate for this grading. 
When pure PRAP is fed to the system, problems may occur. For a proper heat transfer in the drum, a “curtain” 
needs to be formed by falling material. Furthermore, most of the heat goes in the fine fraction, from which is it 
then transferred to the coarser material. With the lack of fine materials the heat balance in the system becomes 
unstable.
Also, the heated material tends to be more “sticky” due to the lower penetration values of the binder, resulting in 
clogging of the system. Also in other parts of the system problems may occur. For example, the density of PRAP 
is quite different from that of RAP. As a result the dimensions of the installation and the measuring systems may 
not be correct. Finally, it should not be forgotten that the bituminous fumes that are usually ‘caught’ by the fines 
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in the mixture can now freely flow to the filter. If not accommodated for, this leads to a reduction of the filter 
system and an immediate loss of production capacity.  

Several possible solutions for these and other problems have been identified and may be tested in the future. 
However, to ease the development, a production facility has been selected that is expected not to give many 
problems in the first place. 

5. MIX FORMULATION 

To get the optimum mix formulation, it was important to properly characterise the reclaimed material. Numerous 
sieve analyses over a longer period of time of both the granulate and the actual mineral grading in the granulate 
gave an idea of the average grading and binder properties and the fluctuations. By looking at different production 
locations, it was also possible to check the influence of the location of the PRAP.  
An example of a PRAP grading curve, together with the grading curve of typical porous asphalt is shown in 
figure 3. The PRAP grading is the grading of the actual mineral. The PRAP itself has a grading between 0 and 
20 mm. The slightly finer grading of the PRAP is the direct result of the milling process. 

It was established that it is possible to formulate a mixture including 50 – 60% of PRAP. However, this would 
ask for specific, expensive, additives to compensate for the hardened binder. Also, the robustness of the mix 
would be very low. In other words, the risk of producing porous asphalt that would not meet the standards, 
would be too high. Especially the required porosity might not be reached. Furthermore, such high percentages 
might give a problem in the production process itself. Therefore, the percentage investigated was initially 40%. 
This theoretically yields a mixture that is well within the specifications. The formulation of the mixture was as 
follows: 
Aggregate 11/16 19,5 m% 
Aggregate 8/11 28,2 m% 
Aggregate 4/8 7,9 m% 
Sand 3,1 m% 
Filler 1,3 m% 
PRAP 40 m% 

6. DETAILED TESTING 

The selected mix was subjected to laboratory study, involving those tests that have been established to be 
relevant. The Dutch Road Authorities have set criteria for each of these tests, based on earlier experiences: 

Cantabro: the cantabro test is used as a measure for the resistance against ravelling. Particle loss is assessed 
by the loss of mass of porous asphalt samples after tumbling in the Los Angeles machine. 
Indirect tensile strength (ITS): the indirect tensile strength is expected to give an indication of the adhesion 
between binder and mineral. It is seen as a measure for the resistance against ravelling. 
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Water sensitivity: this test involves ITS testing both before and after retention in water. The loss of ITS is a 
measure for the water sensitivity. 
Porosity: to be able to perform its specific duties limiting values have been set for the porosity. A too low 
porosity also makes the material sensitive to frost damage. 
Permeability: the permeability was determined as porosity was regarded to be only one of the two important 
aspects where draining and freezing is involved. 
Basic physical properties: density, grading, bitumen content etc. 
Segregation: the risk that the binder film “slips” from the mineral surface. 

The results were not only compared to the limits set by the Dutch Road Authority, but also to the properties of 
traditional porous asphalt. This makes it possible to identify the influence of the PRAP. 
The results listed in table 1 comprise traditional porous asphalt and two PRAP mixtures. One was prepared using 
a relatively soft bitumen 100/150, the other with bitumen specifically adopted for recycling materials (containing 
rejuvenator). 

Standard PA 40% PRAP  
100/150 bitumen 

40% PRAP  
“special” 

Porosity vol% 20,4 20,7 21,6
Density kg/m3 1981 1965 1941
Penetration calculated mm  52
Ring & Ball deg C  59,2 65,2
Permeability “k” m/s 1,75·10-3 1,97·10-3 5,75·10-3

Cantabro mass loss 20 °C M% 31 24 34
ITS direct 1°C MPa 1,941 2,143 1,895
ITS retained 1°C MPa 1,653 1,458 1,561
Quotient (retained / direct)  1°C - 85% 68% 82%
ITS direct 20°C MPa 0,632 0,881 0,872
ITS retained 20°C MPa 0,591 0,756 0,765
Quotient (retained/ direct) 20 °C - 93% 86% 88%
Binder segregation % << 1% <<1% <<1%
Table 1: Test  results

The ITS test showed the most significant differences. The splitting surfaces of the PRAP mixtures exhibit more 
fractured stone surfaces. That implies that the binder is a bit stronger, possibly in combination with a weaker 
aggregate. The latter was checked in other studies, from which it came clear that the PRAP mineral is not weaker 
than the new mineral. The rejuvenator does not seem to have much effect. This might be related tot teh time 
needed for the rejuvenator to work. 
A comparison of the results with the criteria set by the Dutch Road Authorities is given in table 2. It should be 
noted that some of the tests were done according to more recent protocols than those related to the criteria. 

Table 2. Interpretation of test results 
criteria PA ref PRAP 100/150 PRAP special 

Cantabro mass loss < 30% - + -
ITS retained  1°C or 
ITS Quotient 

 1,8 MPa 
 80 % 

+ - + 

Porosity  20% + + + 
Penetration  40 + + + 
Bitumen 80/100 or 60/210 + 0 0
Bitumen content 4,5 – 5,0 % + + +
Bitumen segregation + + +

Cantabro and ITS are the relevant properties. Cantabro is a relatively inaccurate test. Even the well-established 
reference mixture did not meet the requirements. The ITS was performed according to new protocols. In 
combination with the fact that the low quotient is caused by very high non-retained ITS values, failure to meet 
the criteria was not considered a big problem. Also the fact that the samples showed that the failure was related 
to cracking of the aggregate supports this view. If by any chance weaker aggregate is present in the PRAP, this 
aggregate will disintegrate during the drying and heating process. 

An independent laboratory was asked to test several properties of the Rotec aggregate of the PRAP and compare 
it to virgin rock aggregate. The results, listed in table 3 show there is no significant difference. 



Table 3. Comparison rock aggregate PRAP with virgin material 
 PRAP derived virgin
Flakiness index 6 5
% with > 90% broken surface 63 43
% with > 50% broken particle surface 98 89
% with > 50% round surface 0 1
crushing resistance 29 29

To evaluate the influence of PRAP on the skid resistance properties of the porous asphalt, a study was made 
concerning the polished stone value (PSV). Three mixtures were prepared. Two Porous asphalt mixtures and one 
dense graded asphalt. Each mixture was based on a PRAP content of 30%. From these mixtures the proportion of 
virgin material and PRAP material in the 8/11 fraction was established. The PSV was then assessed on samples 
with corresponding proportions. 
De German guideline ZTV Asphalt STB-01 indicates that combinations of two different aggregates with 
different PSV values are possible. The combined PSV is calculated as follows: 

Table 4 shows that the PSV complies with the Dutch requirements (PSV = 53). For highways a minimum of 58 
may be required. Also this level is complied with. 

Table 4 Results PSV study op PA en DAB met 30% PRAP. 
Type new mineral PSV PRAP PSV PSV meas. PSV calc 

ZOAB 83% Bestone 62 17% ZOAB granulate grauwacke ? 59 ? 
ZOAB 82% Bestone 62 18% ZOAB granulate morene 53 58 60 
DAB 74% Bestone 62 26% ZOAB granulate morene 53 58 59 

The laboratory results make it clear that it is possible to make a high quality porous asphalt with PRAP, without 
additional pretreatment of the granulate.  
Of course attention has to be paid at the “entrance” of the process. Strict separation of the different types of 
granulate has to be maintained. By controlling the logistic process, homogeneity can be further improved. 
Frequent analysis of grading and binder properties, and adjustment of the mix, will result in a constant product 
that can meet the expectations. Developments in the field of binder mixing and dosing make it possible to adjust 
the binder quality almost “real time” to the properties of the granulate. 

7. EVALUATION: FIELD TRIAL 

Given these conclusions, a field trial was performed. At first only the production plant was tested. This trial 
showed that, at least for short periods, the plant does not suffer from the different type of granulate in the system. 
Samples taken from the produced batches were tested for basic properties after which it was concluded that also 
in the production plant a good product could be expected. The latter investigation was needed as it is known that 
the production process “in plant” gives different properties than the process in the laboratory. 
In April 2005, a trial section was constructed at one of the asphalt production facilities (figure 4). The section is 
located at the exit of the facility. Both empty and fully loaded tracks pass frequently (10-20.000 /year) as the 
plant has a yearly production of over 350.000 tonnes of asphalt.  
Part of the trial section is located on a straight road; another part is located in a 90-degree curve. These locations 
give an excellent indication of the most probable problem with the asphalt: ravelling. 
It was established that the mix should be prepared using penetration 100/150 bitumen. However, as this is not 
common bitumen and the amount of binder necessary was low, a normal 70/100 bitumen was used. The binder 
content was slightly increased, as was the filler content. This combination is expected to give a more durable 
mixture and is also applied to traditional PA-mixtures.  
Before the actual production several samples were prepared and tested in the laboratory. The results are shown in 
table 4 and were in line with the criteria set by the Road Authorities. 

2PSV
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Table 4. Results on mixtures produced in the production laboratory. 
 Result 
Cantabro mass loss 7,3 % 
ITS 1°C direct 
ITS 1°C retained 
Quotient 

2,2  MPa 
1,8 MPa 
82%

Density 1980 kg/m3

Porosity 20,3 %

Table 5. Results testing on mixtures taken from field trial 
 30% PRAP Reference 
Cantabro mass loss 24 % 19 % 
ITS 1°C direct 
ITS 1°C retained 
Quotient 

2,16  MPa 
1,75 MPa 
81%

1,83 MPa 
1,46 MPa 
80%

Density 2004 kg/m3 1982 kg/m2

Porosity 19,4% 20,5
Permeability 3,81·10-3 m/s 2,34·10-3 m/s 

The production went smoothly without any problem. Also paving was no problem and no modified procedure 
turned out to be necessary. One of the reasons may be that porous asphalt does not really need compaction. 
Arranging the particles is all that needs to be done. The results of the additional tests on both mixtures with and 
without PRAP are listed in table 5. Again the results satisfy the criteria set by the Dutch Road Authorities. This 
section is now over 2 years in service, with little or no damage on either the straight section or the 90 degree 
corner.

Figure 4. Straight section of field trial, with production facility in the back, Right hand picture shows a 
detail of asphalt pavement. 

8. DEMO SECTION A2 HIGHWAY 

Following the field trial, contact was made with the Road Authorities to identify a reconstruction project on one 
of the highways. In May 2006 this resulted in a demonstration project on the A2 highway , south of Utrecht 
(figure 5).  
The A2 is one of the most heavily trafficked highways in the Netherlands. The section is situated on the right-
hand lane between two exits. As a result there is a significant amount of lane-changing traffic as well as heavy 
axes passing. The section has a total length of 1200 meters, involving approximately 450 tonnes of porous 
asphalt. Next to this section, a reference section was placed, containing only new, crushed rock aggregate 
(sandstone). 
During production, the PRAP was heated to a temperature of approximately 120 °C, while the new minerals 
were heated to a little more than 170 °C. This is a relatively high temperature, needed tot compensate for the 
higher filler content  (which is applied cold).  The mixing time was slightly extended. Application took place at 
an outside temperature of approximately 10 °C. No additional procedures were necessary and compaction 
involved the regular equipment. 
Results of the in-situ test and additional tests on production material are listed in table 6. 



Table 6: test results related to the demonstration site 
In situ test results on cores criteria 
Becker Draining time, measure of permeability.  16 seconds < 25 seconds 
degree of compaction 102,8 % > 97 % 
Porosity  18,3 17,6 - 23,6 
binder drainage 0,14% < 0,25 % 
skid resistance 0,56 reference section: 0,57 
braking test 5,8 m/s2 reference section: 5,3 m/s2

Test results production material 
Density 2015 kg/m3 -
Porosity 20,7 %   20 % 
Cantabro 5 °C 24,4 %  - 
Cantabro 20 °C 22,1 % < 30 % 
ITS 5°C 2,2 MPa > 1,8 MPa 
Water sensitivity 83% > 80% 
Permeability 2,7 · 10 -3 m/s reference: 2,3 · 10-3 m/s 

The demonstration is a success regarding the production and the application, as well as its behaviour over time. 
Since its application the site has been inspected regularly. The site performs with no visible damage. After 3 
years skid testing will take place once more to evaluate the influence of PRAP over time.  

Figure 5. Construction site A2 

9. APPLICATION IN PRACTICE 

There is still no general application of porous asphalt containing PRAP in the Netherlands. One drawback, 
besides the slow acceptation process, is that in the western part of the Netherlands, porous asphalt has long been 
produced using crushed gravel.  
At the end of 2004 it turned out that several highway sections in the Netherlands had a skid resistance level 
below a specified threshold. According to the Road Authorities this situation was related to the specific traffic 
conditions (highly trafficked road with frequent traffic jams) in combination with the use of certain types of 
crushed gravel. The traffic jams lead to frequent acceleration and deceleration, which causes extra polishing of 
the aggregate in the asphalt. As the aggregate contains a certain percentage of rounded material, this also may 
have an influence on the decrease in skid resistance. 
As a result, the use of crushed gravel in (porous) road surfaces of national highways is now prohibited. As PRAP 
originates from porous asphalt, applied in a period when this gravel was still used, the problem is obvious. 
It should be noted that the problems with the skid resistance are not solely related to the crushed gravel. It is also 
related to the specific location and traffic conditions, in combination with the circumstances at the time of 
construction of this road. Furthermore, the question can be stated how big the chance is that a rounded, polished 
part of an aggregate particle will find itself at the surface of porous asphalt, when only 30% is added, in 
combination with 70% new, crushed rock with a high skid resistance. In Germany it is common to calculate the 
“overall” skid resistance values based on the percentages of the aggregates used. 
It is clear that it needs to be well substantiated that the skid resistance of surfaces with the PRAP will not have 
higher skid-risks than normal. 



10. CONCLUSIONS 

The development of porous asphalt with reclaimed porous asphalt material has been successful. The study has 
shown that aiming at an optimum recycling percentage, rather than a maximum recycling percentage results in a 
asphalt mixture that is both competitive and of a high quality. Continuing evaluation, concerning the ravelling 
behaviour, should underline the durability of the mixtures without having to wait 8 to 10 years. 
Recycling porous asphalt is not possible in every production facility, but ongoing studies indicate that changing 
the production process slightly might prevent the necessity to significantly modify the installation itself 
The basis for a high quality mixture is a strict quality control, beginning with the acceptance of PRAP. Future 
development will most probably show a separation of the different types of PRAP, which is already common for 
the more traditional recycling material. 
With the development of a competitive recycling procedure, without the problem of new waste streams, a 
solution is given for the ever-increasing problem with old porous asphalt. 
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ABSTRACT 

Full depth reclamation is one of asphalt recycling techniques.  Full depth reclamation is considered when the pavement 
is highly deteriorated or has deep cracking due to design deficiencies or has an inadequate base.  Other indications 
that a road could use full depth reclamation are frequent transverse and lateral cracking, reflective cracking, severe 
rutting, and frost heaves.  Full depth reclamation is also a popular technique used when upgrading a low volume road 
that has a low asphalt surface.  Included in this paper are brief summaries on the mechanism of full depth reclamation; 
economics; field testing methods; and additives with corresponding laboratory testing procedures.  This paper also 
includes a brief summary of surveys by the US Federal Highway Administration and the South Dakota Department of 
Transportation which ask questions to determine the extent of the use of full depth reclamation throughout the US and 
Canadian provinces.  . 

Keywords: full-depth reclamation, asphalt recycling, additives, laboratory testing 

1. INTRODUCTION 

Over the past couple of decades, the growing demand for safe, efficient, and cost effective roads has led to an increase 
in the need to rehabilitate existing roadways.  The last 25 years has also seen a dramatic growth in asphalt recycling and 
reclaiming as an environmentally preferred way of rehabilitating the existing pavements [1].   
The three different methods used for in-place asphalt recycling include: hot in-place recycling (HIR), cold in-place 
recycling (CIR), and full-depth reclamation (FDR).  When choosing the right method for a project, the type of distress 
the road is currently exhibiting should be the main consideration.  The difference between CIR and FDR is that CIR 
mills and screens the top 5-10 cm of the existing asphalt layer and places it as a layer for a new base course, while FDR 
mills and screens the entire asphalt layer and portions of the underlying pavement structure to produce a new base 
course.  FDR eliminates all distress areas in the flexible pavement [2].   
There are currently no standard design/mix specifications for FDR in US, although several agencies have used a number 
of different mix designs [3].  This paper summarizes the results of an in-depth literature review and technical surveys as 
part of a research program initiated at the South Dakota School of Mines and Technology (SDSM&T) and South 
Dakota Department of Transportation (SDDOT) with over $ 1 million funding from the US Federal Highway 
Administration (FHWA).  The final objectives of this research is to establish standardized laboratory test methods for 
FDR and FDR mix design guides with validation through field testing and monitoring. 
Included in this paper are (1) the mechanism of FDR of asphalt pavements, (2) results of literature review and technical 
surveys, (3) a brief summary on FDR economics, (4) types of additives used in FDR practice, and (5) laboratory and 
field test methods associated with FDR. 

2. FULL DEPTH RECLAMATION 

FDR is a recycling technique for asphalt pavement in which the entire hot mix asphalt (HMA) layer and a 
predetermined amount of the underlying base and/or sub-base material are recycled to produce a new base course, 
which can be overlaid with a new HMA layer [4].  The depth of pulverization is usually 15 to 25 cm with a maximum 
depth of 40 cm [5].  The pulverized material is then combined with mechanical, chemical, or bituminous stabilizers 
(additives) to form a high quality stabilized base.  With a strengthened base, the depth of the asphalt layer may be 
reduced.
The FDR process can be done using two approaches, either central plant or in-place recycling.  The latter is much more 
common.  Figure 1 shows a schematic of the in-place FDR recycling process.  As can be seen from the figure, the rotor 
always penetrates through the asphalt and into the aggregate base course.  The rotor depth can be set to blend desired 
portion of the existing base/sub-base with the asphalt layer.  By doing so, full-depth cracks are removed, base course 
problems are addressed, new asphalt layer will have sound base course under it, and therefore the road will last longer. 
The reclamation can be done in either a single pass or a multiple passes process.  The single pass process is typically 
used when additives are not used and if the required material gradation is already obtained.  The multiple passes process 
is used when the road is widened or there is a change in grade.  It should also be used when the depth is greater than 
150 mm or additives are being used.   
Typical steps involved in FDR are; pulverization of the asphalt and base/sub-base courses, addition of additives if 
necessary, mixing, compaction, curing, and finally placing of asphalt pavement layer.  FDR has been used for  



Figure 1: In-place recycling process (courtesy of ARRA) 

secondary roads, city streets, state highways, interstate freeways, and airports.  Figure 2 shows photos of asphalt 
pavement before and after the FDR work. 
The main advantage of FDR is the reduction in cost because of the use of in-situ materials.  Also, virgin material usage 
is reduced.  The construction cycle is fast and there is usually no need for detours.   
Unlike CIR, FDR reconstructs the base layer and therefore is most suitable for treating problems related to the base.  
During construction, the pulverized material can easily be used to change the elevation of the roadway.  FDR is also the 
best rehabilitation alternative for deep rutting and load and non-load associated cracking [6].  FDR does not result in the 
typical reflective cracking associated with asphalt overlays while improving the pavement base condition.  Highly 
deteriorated roads requiring structural improvements due to pavement failure, design deficiencies, inadequate sub-base 
materials, or surface rutting and cracking are best rehabilitated using FDR. 

Figure 2: Photos showing asphalt pavement before and after FDR work 

3. CURRENT FDR PRACTICE AND EXPERIENCES 

In 2007, the FHWA and SDDOT sent out surveys to determine the extent of FDR use and knowledge.  A total of 118 
agencies responded.  They include 34 US State Department of Transportations (DOT’s), 5 Canadian Ministry of 
Transportations, 65 county highway departments, and 14 other agencies.  Among them, 83 agencies continue the use of 
FDR.  Of the 31 respondents that have never used FDR, the reasons included; lack of familiarity, lack of contractor 
experience, lack of specifications, and lack of appropriate sites.  Of the four agencies that discontinued the use of FDR, 
the main reason was because of lack of appropriate sites.  Only two agencies reported discontinued use due to 
unacceptable performance or difficulty in achieving compaction. 



Figure 3 shows the history of FDR use with the earliest being 1970.  The current highway condition and the existing 
subgrade and base conditions were reported as the main selection criteria. 
Figure 4 is a graph of agencies having FDR specifications.  71% of agencies reported using bituminous additives, 65% 
using mechanical stabilization, and 34% using chemical additives.  Also, 61% of respondents claimed that FDR 
performed about the same as conventionally constructed pavements.  Reflective cracking, block cracking, and stripping 
were reported as having occurred the least.  Load related cracking, transverse cracking, and rutting were reported as 
occurring rarely or occasionally.  None of these pavement deficiencies had over 8% of agencies reporting as having 
occurred frequently. 
Figure 5 shows a summary of the types of distresses encountered on FDR projects.  The majority of agencies reported 
that they planned on using FDR for low and high volume highways and 77% of 84 agencies plan on using FDR at 
approximately the same rate as they are currently using it.   

4. ECONOMICS 

Since FDR technology is relatively new, there is not much information on costs.  FDR maximizes the use of existing 
materials.  Therefore, it is a very cost effective technique.  In 2006, bituminous materials were 70% higher in cost than 
two years before [7].  FDR is very economical since the process can be done rapidly in-place. 
When an area exceeds 15 to 20% full depth patching, it is more economical to use FDR rather than continuing patching.  
Costs and environmental issues are minimized because of fewer truck hauls, reduced material disposal, and structural 
improvements in the base.  In some localities, old asphalt can no longer be disposed of in landfills making the disposal 
process exorbitantly expensive.   

Figure 3: History of FDR usage by various agencies 

Figure 4: FDR specifications used by various agencies 
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Figure 5: Number of agencies reporting various problems related to FDR 

According to reference [5], for a 1.6 km stretch of road that is 7.3 m wide and 15 cm deep, the number of truckloads 
needed is reduced from 180 to 12, the new roadway material is reduced from 4,090 to 292 metric tons, and the diesel 
fuel consumed is reduced from 4,090 to 1,925 liters.  The Nevada DOT has reportedly saved over $600 M over the past 
20 years with the use of CIR and FDR [7].  The cost-effectiveness of the use of CIR and FDR has allowed for a 
significant reduction in project backlog (approximately 60%) without an increase in expenditures.  A life cycle cost 
analysis done by the Nevada DOT shows that the use of FDR and overlay at $237,000 per centerline kilometer is far 
more cost-effective than complete reconstruction at $444,000 per centerline kilometer. 
Our research on FDR includes detailed field tests with various FDR additives, e.g., RAP, cement, lime, fly ash, asphalt 
emulsion, foamed asphalt, and soil fibers, to be conducted in 2008.  Fourteen test sections with each being 230 meters 
long, will be constructed and their performances will be monitored for the next two years.  Detailed comparison on 
costs associated with each type of FDR additive will then become available. 

5. FIELD TESTING 

Destructive field testing methods include coring and excavating examination trenches.  The most common 
nondestructive test is Falling Weight Deflectometer (FWD) testing.  FWD results are used to determine the stiffness of 
the various pavement layers if the layers’ thicknesses are known.  The structural number of the existing pavement can 
be calculated from FWD results as well.   
The Seismic Pavement Analyzer (SPA) or Ground Penetrating Radar (GPR) is used to determine the thicknesses of the 
pavement layers.  The GPR can also detect irregularities within the pavement such as voids, foreign objects, or areas 
with moisture damage.  Figure 6 shows a vehicle with an airborne GPR unit attached to its rear end that was used to 
determine the asphalt and base course layer thicknesses of the planned field tests (Figure 7). 
Pavement analysis vehicles collect data from cameras and lasers mounted to them.  As the vehicle travels, it records 
information on the amount and types of pavement distress.  Profiles of the roadway can also be collected.  Figure 8 
shows the SDDOT data collection vehicle.   
To determine how a pavement performs with time, visual distress surveys may be performed.  The extent and severity 
levels of distresses are mostly based on those described in the Strategic Highway Research Program’s Distress 
Identification Manual for the Long-Term Pavement Performance Project [8].  For flexible pavements, the distress 
categories include transverse cracking, fatigue cracking, patching and patch deterioration, block cracking, rut depth, and 
roughness.   

6. ADDITIVES 

6.1 Mechanical stabilization 

Mechanical stabilization has the lowest initial cost but may not be the most cost effective because the increase in 
strength may not be sufficient or long lasting.  Common mechanical additives include: crushed aggregate, recycled 
asphalt pavement (RAP), and crushed concrete.  Other additives still in the experimental stage include: foundry sand, 
crushed glass, and fibers.  Bottom ash or bottom slag from coal fired power plants may also be used.   
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Figure 6: Airborne ground penetrating radar unit 

Figure 7: Results of GPR testing 

Figure 8: SDDOT road and pavement data collection vehicle 

Since there are no bonding materials added, mechanical stabilization is best for areas where age and lack of 
maintenance are the reason for failure instead of insufficient base strength [3].  Laboratory tests should include the 
Resilient Modulus (AASHTO T307) and the repeated load triaxial tests.   
Braun Intertec Corporation conducted a research to determine the optimum RAP content of base material for use in 
bases of new HMA pavements [9]. Recommendations include adding additional compaction requirements to the 
existing specifications and modifying the control strip method of compaction so that 97% of the maximum density of 
the material is required.   



6.2 Chemical stabilization 

6.2.1 Cement 

Cement stabilization increases the compressive strength and stiffness to reduce the deflection due to traffic loads [2].  
Stabilization with cement also forms a moisture resistant base.  However, if the cement content is high (over 6%), 
shrinkage cracking can become a problem [6].  Portland cement (3 to 6% by dry weight) should be used on materials 
that are 100% RAP or blends of RAP and underlying granular base or low plasticity soils [3].  There should also be 
enough fines in the mixture to produce an acceptable aggregate matrix for the cement treated base (no less than 45% 
passing the US standard No. 4 sieve).  
According to the Asphalt Recycling and Reclaiming Association (ARRA), the following tests should be run when 
utilizing cement: the optimum water content (ASTM D558-08) and the strength of the mixtures (ASTM D1633).  The 
moisture sensitivity of the mixtures is then determined using either ASTM D559 (wetting or drying of compacted soil-
cement mixtures), or ASTM D560 (freezing and thawing of compacted soil-cement mixtures), or the tube suction test 
(TST).  The optimum cement content is then selected from the results of the strength and moisture susceptibility tests.  
The evaluated properties of the cement stabilized FDR at the optimum cement content should include: ASTM D1633 
(compressive strength of molded soil-cement cylinders), ASTM D1635 (modulus of rupture), and the repeated load 
triaxial test.
A study on cement stabilization in Austria [10] described the experience gained with the cement recycling-in-place 
method. An application of a thin bituminous surface treatment was found to be effective because it allowed the 
stabilized layer to cure and also provided a mechanical wearing course.   

6.2.2 Calcium Chloride 

Calcium chloride is the least expensive of the stabilizers and works best in well graded non-plastic soils [6].  Calcium 
chloride (1% by weight) can be used if the reclaimed pavement material consists of a blend of RAP and non-plastic 
base soils with 8 – 12% minus US standard No. 200 sieve (0.075 mm) material [6].  Small amounts (3 – 5%) of clay are 
also beneficial.  According to the ARRA, the following tests should be run when utilizing calcium chloride: liquid limit, 
plastic limit, and plasticity index of soils (ASTM D4318); and moisture density relations of soils and soil-aggregate 
mixtures (ASTM D698 or D1557).   
A study conducted in 1989 by Trow Geotechnical Ltd. confirmed that liquid calcium chloride strengthens reclaimed 
roads by 12% and base durability by 24 to 36% [11].  It also reduces the effects of frost action by 50 – 60%.  This study 
found liquid calcium chloride to be more cost effective than emulsified asphalt, lime, and Class C fly ash.  

6.2.3 Lime 

Lime is added to improve the load-bearing characteristics and reduce plasticity [12].  Hydrated lime or Quicklime (2 – 
3% by weight) can be used if the RAP has some amount of silty clay with a plasticity index greater than 10 [3].  Small 
amounts of hydrated lime have been used in combination with asphalt emulsion to produce a mixture with higher early 
strength and a greater resistance to water damage.  Climatic limitations should include a two week minimum of warm to 
hot weather after completion [6].   
For the mix design of lime stabilized FDR, a variety of blends are compacted using ASTM D1557.  The optimum water 
content of each blend is determined using ASTM D698 (laboratory compaction characteristics of soil using standard 
effort).  At least three compacted samples should be cured in an airtight, moisture-proof container at 23±2° C.  After 
seven days, the strength should be evaluated using ASTM D5102 (unconfined compressive strength of compacted soil-
lime mixtures).  The moisture sensitivity of these blends can be found using the same test as for cement.  The optimum 
lime content is then selected.  The unconfined compressive strength is evaluated following ASTM D102.  Laboratory 
tests should also include the repeated load triaxial test to evaluate the rutting resistance of the FDR mix.     

6.2.4 Fly ash 

Class C fly ash can be utilized by itself for stabilization or in combination with portland cement which could result in 
better mixture properties at a lower cost than either alone.  Class C fly ash (8 – 14% by weight) can be used when there 
are materials consisting of 100% RAP or blends of RAP and underlying granular base or soil [3].  The same tests should 
be run when using fly ash as when using cement.  
A study that evaluated the field performance of Class C fly ash in FDR [13] concluded that appropriate contents of fly 
ash can reduce the brittle behavior of base course and still provide enough support for long term performance.  The 
study also noted that a high fly ash application rate could result in the tendency for the pavement to crack. 



6.3 Bituminous stabilization 

Bituminous stabilization includes foamed asphalt and slow or medium set asphalt emulsions.  Bituminous stabilization 
provides a more flexible base course and is more fatigue resistant [3].  Emulsified or foamed asphalt (1 – 3% by weight) 
should be used for materials consisting of 100% RAP, or blends of RAP and underlying granular base, or non-plastic or 
low plasticity soils [3].  The maximum percent passing the US standard No. 200 (0.075 mm) sieve should be less than 
25%; the plasticity index should be less than 6 or have a sand equivalent of 30 or greater.  According to the ARRA, the 
following tests should be run: modified Hveem method of emulsified asphalt aggregate cold mixture design; percent air 
voids in compacted dense and open bituminous paving mixtures (ASTM D3203); effect of moisture on asphalt concrete 
paving mixtures (ASTM D4867); and indirect tension test for resilient modulus of bituminous mixtures (ASTM D4123).  
Bituminous stabilization should not be performed when the reclaimed material could be frozen prior to curing [6].  Air 
temperatures should be no less than 15°C.  Bituminous stabilization should not be performed when there is high 
humidity (greater than 80%) or foggy conditions. 

6.3.1 Asphalt Emulsion 

An emulsion-stabilized base is flexible, fatigue resistant and not prone to age cracking.  It is easy to apply but is in 
general more expensive and takes time to cure and develop its full strength.  When compacting emulsion stabilized 
mixtures with the Superpave Gyratory Compactor, a slotted mold is sometimes used so that water is able to escape 
during the compaction process, but, if proper water and emulsion contents are chosen, then a slotted mold is not 
necessary.  Samples should be cured for at least 24 hours at 40°C.  The optimum water and emulsion content can be 
found using the dry density and resilient modulus or the tensile strength.  The moisture sensitivity can be tested using 
the TST or AASHTO T-283.  The dynamic modulus Master Curve for asphalt emulsion and foamed asphalt stabilized 
bases should be obtained following AASHTO TP 62.   

6.3.2 Foamed Asphalt 

Foamed asphalt is a mixture of air, water and hot asphalt [14].  Foamed asphalt is normally less expensive than asphalt 
emulsion.  Unlike asphalt emulsion, foamed asphalt does not add additional water to the mixture.  The strength gain is 
quick, which allows for immediate traffic loading.  
The Maine DOT has been experimenting with adding stabilizing agents to virgin or recycled base materials to increase 
stability in FDR [15].  It was found that sections which were treated with 7.5 cm of foamed asphalt had a smoother ride 
than sections with 3.8 cm or sections which were not treated at all.   
A study by Donovan described three projects using FDR with foamed asphalt [14].  This study concluded that FDR 
using foamed asphalt resulted in a substantial increase in the structural capacity of the roadway.   
One notable failure with the use of foamed asphalt was documented by Chen, et al. [16].  This study recorded an 
investigation into the structural distress of a foamed asphalt stabilized base in Texas.  The subgrade in this area was soft 
and often saturated with water.  The foamed asphalt allowed for a capillary rise of water into the base and weakened the 
layer.  It was concluded from the tests that the lack of strength in the base material from moisture susceptibility was the 
cause of the failure.   

6.4 Combined stabilizations 

Studies have been done to verify the efficiency of using two or more types of additives combined.  The objective of a 
study by Mallick, et al. [15] was to evaluate the benefits of different types of additives, determine a suitable structural 
number, and determine the suitable compactive effort necessary [17].  Cement and emulsion plus lime mixes had high 
resistance to moisture damage.  Emulsion plus lime was best on the basis of wet tensile strength.  Cost comparisons 
showed that recycling with 3.4% emulsion and 2% lime was the most cost effective.  Visual inspection showed no 
significant distresses in any section except for the section with only water.   
Anderson Consulting Group blended calcium chloride, lime, fly ash, and water to the recycled asphalt [18].  This mix 
resulted in a road base with high load bearing capacity.  This combination was effective in all soil conditions except 
those with large rocky material and worked especially well in moist sections.   

7. Conclusions 

FDR pulverizes the entire asphalt section and a predetermined amount of the underlying base material.  The mixture of 
RAP, base, and additive is then spread and compacted to form a new base material.  FDR should be considered as a 
recycling option if the pavement distresses suggest that the road is not structurally sound.   
Field and laboratory testing should be performed to determine properties of the materials.  Typical field testing 
includes: visual distress surveys, GPR, FWD, and SPA.  Laboratory testing includes: gradation, plasticity index, 
optimum moisture content and compaction, and bulk specific gravity.  More advanced testing includes resilient 
modulus, repeated load triaxial, dynamic modulus, and tests for moisture susceptibility.  The mixture of additives, RAP, 
and aggregates determines which testing is needed.   



Additives are divided into three groups: mechanical, chemical, and bituminous.  Mechanical additives improve the 
strength of the material but do not bond the aggregates together.  Virgin aggregate, RAP, and crushed concrete are 
common mechanical additives.  Mechanical stabilization has the lowest initial cost but may not perform as well as the 
other stabilization techniques. 
Chemical additives bond the aggregates together.  Chemical stabilization increases the hardness of the base material 
therefore increasing its load carrying capacity.  The common chemical additives include: cement, lime, calcium 
chloride, and fly ash.  The suitability of the reclaimed material for chemical stabilization is dependant primarily upon 
the gradation and plasticity Index. 
Bituminous additives include asphalt emulsion and foamed asphalt.  Asphalt emulsions are easy to apply but often cost 
more than foamed asphalt.  One advantage to foamed asphalt and emulsion is that after compaction the surface can be 
driven on immediately.   
Current FDR techniques have been researched as part of a study in developing standardized laboratory test methods and 
FDR mix design guides.  FDR is an environmentally friendly and economically attractive alternative to reconstruction 
when added structural strength is needed.  
Field tests on FDR with RAP, cement, lime, fly ash, asphalt emulsion, foamed asphalt, and soil fibers are planned on 
South Dakota State Road 73 during the summer of 2008.  Performance monitoring will last for two years.  Detailed 
comparisons on performance and costs of various FDR methods will then become available. 
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ABSTRACT 

Proprietary thin asphalt surfacing systems were first introduced into the United Kingdom in 1991.  The need to recycle 
thin surfacing systems is more critical than with many other generic surfacing materials because of the quantity of 
relatively scarce aggregates with high skid-resistance properties within the layer.  Laboratory investigations and site 
trials have been successfully undertaken.  The trials were on the access to an asphalt plant and on two heavily 
trafficked sites on the Highways Agency road network, and included the use of polymer modified binders (PMBs) and 
up to 30 % reclaimed asphalt (RA) in the mixed asphalt.  The trials demonstrate that 10 % RA can be easily added to 
new materials without processing the RA.  As the proportion of RA increases up to 30 %, greater care needs to be taken 
on assessing grading compatibility and how to treat the residual binder present in the RA as a proportion of the 
“active”  binder content in the recycled surface course layer.  The use of reclaimed asphalt in the surfacing has also 
been undertaken on two major motorway contracts. 

Keywords: recycling, thin-surfacing, reclaimed asphalt, high psv aggregate

1. INTRODUCTION 

Traditional asphalt surface course layers for major roads have generally been laid at least 40 mm thick.  Thinner surface 
course materials have been available, but were considered to be technically inferior and they were only used on roads 
carrying low traffic levels within the county road networks.  However, during the 1990s, various categories of thin 
surfacing that have beneficial properties were introduced into the UK, mostly from the continent.  Since then, thin 
asphalt surfacing systems have gained a major share of the surface course market in all parts of the network. 
There are several categories of hot and cold mix thin surfacing systems [1] with marked differences between them.  For 
the purpose of the study into recycling surfacings back into thin surfacing systems, only two categories of material were 
considered.  The two categories are thin stone mastic asphalt (TSMA), with fibres, and thin asphalt concrete (TAC), 
with polymer-modified bitumen (PMB). 
The  range of PMBs for the different surfacings could be a constraint to recycling these materials back into other 
systems because different PMBs may not necessarily be compatible. 
Thin surfacing materials will increasingly become available when these materials are early sites are replaced having 
reached the end of their serviceability life [2].  Thin surfacing materials require a greater use of high quality aggregates 
(that is, with high polished stone values) than either surface dressing or the application of pre-coated chippings (PCC) to 
hot rolled asphalt (HRA): these aggregates are a finite resource that is becoming relatively scarce.  One approach to 
reduce the use of virgin aggregate is to use a proportion of reclaimed asphalt (RA) in thin surfacing systems, the 
feasibility of which has been demonstrated [3]. 

2. REVIEW OF INDUSTRY PRACTICE 

It was considered that the way asphalt planings are obtained and stored for future re-use and recycling may not be the 
most appropriate for re-use of RA in new thin surface course systems.  A questionnaire aimed at identifying the use of 
RA in the industry was compiled and distributed to a targeted group including client, supplier and contractor 
organisations to establish “the industry view”.  The early findings are as follows. 

Current use of planings 
Capping or Type 1 sub-base after grading to ensure compliance with specifications. 
Possible reuse of planings in base/binder courses if the local plants have the equipment to recycle materials back 
into hot mix asphalt. 
Generally up to 20 % of the RA is recycled back into asphalt with another 10 % used elsewhere in the road.  The 
rest is sold on the open market for use in lower-grade applications such as farm accesses. 
It appears that virtually all planings are re-used and recycled in some form with insignificant quantities of planings 
sent to landfill. 
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Ownership of planings 
Generally the planing contractor owns the planings.  
In some cases 50 % of planings are owned by the client and 50 % by the planing contractor. 
There is no set price on planings.  
Unsold planings are likely to return to asphalt plants. 
Ownership is also dependent on contract type, the type of planings, how far the works are located from the asphalt 
plant and how the sub-contract for the planing operation is set up.  The decision is usually commercially based.  

Storage of planings 
Suppliers rarely store planings at asphalt plants without quarries because space is generally not available. 
Planings are only sorted by source and size when contracts specifically demand it. 
In most cases, planings were not separated by asphalt layers. 
Some contractors have up to 50 % available room for expansion of stock piles whilst others have practically no 
room. 
Plants at quarry sites generally have more storage than urban industrial estate type plants. 
Costs of providing sufficient stockpile space varied substantially with responses ranging from nil to £8/tonne 
depending on storage location (higher costs typically found in industrial estate locations). 
The type of site (that is, quarry or urban estate) is crucial with respect to costs.  In urban estate type plants, 
consideration has to be given to the preparation, dimension and construction of special holding bays, which 
inevitably increase costs. 

Treatment of planings 
Depending on the conditions of contract, planings are graded into a single source at some facilities whilst, in other 
cases, 50 % planings are used “as is” and around 50 % crushed and screened to various sizes.  In other facilities, 
planings were all placed in the same stock and used in all but the surface course. 
Planings are generally crushed and screened as one mixture for all applications, although some contractor facilities 
split them into dust, 10 mm and 20 mm sizes. 

Asphalt Plant Capability 
Batch or continuous drum mix plants can be used for incorporation of RA. 
The capability for incorporating RA in asphalt plants generally varies.  Between 10 % to 20 % of plants have the 
capability to include 10 % to 15 % RA, whilst up to 20 % have the capability to include over 30 % RA. 
The quantity of RA added in the plants depends partly on the quantity of planings available. 
Some contractors consider that the costs of improving plant capability do not relate to the proportion of RA that is to 
be included in the asphalt.  Instead, all that is needed is a hopper, conveyor and weighing systems 
Some contractors consider that improving the plant to include 10 % RA would cost £160k (between 33 % and 67 % 
of the original asphalt plant costs); the incorporation of higher percentages of RA would require significant plant 
upgrades. 

This initial review of the responses indicate that planings are generally dealt with as a generic commodity, rather than 
specific types of asphalt which would make best use of the material in terms of re-use.  Further analysis will be made if 
and when other responses are received. 

3. AGGREGATE DEGRADATION 

3.1 Changes in Properties 

The properties of the RA should reflect those of the original material and, hence, depend on the requirements for the site 
and pavement layer for which the asphalt was designed.  In general, the RA properties measured from a recovered 
TSMA compared well with original test data for the same aggregate [3] although the measured densities, water 
absorption and dry aggregate impact values tended to be slightly lower than for the original material.  The measured 
aggregate properties of porous asphalt (PA) that had been laid on the M40 between junctions 5 and 7 during 1994 and 
planed off in 2001 also compared well with original test data for the same aggregate [3]. 
Some of the differences that were evident may be explained by variability in the aggregate properties and by testing 
accuracy rather than by changes with time.  Nevertheless, the similarities do indicate that the suitability of an aggregate 
can be assessed from either prior knowledge of the component materials or by testing samples, of sufficient quantity, of 
the recovered aggregate.  Logically, the only property, other than particle size distribution, that should change is 
absorption due to the initial binder coating clogging the pores.  However, this observation is applicable to recycling 
generally rather than being specific to recycling asphalt materials into thin surfacings. 
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3.2 Changes in Composition 

The initial analysis, repeated in three laboratories, showed unexpected differences in the binder contents.  The binder 
contents were analysed by all laboratories using the rolling bottle method in accordance with BS 598-102 [4], but one 
laboratory had included an additional step of leaving the sample and solvent to stand for 90 min in the metal bottle 
before rolling.  The difference in the results showed that, on average, the standing allowed over 1 % of additional binder 
to be extracted from the sample.  
Analysis results on the aggregate both before and after the binder had been recovered showed noticeable differences.  In 
particular, the gradation of the “as received” RA included material retained on the 20 mm and 28 mm sieves due to 
“clumps” of aggregate and binder being present.  The gradings after binder recovery from all the laboratories were 
broadly comparable and were close to or near to the finer end of the grading envelope indicating that, as expected, the 
grading may have become slightly finer with planing. 

3.3 Theoretical Maximum Proportion of RA 

The combinations of RA and virgin aggregate were assessed for their suitability to manufacture thin surfacings without 
processing the RA into separate fractions.  For this exercise, two design gradings each of two mixture types were used; 
a TAC and a TSMA with both 0/10 mm and 0/14 mm gradings.  The grading for TSMA used was the generic grading 
given in TRL Report PR 65 [5].  There is no equivalent “generic” grading for TAC systems and there can be significant 
differences between different proprietary products.  The grading for a proprietary 0/14 mm TAC was selected. 
In order to compare a RA grading with a target grading, the fractions between successive sieves were calculated for 
both gradings [3].  However, because such limits are calculated without reference to the variability within the RA 
grading, the limits found would have to be tightened and/or the proportion of RA reduced in order to allow for the 
natural variability. 
The maximum theoretical proportions of RA found to be capable of incorporation into a thin surfacing system without 
processing into separate aggregate fractions are shown in Table 1. 

Material Laboratory 0/14 mm TAC 0/14 mm SMA 
0/20 mm porous asphalt Lafarge 25 % 25 % 

LincsLab 35 % 47 % 
20 mm hot rolled asphalt PCC Lafarge 16 % 16 % 
0/14 mm stone mastic asphalt Lafarge 74 % 83 % 

LincsLab 68 % 89 % 
Shell 68 % 51 % 

Table 1: Maximum theoretical proportions of RA without further processing 

The values assume that the gradings of the recycled aggregate are known and remain constant, which is not the case.  
The differences between the proportions for the gradings determined by the three laboratories on the same source 
demonstrate the natural variation.  In construction, the grading envelope for the population of all RA samples would 
need to be determined.  The calculation of the maximum proportion of RA which can incorporated would require more 
complex analysis from an envelope whilst the complementary envelope for the virgin aggregate could need reviewing 
in order to ensure that the combined grading limits were met. 
These findings show that 0/20 mm RA can generally be recycled without first processing the material into separate 
fractions for use in 0/14 mm mixtures. However, 0/20 mm RA cannot be recycled into 0/10 mm mixtures because some 
particles will be retained on the 14 mm sieve.  Top screening to remove oversize material could easily be carried out, 
but it is an additional task with an associated cost. 
Therefore, RA can easily be used in gradings one size smaller than the RA, but not two sizes smaller.  For this purpose, 
“smaller” implies the next sieve size down in a standard aggregate grading, which are generally set to give a ratio of at 
least 1.4 between adjacent sieves.  It is assumed that they can be used in mixtures with the same nominal maximum size, 
but that the maximum theoretical proportion will be affected if either the grading is very dissimilar or there has been 
significant degradation in particle size during planing. 
The values of the maximum theoretical proportion of RA (other than from TSMA) ranged from 16 % to nearly 50 %, 
but 16 % is greater than the proportion of RA that many plants can accommodate.  Therefore, the reduction of these 
values to accommodate uncertainties in the RA grading should not present problems at typical proportions for recycling.  
However, there will be a need to recycle greater proportions in order to maximise the potential sustainability, which will 
require further research and investment in plant. 

4. RESIDUAL BINDER 

The binder properties of recovered TSMA, as expected, indicated significant hardening since the material was originally 
mixed.  Given such hardening, the proportion of the original binder and its effective properties that can be 
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“rejuvenated” and reused in the new material as binder needs to be determined.  The remainder of the binder would be 
so hard that it can be treated as effectively aggregate or “black rock”. 
The results of a test programme carried out on binder recovered from PA on the M4 contracts laid in 1993 and 1994 is 
summarised in Figures 2 to 4. 
The binder properties of recovered TSMA, as expected, indicated significant hardening since the material was originally 
mixed.  Given such hardening, the proportion of the original binder and its effective properties that can be 
“rejuvenated” and reused in the new material as binder needs to be determined.  The remainder of the binder would be 
so hard that it can be treated as effectively aggregate or “black rock”.   
The results of a test programme carried out on binder recovered from PA on the M4 contracts laid in 1993 and 1994 is 
summarised in Table 2. 

Test Results Initial 1994 1995 1996 1997 1998 2000 2004 
1993 Contract (Junction 33/34) 
Pen (25°C) (0.1 mm) 98** 68† 44† 26 23 22 18 – 
Pen (5°C)* (0.1 mm) – – – 18 18 17 12 – 
Softening Point (°C) – 52.4† 54.6† 63.2 65.0 67.0 70.2 – 
Ductility (5°C) (mm) – – – 32 6 5 5 – 
1994 Contract (Junction 32/33) 
Pen (25°C) (0.1 mm) 103** 97† 53† 33 26 25 20 14 
Pen (5°C)* (0.1 mm) – – – 23 19 16 13 8 
Softening Point (°C) – 48.2† 51.2† 57.0 59.6 62.2 63.8 69.0 
Ductility (5°C) (mm) – – – 32 13 5 6 4 
* = 200 g, 60 s, † = TRL results, ** = avg. pen obtained on supplies to the contract 

Table 2: Binders as supplied to, and recovered from, the M4 PA contracts 

When RA is to be incorporated into any mixture, the quality control procedures, particularly of the recycled binder, 
must be more rigorous.  Furthermore, the accuracy to which the effective proportion of reclaimed binder needs to be 
known will depend upon the proportion of RA to be added. 
The “activity” of the residual binder is presumed to be related to its properties, traditionally the recovered penetration.  
For example, a “critical limit” of 15 x 1/10 mm [6] has been considered to be the failure criterion for unmodified 
binders in PA.  However, this assumption requires further investigation because there are reports of successful recycling 
of RA with lower recovered penetrations [7]. 
The technical issues associated with recycling a small proportion of PMB modified thin surfacing (say 15 %) back into 
a new thin surfacing are not fully understood, but binder drainage could be a useful indicator of the compatibility 
between the recycled and virgin PMB material.  Trials were undertaken that showed that there were no binder drainage 
problems, even when the new PMB had a different polymer to the RA in TAC [3]. 
The properties and quantity of the new binder required to rejuvenate a RA binder will depend upon the recovered binder 
properties and amount of binder present in the RA and the quantity of RA to be added to the mixture. 

5. TRIALS 

5.1 Renishaw Trial 

In June 2002, pilot scale trials of TSMA incorporating RA from the A50 at Doveridge in Derbyshire were carried out on 
the access road to an asphalt plant near Sheffield.  Three trial panels were constructed, of which one comprised a 
control (TSMA without RA) whilst two further trial panels incorporated 15 % and 30 % RA, respectively. 
The existing surface course was profile planed and a polymer modified emulsion tack coat applied prior to laying the 
TSMA surface course.  The mixing times in the asphalt plant was 60 s for all three mixtures although the normal mixing 
time for TSMA (control) at the plant is 40 s; the additional mixing time was added in order to ensure thorough mixing 
of the RA with the virgin material. 
Analyses of particle gradings and binder contents were carried out in accordance with BS 598-102 [4], some with an 
additional 90 min standing time.  However, the extra standing time did not appear to influence the measured binder 
content for samples up to and including those containing 30 % RA in any consistent manner.  The combined recycled 
mixture was designed to comply with the specification limits suggested in the Appendix to TRL Report PR 65 [5] for 
0/14 mm TSMA. 
Cores were extracted shortly after construction in each of the trial sections for wheel-tracking assessment at 60 ºC to 
BS 598 Part 110 [8].  The results indicated a slight increase in wheel-tracking rate with increasing RA content; 
1.5 mm/h for the control and 2.2 mm/h for the 30 % RA sections.  However, the binder content measurements were also 
higher in the RA sections, and these higher binder contents are the more probable cause of the small increase in 
measured wheel-tracking rate rather than the addition of RA itself. 
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5.2 A1(M) Hatfield Trial 

The site is located in Lane 1 of the northbound carriageway between junctions 3 and 4 on the A1(M) in Hertfordshire.  
The trial consisted of four sections of 0/20 mm TSMA, two controls and two sections with 10 % RA.  Two sources of 
planings were used in the trial, PCC from HRA and TSMA. 
The PCC planings were obtained from the A10 in Hertfordshire by planing off the top 20 mm of the HRA surface 
course because all the 20 mm rolled-in PCC should be within that depth.  Grading analysis indicated that only a 
maximum of about 16 % recovered PCC could be incorporated into a 0/14 mm TSMA, but any variability in the RA 
grading would reduce that proportion.  Without further processing, such material would be more suitable for a 0/20 mm 
TSMA, where a theoretical maximum of 60 % could be added. 
The 0/14 mm TSMA type thin surface course planings were obtained from the A50 at Doveridge, as for the Renishaw 
trial.  Higher levels of RA were not possible on this trial due to the limited availability of the RA and the capability of 
the asphalt plant used at Hoddesden. 
During a nightshift in January 2004, and 50 mm of existing surface course was planed out and replaced with 50 mm of 
thin surfacing material.  After planing, the surface was swept and tack coated with polymer modified bitumen emulsion.  
Air temperature and surface temperature measurements were both +2 °C at 23:00 h and +1 °C and 0 °C, respectively, at 
04:30 h when wind speed were less than 8 km/h.  The mixing times for both the control and RA mixtures were kept 
constant at 55 s. 
Site testing during the works included measurements of the texture depth by the volumetric patch method [9] and 
density by a nuclear density gauge.  Bulk samples were taken for subsequent measurement of the grading, binder 
content and maximum density.  Further survey work during a night-time closures in July 2004 and July 2006 included a 
visual survey and extraction of cores.  Three 150 mm diameter cores were taken from each section for density scanning 
followed by binder recovery testing of the surface course layer.  Similarly, three 200 mm diameter cores were taken 
from each section for wheel tracking at 60 ºC.  The visual survey showed all sections to be in good condition with no 
cracking, aggregate loss, or fatting up noted in any of the sections. 
The material grading and binder content were shown to be compliant with the proprietary specification.  The analysis of 
penetration and softening point of recovered binder from uncompacted material taken at the site and cores extracted 
later showed no discernable differences between tests or any variation between the control and RA sections.  Similarly, 
wheel tracking at 60 ºC showed little or no differences in the tracking rate between control and RA sections for the 
same size material.  The binder contents for each of the sections were also similar. 

5.3 A405 Bricket Wood Trial 

The trial is located in Lane 1 of the northbound carriageway of the A405 at Bricket Wood in Hertfordshire, where the 
road links Junction 6 of the M1 at the southern end to Junction 21a of the M25 at the northern end.  The trial consisted 
of six sections: a control section and sections with 10 % and 30 % RA for both the proprietary TAC and TSMA 
materials.  The RA was sourced from PA planings from the M4 Cardiff which contained a modified binder.  The 
modified binder utilised in the TAC variants was from a different source to that used in the original PA. 
The trial was constructed during a nightshift in August 2004 after a period of heavy rainfall during the day.  The asphalt 
mixing plant was located at Harper Lane near Radlett which capable of adding up to 30 % RA to the virgin mixture.  
50 mm of existing surface course was planed out and replaced with the same nominal thickness of thin asphalt surfacing.  
The tack coat applied was a proprietary polymer-modified product. 
A similar suite of on-site measurements and laboratory tests on samples taken during and after construction was adopted 
as carried out on the A1(M) trial.  A visual survey during construction showed that there was standing water in places 
along the works, including the verge and other locations across the carriageway.  Subsequent to the works, in October 
2004, a detailed visual survey was undertaken of the finished works during a day time off peak closure.  This survey 
showed that there were areas of fatting up in each of the three TSMA sections although the grading and binder content 
measurements complied with the specification.  It is considered that the high levels of moisture along the site during 
laying may be linked to the fatting up. 
Three 150 mm and three 200 mm diameter cores were extracted from each of the six trial sections for binder recovery 
analysis and wheel-tracking assessment.  The gradings and binder contents were found to be within the specification 
limits for the material.  The wheel-tracking results are given in Table 3. 

System Type Control 10 % RA 30 % RA 
TAC 0.7 mm/h 1.1 mm/h 0.8 mm/h 
TSMA 1.3 mm/h 1.2 mm/h 3.0 mm/h * 
* Mean of two samples 

Table 3; Wheel-Tracking results (mean of three samples) at 60 ºC 

The recovered binder penetration and softening point for the TSMA section showed no variation that would indicate the 
material to be more prone to deformation and, furthermore, there was little variation in measured binder content.  The 
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penetration measurements on the TAC binder reduced as the proportion of RA in the mixture increased, falling from 
93 x 1/10 mm for the control to 66 x 1/10 mm for the 30 % RA mixtures. 
Additional binder testing was carried out on the binder recovered from Section 3, consisting of TAC with PMB binder 
incorporating 30 % RA containing another PMB.  The polymer content of the recovered binder from the combined 
mixture was found to be 85 % of the expected amount, but this loss may result from the limited efficiency of the 
recovery process with PMBs (and, hence, unrelated to the mixing of different PMBs).  The binder recovered from the 
TAC with 30 % RA appeared to be slightly stiffer than that recovered from the control TAC material.  However, the 
dynamic shear rheometer master curves for the two recovered binders were similar so that little difference in mixture 
properties would be expected in the mixed asphalt. 

6. RECYCLING CONTRACTS 

6.1 M4 Cardiff 

The Site 
6/20 mm PA was laid at a nominal 50 mm depth on 4.7 km of the M4 from Junction 32 to Junction 33 in 1994 using 
Craig-yr-Hesg coarse aggregate and a polymer modified binder.  The expected life of 6/20 mm PA with a thick binder 
film is seven to ten years [10], and major maintenance was required in 2006.  The tender specification from the Welsh 
Assembly required at least 25 % of the surface course mixture to be RA from the planings.  This work was undertaken 
in July and August 2006 [11]. 

Supply of RA 
The selected surfacing material was a proprietary TAC system consisting of 80 % aggregate in the 6/18 mm fraction.  
Therefore, it was important to ensure that the maximum amount of 6/18 mm aggregate was recovered from the 50 mm 
thick PA layer.  Planing was carried out in close liaison with the asphalt plant to optimise the supply and placement of 
the TAC whilst ensuring that the works were finished in sufficient time to be reopened to traffic by 06:00 h.  The key 
performance indicator was the quality and consistency of the planings rather than the rate of removal, which is the key 
factor in most contracts.  The planings were stockpiled for processing the following day. 
Originally the same vehicles were to be used 
for both removing the planings and returning 
with the renewed surface course.  However, 
the planings adhered to the hot floors of the 
vehicles after they had delivered the renewed 
surfacing, so the fleet was split between the 
two operations. 
The planings were screened during the day to 
remove both the undersize (0/6 mm) and 
oversize (>18 mm) with the three fractions 
being stockpiled separately (Figure 1).  Only 
the 6/18 mm fraction was recycled in order to 
reduce the influence of the greater water 
content that would be expected in the finer 
fractions.  The oversize and undersize 
materials were used in other base and binder 
course mixtures supplied into the local area. 
The 6/18 mm fraction was tested for both 
grading and moisture content before being 
transported in the late afternoon to the nearby 
asphalt plant ready for the night’s production. 
The reactive binder content of the planings 
and the recovered binder properties were 
determined at the start of the contract.  The testing was not repeated because the planings were all from the same source 
and the effect on the finished product was negligible with the recovered penetration being in the range 16 to 
24 x 1/10 mm (although this range is higher than previously found).  Furthermore, the bulk of the recovered binder was, 
as expected, in the undersize portion of the planings, not used for this contract. 

Asphalt Production Process 
The mixing process was predominantly the same as for the production of asphalt containing only virgin aggregate with 
the exception of the temperature to which the virgin aggregate was heated.  The planings were added to the virgin 
material at the base of the hot elevator after the virgin material had left the dryer when they were effectively unheated.  
To compensate for the unheated planings and to drive off any moisture within them, the temperature of the virgin 
aggregate was raised by 30 ºC so that the finished product would be produced at the same temperature as mixtures with 
only virgin aggregate.  By adding the planings at the base of the hot elevator, there was a thorough mixing of the two 

Figure 1: Removal of undersize and oversize fractions 
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fractions and the inherent moisture in the planings was quickly converted into steam and removed via the normal dust 
extraction system.  Because the planings were a 6/18 mm material, there was no problem of clogging on the screens.  
Samples were taken from each of the “hot bins” on a daily basis to test for moisture content, ensuring there was no 
retained moisture in the aggregate. 
The amount of planings included in the mixture was controlled through accurate monitoring of the “cold feeds” on the 
plant together with a daily stock reconciliation of the planings at the asphalt plant.  The amount of planings used in the 
contract was 2,811 t compared to 11,503 t of the new TAC surface course material that was supplied, which equates to 
25.5 %.  The lowest figure on any night, with the exception of the first night when only virgin material was used, was 
20.8 % and the highest was 27.5 %. 
The TAC was tested in the laboratory in accordance with the Sector Scheme Document 14 [14] and BS 598-102 [4].  
Due to the sensitive nature of the contract, the testing frequency was increased above that dictated by the prevailing 
Quality Level on the plant as defined by Appendix 1A of Sector Scheme 14, to a frequency of one sample per 170 t.  No 
changes were necessary to the test method. 

Installation
All of the works took place at night with possession of the site being from 22:00 until 06:00 the following morning 
during which time all activities had to be carried out.  As soon as the traffic management was in place, the planing 
machine started work.  The asphalt plant started producing material by 20:00 h so that the first loads were leaving the 
plant when the possession started. 
Good communication between the site and 
the coating plant was key to the success of 
the contract with any hold-ups either at the 
site or at the plant being made known to the 
other party immediately.  This interaction 
ensured that there was always sufficient 
material produced to replace that taken out 
each night without the need to have further 
plant on standby.  This approach also ensured 
that less than 10 t/night of waste material was 
generated through over-production. 
After the area had been planed off and swept, 
hot-applied polymer-modified proprietary 
bond coat was sprayed onto the surface.  The 
vertical faces of the adjoining lanes were also 
painted in order to ensure that there was good 
adhesion that would prevent water 
penetration in service.  The replacement 
material was laid to a compacted thickness of 
50 mm to match the existing levels.
The temperature was checked of each load on 
delivery (Figure 2) and of the mat prior to 
rolling.  Surface macro-texture and 
longitudinal surface regularity measurements were also carried out as required by the contract.  No samples of the 
mixed material were taken from site because the sampling was being carried out at the asphalt plant.  However, 30 cores 
and 6 bulk samples of the material were taken for testing in accordance with the approved installation method statement 
for the laying of the comparable 100 % virgin aggregate TAC system. 

6.2 M25 Reigate 

Similar to the M4 Cardiff, this scheme involved planing out an existing porous asphalt surfacing and replace with a thin 
surfacing incorporating 25 % RA from the existing. The material was transported an asphalt plant at Hayes for 
processing, with the under and oversize aggregate fractions removed, to enable the RA to be incorporated into a new TS 
system. The re-surfacing works took place at night during August 2007 under lane closures with the carriageway re-
opened to traffic during the day. Initial trial mixtures were undertaken to establish the best method of RA addition to the 
mixture whilst still being able to maintain sufficient temperature within the mixed material for transportation and laying 
on site. Some energy monitoring was undertaken during this scheme to establish differences between using 100 % 
virgin aggregates and incorporating 25 % RA. The results from this exercise are still being collated and analysed at the 
time of writing this paper.  

7. CONCLUSIONS 

The site and laboratory trials have shown that it is feasible to recycle thin asphalt surfacings into new thin surfacings 
with the addition of up to 30 % RA if the plant has the capability to add that proportion of planings.  

Figure 2: Temperature monitoring 
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Laboratory investigation of different mixtures indicated that aggregate suitability can be assessed from prior knowledge 
or testing of recovered aggregate.  Grading of recovered aggregate showed that the maximum theoretical amounts that 
may be recycled into new mixtures may be constrained by individual asphalt plant capabilities. 
The constraints on wider use of recycling are that not all asphalt plants are capable of adding 30 % RA, and that a more 
stringent testing approach than normal needs to be adopted when increasing the amount of RA to be added to the 
mixture, particularly in terms of how to treat the residual binder. 
Significant binder ageing has been observed in binder recovered from TSMA and PA RA.  This ageing has raised the 
question of how much of the binder is “active” and needs to be considered in the new mixture and how much is “in-
active” and acts as a “black rock”. 
Three full scale trials have been successfully carried out with up to 30 % RA and two commercial contracts with 25 % 
RA.
The implications of incorporating RA into surface course mixtures will be a reduced need to extract virgin aggregate, 
particularly the relatively scarce aggregates with high skid-resistance properties. 
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ABSTRACT 

This work is a continuation of one part of the research program SCORE, which was dedicated to the cold recycling 
using the asphalt emulsions. The goal here was to investigate curing time and conditions at elevated temperatures and 
lower humidity. The mixes tested had higher cement content than in SCORE in order to satisfy the Czech specification 
for cold recycling. Comparative test program was conducted among Eurovia Services and Czech Technical University 
laboratories with the emphasis of curing practice that will not damage mixes with rather high cement content.  Samples 
were compacted by 5 MPa of static compression. Specimens were evaluated using the indirect tension test and stiffness 
modulus. Conclusions of this study are compared with the literature and similar research.    

Keywords:  cold recycling, emulsion, curing, tensile strength, stiffness 

1. INTRODUCTION 

Specialists of EUROVIA Services took part in a joint European research programme called SCORE (Superior COld 
REcycling) in 2002-2005. The goal of this research was to better understand cold recycling, from the milling process to 
the mix design and the final mechanical properties, in order to propose guidelines for an optimal use of the technology. 
Road construction companies from France, Sweden, Spain and Czech Republic, bitumen producer NYNAS and a 
French university participated on the SCORE project. Outcomes from this research are being published in various 
papers, for example [1,2]. Research on cold recycling resumed in the Czech Republic in 2006 in the framework of the 
CIDEAS programme. An introductory overview about the goals in CIDEAS research on cold recycling can be find in 
[3]. The tests described in this paper are from partial report in the Czech language [4]. 

Among the outcomes of the SCORE project was the also the recommendation for testing procedures for Recycled 
Asphalt Pavement (RAP) in cold mixes.  It contains, besides conventional testing, also some tests of mechanical 
properties after accelerated curing at higher temperature and lower relative humidity (RH) to estimate the behaviour of 
mixes after several years of service.    

The curing of the mix can be very rapid, if high temperature is used. The recent study [5] showed that during curing at 
60 oC of compacted recycled material with emulsion and without cement, the Marshall stability increased from 6 kN 
after 1 hour to 12 kN after 20 hours.   The water content of the mix decreased to 1 % in 8 hours. However, it is 
demonstrated [6] that micro cracks can sometimes occur during curing at high temperatures and at low Relative 
Humidity (RH) of cold recycled mixes with emulsion even without the presence of Portland cement. The photo in [6] 
shows cracks developed in the specimen for rutting test after 5 days of curing at 50 oC and 15 % RH. It is explained in 
[7] that it is better choice to carry out accelerated curing by reducing relative humidity rather than increasing the 
temperature. 

In  SCORE, recycled material  together with foamed asphalt and/or emulsions with Portland cement was cured at 18 oC
and RH about 50 % according to the usual practice, but some samples were cured at temperature 35 oC and RH of 20 %.  

Accelerated curing was applied shortly after fabrication for some series of specimens and after 7 days for another series 
of tests.  Time evolution of mix properties was studied. However, the cement content in the mix was generally low 
(mostly 1 % or without cement, with a few tests up to 3 % of cement).   

Figure 1 taken from SCORE project depicts the increase of dynamic modulus of mixes performed at frequency of 10 Hz 
at 15 oC, using 2 % of bitumens with no cement in the mix. The significant stiffness improvement of the mix was 
recorded within the first 3 weeks of curing at 35 oC and RH of 20 %.  In spite of it, an important decrease of stiffness 
was observed after 7 days in water.   
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Figure 1:  Time evolution of stiffness modulus of RAP mixes with emulsion [1] 

Some doubts were expressed that the accelerated curing procedure suggested in SCORE might not be suitable for mixes 
with high Portland cement content. National specification in the Czech Republic for cold recycled mixes with emulsion 
and cement TP 162 [8] (that is similar to German Guide M KRC [9]) demands an important quantity of cement to 
satisfy the specified strength. Indirect tensile strength (ITS) of the RAP mix after 7 days of curing at 5oC is prescribed. 
It has to be ITS7  0.5 MPa for cement prevailing mixes and  ITS7  0.4 MPa for bitumen prevailing mixes. ITS after 
28 days of curing under laboratory temperature and water sensitivity are also specified. Curing after TP 162 is carried 
out 1 day in the mould under laboratory temperature then at the temperature of 20oC (2 days at and 95 % RH and  later  
in the range  40 to 70 % of RH). Neither Czech nor German Guide includes accelerated curing of the mix to evaluate 
properties after some years of services or to decrease the time for testing during the formulation study.  

The decrease of water content of the mix cured by standard Czech procedure and by accelerated curing (40 oC and RH
20 % after one day in the mould) was compared in Eurovia Services laboratory on samples from one job site carried out 
in the Czech Republic. The mix had   3 % of cement and 3 % of emulsion. The natural water content of the RAP was 
rather high 5,4 %. The 2,2 % of water was added in the laboratory like on the job site. The result is on the figure 2. 
(Decrease of the water content is expressed as the ratio of weight decrease during curing to the initial wet weight of the 
specimen after the compaction. Each curve represents the average of 2 test specimens.) 

Figure 2 The impact of curing conditions on the decrease of the water content 

The decrease of water content after one day of accelerated curing was higher than after 7 days of standard curing. It 
shows that the water content of the mix could be rather low even after short accelerated curing with relatively modest 
temperature coupled with low RH.    

Curing of mixes with higher cement content under increased temperature and low RH might lead in some cases to 
insufficient hydration, and/or to the creation of micro cracks causing the reduction in mechanical properties of the mix.  
This happened probably also for the tested mixes. Two samples cured under standard conditions have similar strength 
ITS7=0,62 and 0,59 MPa. However 2 specimens tested after accelerated curing had very different strength  ITS7= 1,02 
and 0,66 MPa.  No visible cracks were observed before the strength test. Either some micro cracks were present inside 
of specimen with low ITS or the hydration of cement was irregular and less effective under low RH and 40oC.
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Drying of the compacted layer on the job site can be prevented by spraying a small quantity of water. Sprinkling of 
water on the surface of the road for about 7 days after placement is recommended in TP 162, as well as in other 
manuals. Some studies show, that Portland cement gets enough water for its hydration from the breaking of emulsion 
under normal curing conditions. This was demonstrated in [9] on samples subjected to curing time of 3 , 7 and 28 days 
respectively at room temperature and RH higher than 95 %. However it is mentioned in [10] that the amount of Portland 
cement higher than 2 % could cause hydroscopic shrinkage and cracking.  It could happen especially for low RH. 

Even if the logical behaviour has been generally recorded during SCORE research, some surprising results have been 
obtained.  Stiffness of some asphalt mixes specimens without cement after 28 days was higher than with cement, etc.. 
Usually cement improves the properties of RAP mixes with emulsion, as shown for example in [11]. Improbable results 
were partly due to the inevitable scatter of results in cold recycling with cement and emulsion. This was noted also in 
other research, as hydraulic bonding and the formation of a bitumen film need not to act in a synergetic way [12]. But 
the curing conditions could have also the impact on those surprising results. Unfortunately it was not possible to check 
this hypothesis in the SCORE project, as the research was focused on mixes with low cement content.   

The accelerated curing similar to SCORE project (using slightly lower temperatures and higher RH) but delayed a few 
days after fabrication was used by the Authors , in the  tests for the CIDEAS research project.  

2.  EXPERIMENTAL 

Grain size distribution curve of used RAP is depicted in figure 3.  Four different mix compositions (2 different emulsion 
and cement contents) were tested in the CIDEAS research of the performance related properties of cold recycled mixes. 
As the risk of micro cracks is greater at high concentration of Portland cement, accelerated curing described in this 
paper was performed only on 2 mixes with lower emulsion content (RAP + 2,2 % of emulsion + 2 or 3 %  of cement).  

Figure3:  Grain size distribution curve of recycled material 

Preparation of specimens was done by static loading of 5.0 MPa at Eurovia Services laboratory. Natural moisture 
content of RAP was 1.7 %.  The quantity of added water was 2.5 %. Specimens had average moisture content of 4.0 % 
after the static compaction.   Two sizes of specimens   102 and 150 mm were prepared.  

Different methods of specimen curing were evaluated as depicted in table 1.   

Curing environment   (number of  days) 

Air (a), 20 oC Water (w), 20 oC
Environmental 
chamber (ec) 

30 oC, RH 25 % 

Total no. of days 
till the NAT tests 

7 - - 7 
14 14 - 28 
28 - - 28 
3 - 18 21 
7 - 21 28 

Table 1:  Different curing procedures 

Indirect tension test was performed in Eurovia Services laboratory at 5 oC using larger specimens. Performance testing 
was done at CTU on samples with 102 mm. Nottingham Asphalt Tester (NAT) equipment was deployed for stiffness 
modules evaluation at 5 oC and 15 oC. The overall loading time was in the range of 0.09 to 0.125 second. Target 
horizontal deformation was in the range of 2 to 3 microns.   
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3. INFLUENCE OF ACCELERATED CURING 

The results of all tests were given in [13]. Some of them are presented here. The influence of curing conditions on 
indirect tensile strength (ITS) at 5 oC is on the figure 4.    

Figure 4:  Indirect tensile strength at 5 oC, different curing environments 

The higher strength was exhibited in specimens, which were cured at elevated temperature. The strength increase is 
about 30 % compared to the standard (room temperature) curing. Results show that accelerated curing procedure with 
the increase of temperature after 3 days has a significant impact on ITS compared to conventional 28 days in air. 
Degradation due to higher temperature was not detected when specimens were subjected to accelerated curing in the 
environmental chamber.      

The increase in stiffness modulus for the mix with 3 % of cement at 5 oC after 28 days (figure 5) due accelerated curing 
was about 15%. The stiffness of samples with accelerated curing after 3 days showed high stiffness. It means that the 
specimen was not negatively influenced by chosen curing procedure even if cement content was rather high.  

Figure 5:  Stiffness modulus at 5 oC, different curing environments 

An improvement of stiffness and ITS  was also observed at 15 oC.
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Figure 6:  Stiffness modulus at 15 oC, different curing environments

4. CONCLUSIONS 

Tests carried out in the framework of the CIDEAS research confirmed that accelerated curing under chosen conditions 
increases the strength and stiffness of the cold recycled mixes without the risk of sample degradation even with 3 % of 
cement in the mix.  

The quantitative assessment of the increase of mentioned properties is complicated by the scatter in results. Similar 
scatter was found also in CIDEAS tests realised with other mixes under standard curing temperature as well as by other 
researchers.

Accelerated curing can be performed by different manners as described in the literature on the subject.  Some authors 
used elevated temperature since the beginning of curing. Others increased temperature at the end of standard curing 
procedure [11].  The application of higher temperatures and lower RH after a few days under ambient temperature 
decreases the risk of micro cracks and/or insufficient cement hydration in the mix.  

Results show that it is possible to speed up process of curing by temperature increase and humidity decrease 3 days  
after processing for mixes with Portland cement content up to 3 % and with appropriate emulsion and water content.  

Some further testing is under way to optimise curing conditions. The accelerated curing can be used also in cases where 
the rapid evaluation of the mix suitability is needed. This is frequent for some small jobs that have to be realised quickly 
after the tender and the standard 28 days for curing of samples could be too long.  
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ABSTRACT 

To provide further support to laboratory research on recycling, it is necessary to have access to recyclable materials. 
The easiest way might be to take Reclaimed Asphalt Pavement (RAP) from existing roads. However, in most cases it is 
difficult to know the entire historical data, and experience has shown a wide scattering for binder content and binder 
characteristics. or research purposes, it appeared crucial to ensure better control of all the characteristics. 
The objective of this study is related to the development of an ageing protocol for asphalt mixtures to be used in the 
laboratory for production of materials “as RAP” in sufficient quantity for further laboratories investigation. To date no 
standard procedure exists for preparing aged mixtures. The targets for this work were to correlate the results with 
those obtained from the binder ageing process. At the same time, additional information was also gathered about the 
effect of asphalt ageing in terms of rheological behaviour. 
The protocol thus defined during this study shows a good correlation for long-term ageing and, to a lesser extent, for 
short-term ageing. However this protocol has to be seen as a proposal and to be challenged with further investigations. 

Keywords: Reclaimed Asphalt Pavement, mixture ageing, recycling 

1 INTRODUCTION 

Constant changes in environmental constraints, in the overall management of natural resources and, more generally, in 
the concept of sustainable development are leading increasingly to the valuation of products throughout their life cycle. 
In this context, the recycling of Reclaimed Asphalt Pavement (RAP) is becoming a major concern for road owners, 
contractors as well as material suppliers. This topic is related not only to asphalt mixture issues but also to binder issues. 
Increasingly, research efforts are being focused on developing products that can recycle RAP but also on future 
products that can be recycled. 
To provide further support to laboratory investigations, it is necessary to have access to materials that can be recycled. 
The easiest way might be to take RAP from existing roads. However, this has some drawbacks, since in most cases it is 
difficult to know the entire historical data for such a material. What were the initial characteristics of the binder? What 
was the mixing process (temperature, timing)? What was the in-situ ageing process (age, climate, light, etc.)? Also, 
experience has shown that RAP stockpiles display wide scattering for both binder content and binder characteristics. 
For purely research purposes, it is important to get better control of the full ageing process of the asphalt mixture in 
order to be able to further reproduce RAP properties and to assess the effects of recycling technologies. 
The objective of the study presented here was to develop an in-laboratory protocol to directly age asphalt mixtures for 
later use as RAP material. In-laboratory binder ageing methods already exist, such as Rolling Thin Film Oven Test 
(RTFOT) for short-term ageing and Pressure Ageing Vessel (PAV) for long-term pavement ageing. However, these 
methods do not enable the ageing of large amounts of product, since the limits are 250 g for RTFOT and 500 g for 
PAV. These quantities are not sufficient for asphalt mixture testing. 
The objective of this study was therefore to simulate the ageing process directly on asphalt mixtures. Because of the 
scatter in field results, the targets for this work were to correlate the results with those obtained from the laboratory 
binder ageing processes (RTFOT & PAV) in terms of basic parameters, such as penetration and softening point. 

2 EXPERIMENTAL MEANS 

The experiment was conducted on a single conventional binder that is widely used and which can be encountered on the 
road for recycling. The experiment consisted, in the first step, in characterising the ageing of this binder alone. In the 
second step, the fresh binder was then mixed with aggregates for ageing simulation of the mixture itself. 

2.1 Binder

The binder was a conventional bitumen of penetration 60 dmm (a “50/70” bitumen in the pen-grading system).  
The penetration value at 25°C, as measured according to EN 1426, the softening point as measured according to 
EN 1427, and the viscosity at high temperature, as measured according to EN 13302, are presented in Table 1 below. 
These characteristics were determined on the fresh binder, the RTFOT-aged binder and the RTFOT + PAV-aged binder. 
The penetration and softening point values were also used to calculate the Penetration Index (PI) according to the 
following formula, where Pen is the penetration at 25°C and TR&B is the Ring & Ball temperature (softening point): 
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 Fresh RTFOT RTFOT+PAV

Penetration at 25°C (dmm) 60 39 23
Softening point (°C) 48.9 57.6 64.7
Penetration Index -1.1 -0.2 0.2
Viscosity at 130°C (Pa.s) 0.6 0.94 1.74
Viscosity at 150°C (Pa.s) 0.24 0.32 0.55
Viscosity at 170°C (Pa.s) 0.1 0.14 0.22

Table 1: Binder characteristics 

2.2 Aggregates 

The aggregates were obtained from “La Noubleau” quarry in France. They were high-quality, fully crushed diorite 
stone. These aggregates display good toughness and possess a low absorption power, which has a neutral impact on the 
absorption of bitumen. The density is 2.882 g/cm3. An additional sand fraction 0/2 from “Cusset” was used and the 
filler was “Méac” limestone, both from French sources. 

2.3 Asphalt Mixture 

The selected mixture type was a French BBSG 0/14 (Béton Bitumineux Semi-Grenu) similar to Dense Asphalt 
Concrete, which presents a continuous grading curve. This asphalt mixture is commonly used for top layers (surface or 
binder) and therefore can be found on roads for recycling. It was made from five aggregate fractions. Table 2 presents 
the composition, where the binder content is related to the weight of binder compared to the total aggregate weight. 

BBSG 0/14 composition 
Mineral aggregates Percentage

Fraction 1 La Noubleau diorite 10/14 24.0 % 
Fraction 2 La Noubleau diorite 6/10 22.0 % 
Fraction 3 La Noubleau diorite 4/6 7.0 % 
Fraction 4 La Noubleau diorite 2/6 14.0 % 
Fraction 5 (sand) Cusset 0/2 31.0 % 
Filler Limestone Méac 2.0 % 
Binder content  5.0  pha 
Maximum density  2.650 g/cm3

Table 2: Asphalt mixture composition 

3 AGEING EFFECT ON BINDER 

Bitumen, as an organic substance, is affected by the presence of oxygen, ultraviolet radiation and temperature changes. 
This affects the properties of the bitumen, causing hardening. Significant hardening occurs during the mixing process, 
which is called short-term ageing. However, hardening of the binder continues in the road, where it is called long-term 
ageing. Roughly fifteen different factors that influence bitumen ageing have been identified. The most important ones 
are oxidation, volatilisation and steric hardening (1). 
These ageing effects alter asphalt mixture performances, leading to hardening of the mixture. It can perform better 
against rutting, but it becomes stiffer, more brittle and, therefore, more susceptible to cracking. This is translated for the 
binder as a viscosity increase and bitumen hardening. Such results may be observed from basic binder parameters as 
well as from rheological performances or chemical composition (1). 

3.1 Basic Characterisation of Binder Ageing 

In the laboratory, the bitumen ageing protocol consists of two steps. The first step is Rolling Thin Film Oven Test 
(RTFOT) performed in accordance with EN 12607-1. This corresponds to the ageing during production, transport and 
laying of asphalt mixtures. The second step is Pressure Ageing Vessel (PAV) in accordance with AASHTO R28-02. 
This represents long-term pavement ageing under road conditions. 



The first basic characterisation involved was: 
Penetration at 25°C in accordance with EN 1426, which is an empirical test that reflects the consistency of the 
bitumen at ambient temperature. The higher this value is, the lower the stiffness of the bitumen at ambient 
temperature. 
Ring & Ball temperature (softening point) in accordance with EN 1427, which is also an empirical test that 
reflects the consistency of the bitumen at higher temperature. The higher this value is, the higher the 
temperature needed for the bitumen to soften. 
Viscosity at 130, 150 and 170°C in accordance with EN 13302. These values cover the temperature range 
during bitumen use (storage, pumping, mixing and other handling operations). If viscosity values are too high, 
laying can become difficult. 

These data are used to plot the Bitumen Test Data Chart (BTDC), which is used to illustrate the temperature sensitivity 
of bitumen products and their possible paraffin content (1). Together, these simple measurements are used to compare 
the properties of the binder at different ages. 
The full values are given in Table 1 and reported in Figure 1. This clearly shows that during ageing, the consistency at 
ambient temperature as well as at high temperature increases, which is translated by a hardening effect of the binder. 
This is also observed with the viscosities at higher temperature, which increase. 
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Figure 1: BTDC of fresh and aged binders 

Another interesting, yet simple parameter, is the penetration index that is considered to be representative of the 
susceptibility to the temperature range in use. Here, during the course of ageing, the PI becomes much higher for short-
term ageing (cf. Table 1), going from –1.1 at the fresh stage to –0.2 after RTFOT, and to a lesser extent for long-term 
ageing, where it goes from –0.2 to 0.2 after RTFOT + PAV. This is related to the fact that if the penetration values drop 
from 60 dmm to 39 dmm and then to 23 dmm, there is a proportionally greater increase in softening point. 

3.2 Rheological Performances of the Aged Binder 

However, this basic characterisation based on penetration and softening point does not enable to understand how the 
binder really behaves. For this purpose, a more in-depth characterisation was performed, focusing on rheological 
behaviour. 
It first consisted of shear tests to measure the moduli and phase angles of the bitumen sample at different frequencies 
from 1 to 100 rad/s and temperatures from 10 to 60°C, using a Dynamic Shear Rheometer (DSR), in accordance with 
NF T 66-065. These measurements are used to assess the performances of the binder at high and intermediate 
temperatures, thus providing an indication of asphalt mixture performances for rutting resistance and load spreading 
ability (stiffness). 
The tests were performed only on the fresh binder and on the binder after RTFOT and PAV ageing. From the data 
collected, master curves may be built up presenting the moduli value vs. frequency that was shifted in order to represent 
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the combined temperature and frequency dependence in one curve, as shown in Figure 2 at a reference temperature of 
20°C.
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Figure 2: Master curve of fresh and aged binder at 20°C 

The analysis of the master curves for the both fresh and aged binders confirms the hardening effect of ageing. At high 
temperature, stiffness is increased by a factor greater than 10 for a fixed frequency. At low temperature, moduli are still 
higher but in a lower proportion (a factor of 2 is observed at 10 °C). In other words, in the temperature range from 10°C 
to 60°C, the variation of stiffness for the aged binder is lower than for the fresh binder. This confirms the first 
assumption based on the penetration index regarding temperature susceptibility. 

Another way to analyse results consists in a Black diagram presenting the phase angle vs. the moduli values, as 
shown in Figure 3. 
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Figure 3: Black diagram for fresh and aged binders 

The analyses of the Black diagram add the information on phase angle. At the same temperature and frequency, the 
characteristic curve of the aged binder is, in comparison to the fresh one, shifted down, more elastic in its response, and 
to the right, stiffer. 
These results should be associated with a better resistance to permanent deformation at high temperature, but at the 
same time to more brittle behaviour at lower temperature and thus to greater cracking susceptibility. 



4 EXPERIMENTAL PROTOCOLS 

4.1 Existing Asphalt Mixture Ageing Procedure 

Previous studies have been carried out to define a laboratory procedure that can reproduce the ageing effect directly on 
asphalt mixtures. 
The SHRP programme A383 (4) has defined a laboratory ageing procedure for asphalt mixtures. The AASHTO R30-2 
method (5) is based on the procedure that was selected. It consists of the following: 

for short-term ageing, the loose mixture is aged in a forced-draft oven for four hours at 135°C. This represents 
an average level; in reality, mixtures may undergo very little ageing or considerably more ageing. 
for long-term ageing, compacted-mixture specimens are aged in an oven for five days at 85°C. 

The process can be accelerated to two days by using 100°C, but the NCHRP A383 (4) report stresses that this could 
lead to specimen damage. 
This current method is still a subject for research. The limitations of the protocol are seen in the correlation with field 
data and in the differentiation by mixture type and thickness (6). 
In Japan, research has also been conducted to clarify the effect of ageing for asphalt concrete. The method used was 
ageing a compacted sample in an oven at 70°C for specified periods (7). 
In Europe, the Nottingham University has developed a specific test called Saturation Ageing Tensile Stiffness (SATS) 
to assess the ageing and moisture sensitivity of asphalt mixtures (8). 
However, all these methods use compacted samples. To produce materials for further use “as RAP” to be recycled, 
compacted samples must be reheated to become loose materials. This is one of the reasons why these methods have to 
be refined for the purpose of future recycling studies. 
Also, previous work done in this area has shown that the correlation with field data is extremely difficult; such 
correlation depends on the location of the road, sun exposure, climate, mixture type and void contents. In most cases, 
data are not sufficient to conduct a full statistical analysis and to extract a statistically meaningful regression rule for in-
field ageing. 

4.2 Proposed Asphalt Mixture Ageing Protocol 

Based on previously conducted work, especially the AASHTO R30-2 method, a new protocol has been developed. The 
main differences consist in keeping material in the loose state and in targeting the laboratory-aged binder characteristics 
after RTFOT+PAV. 
For short-term ageing, the temperature selected during the “maturation” period was kept at the mixing temperature - 
which depends on the bitumen type - for only two hours in order to match worksite conditions. The long-term ageing 
temperature was fixed arbitrarily to 80°C, i.e. between the temperatures, 60°C or 85°C, used in the previous studies. 
The protocol was applied on a total of 30 kg of asphalt mixture prepared according to the French standard method 
NF P 98-250-1. The following steps were carried out: 
Mixing step: 
1. Weighing of different aggregate fractions and binder and transfer to a heated oven 
2. Asphalt fabrication at the mixing temperature  
“Maturation” step to simulate short-term ageing: 
3. Asphalt maturation for two hours in a mixing bowl at the mixing temperature 
4. Sampling for two extractions, binder recovery and binder characterisations in order to compare with binder RTFOT 

values
5. Spreading of the loose mixture (not compacted) on a plate at a thickness of around 5 cm (max). The plate is put in 

an oven at 80°C for long-term ageing. 
Long-term ageing step: 
6. Storage of the loose material for seven days at 80°C 
7. Taking three samples every two days for one week (Monday, Wednesday, Friday) from two extractions, binder 

recovery and binder characterisations in order to compare with RTFOT + PAV values 
8. Leave the loose material for one week 
9. Repeat steps 6 to 8 for another two weeks 
For this study, using conventional bitumen of penetration 60 dmm at 25°C, the mixing temperature was set at 150°C. 
The final outcome of the test was then to define at which ageing time, following this protocol, the recovered binder 
characteristics were equivalent to those obtained with the binder ageing protocol. 

4.3 Extraction and Binder Recovery 

Extractions and binder recoveries were carried out in order to record the evolution of binder characteristics. This 
consists in recovery and determination of the bitumen content from a solution in a low-boiling solvent 
(dichloromethane) using a rotary vacuum evaporator. 



5 RESULTS AND DISCUSSION 

5.1 Ageing of mixture 

Following the protocol described above, the asphalt mixture was aged during 3 weeks and regular samplings were made 
for extraction and binder characteristics. An initial extraction and characterisation was carried out directly after mixing 
without maturation. Then two extractions were made after the maturation period. Finally, two extractions were carried 
out at 4 different dates up to 21 days. For all extractions, penetration and softening point were determined. Table 3 
presents all the results. 

Ageing time Pen25°C
(dmm) 

TR&B
(°C) PI Pen loss 

(dmm) 
RB

(°C)
fresh 60 48,9 -1,05 - - 
after mixing 32 56,8 -0,62 -28 7,9 
after maturation 31 58,2 -0,40 -29 9,3 
after maturation 27 59,6 -0,41 -33 10,7 
7 days 20,4 64,7 -0,02 -39,6 15,8 
7 days 20,2 64,7 -0,04 -39,8 15,8 
9 days 19,3 65,8 0,06 -40,7 16,9 
9 days 19,9 65,9 0,13 -40,1 17 
11 days 18 67 0,13 -42 18,1 
11 days 20,1 66,7 0,28 -39,9 17,8 
21 days 15,2 70,7 0,41 -44,8 21,8 
21 days 15,2 70,9 0,43 -44,8 22 

Table 3: Results from the extractions 

For each measurement on binder recovered from the asphalt mixture, the results of the two extractions are similar, 
indicating excellent repeatability. Those after maturation present a small difference, but in an acceptable range (  6.9% 
around a mean value for penetration,  1.1% around a mean value for softening point). 
The evolution of the characteristics (penetration and softening point) shows a significant change during the short-term 
ageing (mixing + maturation) and after that, during the long-term ageing, it still continues but to a lower extent. This is 
illustrated in Figure 4 where 2 distinct slopes can clearly be identified, the second one having a lower gradient. It can be 
hypothesised that the curve is actually asymptotic but this would need to be confirmed with further measurements over 
a longer period of time. 

Figure 4: Evolution of binder characteristics over time 
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In addition, as such an evolution with time is here followed for a long time, it is important to note that, for the 
considered binder, the evolution of the penetration value is limited after 7 days of ageing, while the softening point will 
continue to increase in a significant way. 

5.2 Correlation with binder ageing 

The data obtained during this ageing process of asphalt mixture were then compared to those obtained during the ageing 
process of binder itself (RTFOT and PAV). Figure 5 compares both characteristic evolutions from the two ageing 
protocols, on binder and on asphalt mixture. 

Figure 5: ageing comparison for binder and mixture  

This comparison highlights two different trends: the binder ageing process draws a continuous line over short and long 
term ageing while the mixture ageing process presents a breakdown point between short and long term ageing. 
This leads to a difference between the RTFOT characteristics and those obtained just “after mixing & maturation”, 
which corresponds to the short-term ageing. The penetration of the recovered bitumen is about 10 points lower than that 
of the RTFOT-aged bitumen. 
Whilst the values obtained after seven days of storage at 80°C fit well with those obtained after RTFOT + PAV ageing 
of the binder: a pen of 23 dmm for binder ageing versus a pen of 20 dmm for asphalt ageing. 

5.3 Proposed protocol 

Emphasising this last point, as the most important target in the present context is to provide a fully aged asphalt mixture 
in controlled conditions, it can be concluded that, after seven days, the present protocol achieves this objective. The 
“maturation period” has been applied because it fits with what happens during construction by simulating storage and 
transport time. This “maturation period” is also used as such in the Superpave mixture design in order to reproduce field 
conditions as much as possible. 
The agreed protocol thus consists in storage of the asphalt mixture at 80°C for seven days after a “maturation period” of 
two hours at the mixing temperature. 

5.4 Further Adaptation 

Based on these results, especially the difference for short-term simulation between the binder and asphalt ageing 
methods, the “maturation period” should be challenged. The impact of the maturation period may need more 
investigation and analysis. When there is a 16 dmm decrease between RTFOT and RTFOT + PAV, about 21 days of 
storage at 80°C will be required for the asphalt mixture in order to decrease the penetration value by the same degree. 
The question is: does the maturation period just accelerate the ageing process or does it have another impact? 
Further development should involve applying this protocol to asphalt mixtures with other binder types, including PmB 
or Multiphalte. However, for PmB, the binder ageing process, i.e. mainly the RTFOT test, is not seen as the most 
suitable method. The use of this asphalt mixture ageing protocol might provide another approach to PmB ageing.  
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Finally, several tests must be carried out in order to determine the repeatability of this method and also an inter-
laboratory survey is needed to provide its reproducibility. 

6 CONCLUSION 

The goal of this study was to define and evaluate a protocol to produce aged asphalt mixtures in the laboratory. This 
laboratory-aged mixture could be regarded as a “Reclaimed Asphalt Pavement” sample with well-known 
characteristics. A sufficient amount of a rather well-defined aged mixture can then be used for investigation of recycling 
technologies.
In the absence of a large amount of data from the field, in-laboratory binder ageing was chosen as the reference target to 
match. This includes RTFOT for short-term ageing and RTFOT+PAV for long-term ageing. 
Based on previous studies, a method was proposed and applied to one asphalt mixture type using a conventional 50/70 
pen grade bitumen. The final characteristics were achieved by applying the following protocol: 

Short-term ageing was simulated by a mixing + “maturation period” for two hours at the mixing temperature. 
This leads to slightly more severe ageing than RTFOT. However, it is considered to be closer to the real 
conditions during production and paving 
Long-term ageing was simulated after the maturation period by a conditioning period for seven days at 80°C. 
This correlates with the long-term binder ageing simulated by RTFOT + PAV. 

Under these conditions, this asphalt mixture can be considered as “fully aged” in comparison with the binder 
characteristics obtained on the binder alone. The aged mixture is thus obtained under controlled conditions. However, it 
should be noted that this protocol does not fully simulate in-situ ageing with the combined action of sunlight, water, de-
icing agents, traffic, loading etc. 
This method can be seen as a starting point for further developments and discussion. It can lead to the definition of a 
common, specific method and standard for use in recycling projects. 
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Abstract 

Legislation on the use of by-products, the need to save natural resources, the increase in the cost of raw materials 
and transport are all factors which encourage alternative technologies, which are safe, economical as regards 
aggregate and binder and save energy. To this end, Colas has developed a number of cold recycling processes for 
bitumen emulsion pavements which are compatible with sustainable development. 
For low-traffic pavements, it is very advantageous to recycle the surfacing materials rather than use traditional 
maintenance techniques. 
The process described here was developed four years ago and is patented. 
Its originality is that it involves the reclaiming of surface dressings whose components have the characteristics 
required for the construction of new low traffic pavement wearing layers. 
After a description of the process, the paper presents a review of its performance and in-situ behaviour based on 
monitoring of the roads where it has been applied. 
An environmental audit has been performed based on a partial life-cycle analysis of real worksites on county roads. 
The environmental impacts of conventional pavement maintenance and the procedure are evaluated and compared 
with regard to energy consumption and greenhouse gas emissions. The results show the considerable of this 
process.

Keywords: Recycling, Surface dressing, Emulsion, Environment, Life cycle assessment 

1. INTRODUCTION 

The technology under consideration, developed by Colas Centre Ouest, consists in the bitumen emulsion reprocessing 
of surface dressings materials. 
Once they have been worn, these surface dressings nevertheless contain components with the necessary and sufficient 
characteristics to constitute, by means of recycling, new pavement surfacing for roads with low traffic volumes. 
This process, which has been in development for the last four years, has been patented and in 2005 received the second 
prize for innovation from the French Federation of Public Works. 
In 2004, in order to assess the feasibility and performances of this technology, an experimentation and monitoring 
protocol for observing its behaviour under traffic conditions was drawn up between the Eure et Loir Département 
Council, the Technical Study Service of roads and motorways (Sétra), part of the French Highways Agency, and the 
company Colas.  
For this purpose, a number of projects were initiated on category three departmental roads. They were monitored, both 
during the work and in the ensuing period by the Laboratoire Régional des Ponts et Chaussées (LRPC) laboratory in 
Blois, under contract with Sétra. 
The observations and measurements taken showed that this technology is highly advantageous compared with that 
usually used to maintain these roads in order to re-establish longitudinal and transversal performances and ensure 
vehicle skid resistance. 
Using the partial life cycle assessment, based on energy consumption and greenhouse gas quantification impacts, the 
extremely positive environmental appraisal was drawn up using a software package developed by Colas, called 
"Ecologiciel".  

2. DESCRIPTION OF THE PROCESS 

The surface dressing that for decades has been used on category two and three departmental roads comprises important 
reserves of:  

hydrocarbon binders which are potentially interesting because they have sufficient characteristics to enable them to 
be recycled, 
chippings whose characteristics make them intrinsically reusable.  
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By adding corrective binders and aggregates, these elements can be recycled with suitable material and processing in 
order to manufacture bitumen emulsion cold mix surfacing.  
The constituents of the former surface dressing are removed from the road by milling at a suitable thickness and width.  
After grading correction, they are processed with bitumen emulsion that has been specially formulated in line with the 
characteristics of the residual binder in the surface dressing. 
The grading correction is carried out by adding sand of a particular gradation.  
The constituents are dosed precisely and mixed at ambient temperature in a conventional mixing plant, with water 
added if necessary.  
These various reprocessing phases generate bitumen emulsion mix, which have the required performances for making 
the wearing course on the roads with low traffic volumes.  
It is all of these operations taken together that constitute the patented process. 
These cold mix asphalts are then taken to the site where they are to be applied. 
They are applied using a paver on the milled support after a tack coat has been made using suitably dosed bitumen 
emulsion.  
The thickness of the cold mix asphalt is around 30 mm after compaction using a conventional compaction train with a 
three ton tyre compactor and double vibratory roller. 

This technology enables: 

the longitudinal and transversal performances to be re-established on a pavement that is most often deformed, 
the smoothness and the skid resistance of the surface to be restored, 
maximum rate of recyclable materials with performances that are suitable to the amount of traffic in question. 

Figures 1 and 2 give an indication of the various manufacturing stages. 

Figure 1: milling and manufacturing in cold mixing plant. 

Figure 2: implementation of cold asphalts with milled surface dressing materials 

3. PRELIMINARY STUDY  
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The laboratory study, which is an obligatory phase, aims at: 
assessing the feasibility of the technology,  
determining the method and depth of milling, 
characterising the milled materials given by surface dressing, 
defining the formulation for cold asphalts: emulsion type and dosage, grading correction.  

For this purpose, the stage includes core sampling of the pavement.  
This enables homogenous processing sections to be defined, sampled material to be analysed and the exact composition 
of the new surfacing to be established. 
It is preferable to carry out preliminary milling on the site in order to formulate the emulsion asphalt using materials 
from the work site itself. 
It is by analysing the milled materials that their grading, their content and the main characteristics of their residual 
binder are defined. 
This information makes it possible to choose: 

The gradation of the correcting sand and its proportion in weight, which generally ranges from 10 to 20%. 
The nature of the bitumen emulsion and the necessary dosage. 

The composition of the cold mix asphalt recycled with 80 to 90% of former surface dressing material is then 
established. 
Their main performances are measured using the conventional study tests applied to bitumen emulsion asphalts. 
The DURIEZ characteristics and if need be the results of the gyratory shear press test are determined in order to assess 
the handling, cohesion increase and the water immersion resistance of the asphalt mixes made this way. 

Examples of results of the DURIEZ test 

Voids content in specimens  15 %.
Compression resistance after 14 days of curing in air at 18°C: 5.7 MPa.
Ratio between the resistance after 7 days of air curing and 7 days of immersion in water at 18°C, and resistance 
after 14 days of air curing at 18°C: 0.75.

These performances are in line with cold bitumen emulsion asphalts that have characteristics suitable to the wearing 
courses of pavements bearing low traffic volumes. 
The residual resistance after immersion in water is reasonable. It indicates that asphalts made using planed surface 
dressing materials have low sensitivity to water stripping. 

4. DESCRIPTION OF THE MANUFACTURING AND IMPLEMENTATION CONDITIONS 

Three main pieces of plant are used for the various phases in this kind of construction site. 
Milling and transport of materials. 
Manufacturing of emulsion asphalts using milled materials. 
Application and compaction of asphalts. 

The milling operation generally includes: 
One or maybe two road planers of a width suited to that of the pavement, 
A suction sweeper, 
Lorries transporting the milled surface dressing materials to the manufacturing site. 

The manufacturing includes a cold mixing plant with the usual materials, binder and water dosage equipment. 
This cold mixing plant is very mobile and not cumbersome, requiring only a very limited surface area, and the area for 
storing milled materials is also not very voluminous. 
In general, it can be set up right next to the construction site in order to reduce transport distances. 
After the materials that constitute the new asphalt mixes have been calibrated, it can manufacture the recycled asphalts 
continuously with an output of around 120 to 200 tonnes per hour, depending on the construction site. 
The plant is automatically controlled to ensure regular operation and that the mix asphalt component proportions are 
maintained. 
Regular grading and binder content inspections are carried out on the cold mix asphalt by the company's quality control 
system. 

The application plant is made up of the following items: 
Distributor to spray the tack coat on the milled base. 
A number of lorries to transport the recycled mix asphalt. 
A conventional paver to apply the recycled mix asphalt. 
A smooth roller which may be vibratory and a tyre compactor. 
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Density, (if the new wearing course thickness is enough), and macro-texture measurements are taken during the 
construction work in order to check the quality of the compaction and the homogeneity of the asphalt surface. 

The road is open to traffic as the construction work progresses. 

Figure 3: appearance of the cold mix asphalt surfaces after compaction. 

A specific quality assurance plan is drawn up for each construction site. It includes reprocessing regularity inspections 
and specification compliance controls. 
Furthermore, the fact that the level of the pavement rises so little means that there is no additional connection work 
necessary.

5. TECHNICAL ASSESSMENT OF THE BEHAVIOUR OF ASPHALT MIXES MADE WITH RECYCLED 
SURFACE DRESSING MATERIALS 

The results presented below come from the construction site monitoring tests used as part of the aforementioned road 
innovation charter. 
The tests were carried out by the LRPC in Blois.  

5.1 Macro-texture 

The macro-texture was assessed using the average texture depth test (PMT) in accordance with the current standards. 
The results of these measurements on the various construction sites undertaken on the departmental roads (R.D.) are 
together in table 1 below. 

Table 1: PMT values measured on the various worksites. 

These figures show that the macro-texture level initially and over time is very satisfactory.  

CONSTRUCTION 
SITES RD 28 RD 12- 4 RD 941 

Date of 
construction site  

End of August 
2004 End of July 2005 mid June 2006

Date when  
measurements were 

taken 
26/01/2005 8/09/2005 9/11/2006 6/06/2007 17/10/2006 

(point zero) 

Age of the 
measurements 5 months  1 month 15 months 23 months 4 months 

average PMT  1.18 0.75 0.79 0.80 1.33
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With this degree of macro-texture, the new wearing course has a reasonable level of skid resistance, thus participating 
in the safety of users of roads carrying low traffic volumes. 

5.2 Example of longitudinal evenness 

Longitudinal evenness was determined using the profilometer (APL) with notes by wave bands (NBO): short waves 
(SW) and medium waves (MW). The use of long waves would have no meaning with respect to a coating of an average 
thickness of 3 cm on departmental roads such as these. 
In order to assess the contribution made by this process, smoothness measurements of two sections were carried out by 
the LRPC of Blois (1, 2) before construction work and after the recycled asphalt had been applied. 
Smoothness measurements are usually not part of the requirements for low traffic roads. 
Table 2 summarises the results of these measurements with longitudinal evenness by wavelength type and by section for 
each part of departmental road RD 28, before and after the construction work. 

Table 2: evenness mark before and after work 

These results show a marked improvement in the longitudinal evenness of the pavement over short and medium 
wavelengths. 
The operations of milling surface dressings and applying cold asphalt mixes with the recycled surface dressings lead to 
very reasonable evenness marks. 
This level of evenness means that users have better comfort and improved safety. 

5. 3 Overall behaviour 

This process provides the pavement with new-found homogeneity.  
appearance of the surface: by removing transversal profile irregularities (rutting, deformations) and the multiple 
existing repairs and associated work (trenches, widening). 
skid resistance: by eliminating traffic lanes that are closed or even bleeding. 
structure: through the reconstitution, by means of a number of layers that are relatively well stuck together and of 
varied composition, of a homogenous and efficient rolling surface. 

The transversal profile of the pavement has been restored to improve rainwater run-off. 
In July 2007, the longitudinal study of the construction site enabled Sétra to provide the company with a good 
behaviour certificate at the end of the construction site monitoring period. 
The Eure and Loir Département Council was also very satisfied with the results of this economical technology to 
maintain and renew surface dressing. Furthermore, it forms part of the Council's recycling encouragement policy. 

6. EXAMPLE OF ENVIRONMENTAL APPRAISAL  

6.1 Method 

This cold bitumen emulsion reprocessing of surface dressing components helps in protecting the environment by saving 
aggregate and energy. It is a recycling technology very much in line with sustainable development concerns. 

It was with this in mind that the environmental appraisal was carried out using the RD 941 as specimen. 

RD 28  
Before the work 
Measurements of 

16/06/2004 

After the work 
Measurements of 

01/12/2004 

Wavelength SW MW SW MW

3.8 2.0 6.5 7.0
Right-hand part 

3.4 3.0 6.4 7.0

3.5 2.0 5.9 7.0
Left-hand part 

4.0 2.0 6.7 6.0
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The construction work involved renewing the surface of a road with low traffic volumes.  

The appraisal was made by comparing the traditional renewal solution, usually carried out with hot mix asphalts, with 
these asphalts made with planed surface dressing materials. 

Another solution using bitumen emulsion cold mix asphalt was also compared to the two previous technologies. 

On the basis of a partial life cycle assessment, one of the components of sustainable development, the environmental 
appraisal was carried out using a computer program developed by Colas and called Ecologiciel (3)  

It takes into account two particularly important environmental impacts: 
the environmental impacts in terms of energy consumption, 
greenhouse gases in CO2 equivalent 

For each of the above, all of the stages and phases in the life cycle were taken into account, from the extraction and 
production of raw materials and base materials such as bitumen, aggregate and water, until the end of the life of the 
pavement. 

The various materials manufacturing and application operations and the overall road traffic taken by the structure 
throughout its service life were also taken into consideration. 

For each of the stages, greenhouse gas emissions and the quantities of energy consumed were evaluated. 

Studies such as this mean choosing a functional working unit in order to be able to compare the various technologies 
with one another. In the example described here, the surface unit of the m² of pavement was used. 

On this basis, the analysis establishes an environmental appraisal of a technical and economic process. 

6.2 Environmental appraisal 

The construction work to renew the surface of departmental road RD 941 was carried out by the company under the 
terms of a maintenance contract signed with the Eure et Loir Département Council.    
The total surface area concerned was 32,500 m².  
The surface dressings were milled over an average thickness of 25 to 30 mm. 
The materials thus obtained were transported over a distance of 15 km to the cold mixing plant. 
The cold bitumen emulsion mix asphalts with surface dressing materials were then applied in accordance with the 
aforementioned procedure over an average thickness measured at 33 mm. 
The photographs in figure 5 shows the general appearance of the construction site as it progressed. 

Figure 5: production of the coating on RD 941 with recycled surface dressing mix asphalt 

For hot asphalts, the traditional renewal solution, hot mix asphalt 0/10 mm of a thickness of 33 mm was used for 
comparison. 
The same thickness of 33 mm of cold bituminous emulsion mix asphalt was used to establish the environmental 
appraisal. 

To carry out the analysis, a precise breakdown of the system was established in accordance with the various phases.   
For each stage, the calculations of energy consumption and greenhouse gas emissions are based on the selected 
functional unit of pavement m². 
For this construction site, the transport distances taken into account for the calculation are: 
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317 km between the refinery and the hot mixing plant, 
171 km between the quarry with the hot mixing plant and with the cold mixing plant, 
228 km between the emulsion factory and the construction site, 
30 km, the average distance between the hot mixing plant and the application of the mix asphalt. 
15 km, average distance between the planing train and the cold mixing plant and between the latter and the 
construction site 

For 1m2 of surface, the results showed that the technology using emulsion mix asphalt with recycled surface dressing 
materials provides energy savings of 58% compared to the conventional hot mix asphalt renewal solution and 49% 
compared to cold mix asphalt. 

It is across practically the entire chain, from production to application, that this energy consumption estimated in 
megaJoules is reduced. 
In other words, and for this specific construction site, in energy terms, the hot mix asphalt technology requires twice as 
much energy as the bitumen emulsion process using recycled surface dressing. 
The graphs in figure 6 demonstrate the energy savings of this departmental road coating solution compared to the two 
other maintenance technologies. 

Consommation énergétique par structure (MJ/m²)
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Figure 6: energy consumption in MegaJoules / m² for RD 941 of mixes made with recycled surface dressing 
emulsion mix asphalt and hot mix asphalt. 

Using the same calculation bases, cold asphalts made with recycled surface dressing produce two times less greenhouse 
gas in kg/m², CO2 equivalent, than the hot mix asphalt, as indicated in the graph in figure 7. 
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Figure 7: greenhouse gas emissions in kg/m² for RD 941 of mixes made with recycled surface dressing, cold mix 
bitumen emulsion asphalt and hot mix asphalt. 

The technology used for RD 941 therefore reduced greenhouse gas emissions by 50% compared to the conventional hot 
asphalt renewal solution. 

7. CONCLUSION 

Surface dressings are widely used in France for departmental roads that carry low traffic. They contain components, 
aggregate and binders, which have very advantageous characteristics even towards the end of their lifetime. 
Using a suitable process, they can be recycled cold in bitumen emulsion mix asphalt. This cold mix asphalt can then be 
used to renew the surfaces of these pavements. 
With the support of the Eure et Loir Département Council and technical assistance and monitoring from Sétra, this 
process, which has been patented by the company, presents a number of advantages. 
It restores the smoothness of the wearing course, its transversal and longitudinal slopes and its skid resistance for the 
comfort and safety of users. 
Mix asphalts made with recycled surface dressing have physical and mechanical performances that are suitable for this 
kind of road, where traffic levels are low. 
From the economic and environmental point of view, the process is particularly advantageous. Compared to hot and 
even cold mix asphalts, the energy gain is striking and greenhouse gas emissions are considerably reduced. 
This innovative technology for the cold recycling of surface dressing elements, transforming them into cold mix asphalt 
with bitumen emulsion is particularly suitable for the surfaces of departmental roads and is in line with sustainable 
development concerns. 
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ABSTRACT 

An important part of the European SCORE project has been devoted to the development of adequate formulation 
methodologies for materials recycled in-situ with either foamed bitumen or bituminous emulsions. One particular 
concern is the evolution of stiffness with time, which SCORE has monitored on laboratory samples subjected to 
accelerated curing procedures. The paper presents a continuation of this research, of which the main goal is to validate 
the laboratory curing procedure by comparison to stiffness values measured on field cores. To that end, five major 
recycling jobs (foam and emulsion recycling) have been selected during the 2006 campaign. The corresponding 
theoretical mix formulations have been manufactured in the laboratory, compacted (gyratory compactor) at two 
different void contents and cured for 7 days at 18°C–55% relative humidity, followed by 14 days of curing at 35°C and-
20% RH. The evolution of sample stiffness has been monitored via dynamic axial compression tests at 15°C-10Hz. At 
the end of curing, axial stiffness has been compared to indirect tensile stiffness, which is the way stiffness is measured 
on cores extracted from the actual job sites. The results of these laboratory investigations and the first comparisons to 
field values after 6 to 12 months are presented and discussed. 

Keywords: In-situ Recycling, Foam, Emulsion, Stiffness, Testing 

1. INTRODUCTION 

An important part of the European SCORE project has been devoted to the development of adequate formulation 
methodologies for bituminous materials recycled in-situ with either foamed bitumen or bituminous emulsions [1]. One 
particular concern is the evolution of stiffness with time, which SCORE has monitored on laboratory samples subjected 
to accelerated curing procedures. The paper presents a continuation of this research, of which a main goal is to validate 
the laboratory curing procedure by comparison to stiffness values measured on field cores. 

2. IN-SITU RECYCLING IN FRANCE 

The saving of natural resources, reduction of truck transport, lower energy costs and reduction of emissions are strong 
incentives for the development of cold in-situ recycling. They explain why road owners pay more and more attention to 
this technique whereas road contractors devote more and more efforts to its development. The SCORE project is an 
example of a major R&D undertaking in this area.

In practice, and this is especially the case in France, 
in-situ recycling essentially applies to low to medium 
traffic secondary roads. In many cases, the 
bituminous cover is relatively thin and the 
rehabilitation of the road requires the underlying 
materials, which are either unbound granular 
materials or hydraulically bound layers, to be treated 
as well. In France, guidelines for cold in situ 
recycling have been established by the French 
Committee for Road Construction (CFTR) [2]. In the 
case of recycling with bituminous binders, these 
guidelines consider three types (classes) of treatment 
(Table 1), the bitumen being incorporated in the form 
of a bituminous emulsion. With regard to the 
mechanical performance to be obtained at formulation stage, the guidelines are mainly based on gyratory compaction 
(NF P 98-252) and DURIEZ (NF P 98 251-4) test criteria, i.e. compressive strength and resistance to water immersion. 
For pavement design consideration, average stiffness modulus values are recommended, depending on the class of 
treatment and the obtained DURIEZ compressive strength.  

Although these guidelines constitute an excellent starting base, the development and optimisation of the technique still 
calls for a better understanding of how such recycled materials build-up their mechanical strength with time. This is 
especially true for Class I treatments (structural rehabilitation) in which the performance of unbound or hydraulically 
bound base layers is more subject to variability and more difficult to predict.  

Table 1: the 3 classes of recycling with bituminous binders
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For such materials, there is also a need for establishing reference data in the case of in-situ recycling with foamed 
bitumen. This is indeed a very attractive technology as it is less sensitive to the chemical reactivity of materials than the 
emulsion technology.  

These considerations have urged EUROVIA to continue the effort initiated within SCORE along two major routes, the 
assessment of mechanical properties of foam treated “mixed” RAP materials (Class I recycling jobs) and the 
comparison to the development of stiffness obtained in-situ. 

3. EXPERIMENTAL 

3.1 Selection of RAP material – test sections  

During the 2006 in-situ recycling campaign, extensive sampling of RAP material has been undertaken at five different 
job sites in France. All those recycling undertakings have been performed with a Wirtgen 2200 CR recycling machine.  

The main characteristics of the 
performed recycling work and 
RAP materials are summarised 
in Table 2. Figure 1 shows the 
grading curve of the RAP 
materials. 

The evolution of stiffness of the 
recycled materials of these test 
sections was to be monitored via 
a periodic extraction of cores.   

Table 2:  Main characteristics of the recycling jobs considered for 
laboratory studies

The Wirtgen 2200 CR recycling machine Sampling of RAP materials (Job site C) 
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3.2 Laboratory test program  

The emulsion used for manufacturing the recycled 
materials in the laboratory has been sampled at the 
manufacturing plant and mixing made with an 
horizontal two shaft paddle mixer. Foam recycled 
mixes were manufactured with a “Guedu” stirring 
equipment, the foamed bitumen being prepared with a 
Wirtgen laboratory pilot plant.  

Mechanical performance of the so prepared recycled 
materials has been assessed through: 

* The “Duriez” procedure described in  
NF P 98-251-4 for cold mixes. 

* The measurement of dynamic stiffness 
modulus with time, following an accelerated 
curing procedure. 

DURIEZ test procedure 

The Duriez procedure (Figure 2), originally 
developed for hot mixes, is based on static compacted 
cylindrical samples on which one determines 
compressive strength after a curing procedure in air or 
under water, the ratio between these two values being 
taken as a measure for the resistance to water. Sample 
size differs depending on the maximum aggregate 
size of the mix. For cold (emulsion treated) materials, 
the French standard foresees, in addition to the usual 
static compaction load (120 kN for the large samples), 
a second compaction mode in which this load is 
reduced to one third (40 kN). It has indeed been 
recognized that, in the case of cold mixes, the high 
load leads to void contents which are unrealistically 
low in comparison to what can be achieved in 
practice.

Although the main emphasis of this research was on 
stiffness, testing according to the two DURIEZ procedures has been systematically performed. The main incentive was 
of course to verify the criteria of the French guide [2] (which apply to the heavy compacting mode) and to gain 
reference values for the lighter compaction mode.  

Accelerated curing procedure – stiffness testing 

The two levels of density obtained with the Duriez compaction have also been used as a starting base for stiffness 
testing. For each mix, stiffness evolution with time has been monitored for two sets of samples, the average void 
content of each being targeted to the levels obtained with the two DURIEZ compaction modes. This was not only to 
associate stiffness to compressive strength but also to get an appraisal of the sensitivity of stiffness to degree of 
compaction.  
All samples for stiffness testing have been compacted, one hour after manufacturing, with a gyratory compactor (PCG 
type II – NF P 98 252). Sample diameter was 160mm, the mass of material being determined for a height of 150mm. at 
100% compacity. Applied load was 600 kN, with a rotation angle of 1° and a rotation speed of 6 rpm. Compaction has 
been stopped once the theoretical height, calculated from the actual mass of material and the targeted void content, was 
reached.
The so-compacted samples have then been subjected to a curing procedure derived from the SCORE project [1], 
following the recommendations already made by other researchers [3]. Curing consisted in two successive conditioning 
steps. During a first period of 7 days, which was to simulate the very early stage immediately after application, the 
samples where maintained at 18°C and 55% of relative humidity (RH). During the second period the samples were 
stored for 14 days at 35°C and 20% RH so as to accelerate the curing process (however without introducing possible 
artefacts due to excessive temperatures) and to get close to the ultimate strength of the material. 

Figure 1: grading of the sampled RAP materials

Figure 2: the DURIEZ procedure
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During the curing phase (in principle at days 3, 7, 10, 14 and 21), the samples were tested on compressive axial 
dynamic stiffness modulus (CA) at 15°C – 10 Hz, on a MTS electro-hydraulic test rig. This mode of loading on large 
samples has been chosen so as to avoid as much as possible any damage to the material (especially in the first days). 

Once cured, the sawing of these samples. They have thus been cut to a height of 50mm and again tested for stiffness, 
this time in an indirect tensile mode on two different pieces of equipment: 

- Under sinusoidal loading (IT-S), still at 15°C – 10 Hz on the MTS equipment 
- Under a pneumatically applied pulse load (UMATTA equipment) 
-

Indirect tensile testing is of course a preferred mode of testing for samples cored from the road, for which enough 
thickness for axial loading is not always guaranteed (especially in the case of wearing courses).  

It was then necessary to compare the two loading modes at 15°C-
10Hz on the MTS equipment as well as to correlate these results 
with those obtained via pulse loading. To be in the same range of 
stiffness, we worked at 10°C with the UMATTA equipment, 
searching for the best adapted loading time (30ms or 124ms) (NF 
EN 12697-26). The main features of the curing and stiffness test 
program are summarized in Figure 3.  

4. RESULTS AND DISCUSSION 

4.1 Density and compressive strength as measured with the DURIEZ procedure  

The results obtained with the DURIEZ procedure are gathered in Table 3 which also indicates the values prescribed by 
the French guidelines [2] for the heavy compaction mode.  

Figure 3: curing procedure and stiffness measurements Testing of indirect tensile stiffness modulus

Table 3 : DURIEZ test results
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- Not surprisingly, sample density appeared as being very dependent on RAP characteristics and type of 
treatment. Emulsion treated Class III recycled materials (100% bituminous RAP) compact better than foam 
treated Class I recycled materials, most likely due to lower internal friction. Lowest void contents have been 
obtained with materials D and E, for which one may point at the shape of the grading curve (Figure 1) and the 
relatively high bitumen content (Table 2). The 
poorer compactibility of material A, which 
behaves similarly to the Class I materials, may 
possibly be explained by the particular shape of 
its grading curve (high amounts of passing at 
2mm and 10mm).  

- Comparing these results to the gyratory 
compaction curves (Figure 4), one observes that 
the low void contents obtained with the 120 kN 
compaction force could not be reached at 200 
gyrations, which raises fear for some crushing of 
aggregates during the static compression. 
Results and ranking of materials at 200 gyrations 
are however relatively well in line with the static 
compaction results at 40 kN load. 

- Compressive strengths resulting from the 120 kN static compression exceed by far the specifications but do not 
seem to be correlated to void content (Class III materials). Specifications on resistance to water (ratio r/R) are 
met, even if sometimes borderline (Class I materials). 

- With the reduced compaction load, void contents are markedly increased whereas compressive strength values 
drop significantly. This is also true for the r/R ratio which seems also to be more affected in the case of Class I 
materials than for Class III materials (which is conform to intuition). 

The main learning from these data is without doubt the strong impact of the compaction load. Knowing the void 
contents generally obtained in the field, (rather in a range from 10% to 15% than below 10%), they suggest indeed that 
for this type of materials, a reduced compaction load should be preferred. 

4.2 Evolution of compressive axial dynamic stiffness modulus with curing time

As stated in § 3.2, the samples for the monitoring of axial stiffness were to be compacted with the gyratory compactor at 
densities close to those obtained when applying the two DURIEZ compaction loads. This goal could however not be 
completely achieved, as the high densities gained with the 120 kN load could not always be reached (we limited the 
maximum number of gyrations to 200 so as to avoid material damage). Also the gyratory compaction curves (Figure 4) 
could not be consistently reproduced from one sample to another. We got therefore average void contents differing 
somewhat from those obtained with the DURIEZ procedure but the two densities levels achieved for each material 
(except for B) were nevertheless sufficiently different to permit a good appraisal of the sensitivity to void content. For 
each density level, 3 samples have been manufactured and tested. Figures 5 to 9 show the evolution of stiffness during 
the curing procedure for each material. The graphs indicate the average, maximum and minimum measured values. 

Figure 4: Gyratory compaction curves

Figure 5: Evolution of stiffness with curing time -  
   Material B (Class I) 

Figure 6: Evolution of stiffness with curing time -  
   Material C (Class I) 
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Except maybe for the Class I recycled materials, 
maximum stiffness seems to be effectively obtained at 
the end of the 21 days of curing. Density has obviously a 
very strong impact. Increase in stiffness seems also to be 
faster for the more heavily compacted materials. Results 
tend however to be more scattered in this case.  

It is more difficult to use these graphs for a direct 
comparison between the different recycled materials 
since “low” and “high” compacity levels differ from one 
product to another. This is more convenient when 
plotting the stiffness values obtained at a given curing 
time in relation to void content. Such graphs are given in 
Figures 10 and 11 for 7 and 21 days of curing. After the 
first period of seven days (ambient conditions) the 
different materials are not strongly differentiated and the 
dependency upon void content is not very strong although 
materials C and E already seem to follow a different trend. At the end of the second curing period, differences are more 
marked. The steeper evolution of stiffness with density is confirmed for materials C and E. Whereas the highest 
stiffness levels (at similar void contents) are observed for A and B, material D appears as the weakest. Differences in 
RAP grading, type of treatment, residual and added bitumen characteristics,  … are however too numerous to allow any 
sound correlation of these findings to mix composition.  

Also these graphs emphasize the paramount importance of compaction.  

Figure 7: Evolution of stiffness with curing time -  
   Material A (Class III) 

Figure 8: Evolution of stiffness with curing time -  
   Material D (Class III) 

Figure 9: Evolution of stiffness with curing time -  
   Material E (Class III) 

Figure 10: Stiffness in relation to void content -  
     Comparison after 7 days of curing 

Figure 11: Stiffness in relation to void content -  
      Comparison after 21 days of curing 
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4.3 Comparison of different stiffness measurements at the end of the curing period

At the end of the curing process, the samples which had undergone compressive axial modulus testing have been cut to 
a height of 50mm and tested for indirect tensile stiffness (3 repeats per test condition), both with sinusoïdal loading    
(IT-S - 15°C–10Hz) and pulse loading (IT-P) at 10°C at two pulse durations (30ms and 124ms, with 3 seconds between 
each pulse). The obtained average values are gathered in Table 4. Due to the necessary delays for drying the samples 
after sawing and other laboratory constraints, indirect tensile testing took place in a period ranging from 23 to 40 days 
after the start of curing. Considering that comparisons were made on already cured samples, this should however not 
affect the validity of the analysis made hereafter. Although this database is still limited, it seems however that, at least 
on a first approximation level, we may state that: 

- Stiffness modulus values measured at 15°C-10Hz under sinusoidal indirect tension conditions are comparable 
to those measured, at the same temperature and frequency, in an axial compression mode. 

- These stiffness values are also comparable to the indirect tensile stiffness measured at 10°C with a pulse time 
of 124 ms.  

5. EVOLUTION OF STIFFNESS IN-SITU

In principle, it has been planned to take core samples from the reference job sites after 6 months and 1 year, then at 1 
year intervals. Yet, in practice, both core taking and their subsequent testing often suffer some unexpected delays, due 
to constraints on the road itself, availability of the coring team and scheduling of laboratory tasks. This, together with 
the late carrying out of some jobs (e.g. job site D and E) explains that, at the time of writing of the paper, only a limited 
number of results from these job sites were available. Since 2005, cores have however been taken and tested for 
dynamic stiffness from other job sites as well. A selection of Class I and Class III job sites, similar (in as much as 
possible) to the reference sites has thus been made and the available stiffness results included in our set of data. A short 
description of these additional recycling jobs, compared to those of the reference sites, is given in Table 5. 

With the exception of job site E, all Class III recycling works have been emulsion treated with a soft 160/220 bitumen 
grade and the addition of 0,5 pph cement. Characteristics and amount of the residual bitumen as well as the amount of 
added bitumen are in general reasonably close with however one noticeable exception in the case of job site 3/a. In this 
case, actual binder content of the RAP material proved to be significantly higher then estimated from the preliminary 
investigations, leading to much higher overall binder content in the final mix than projected. 

The three considered Class I job sites have all been foam recycled with a 70/100 grade bitumen and the addition of     
0,5 pph hydrated lime. Considering the composition of the treated material, one may notice that material 1/a should 
rather be compared to material C, both including 50% of hydraulically bound materials whereas material B is 
significantly different, both with regard to the amount (up to 75%) and nature (unbound gravel) of the “white” material 
and the nature (successive surface dressings) of the “black” material. 

Table 4:    Comparison of different stiffness measurements at the end of the curing period
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5.1 Analysis of cores taken from Class III job sites  

All the cores taken in-situ have been tested in the sinusoidal indirect tensile mode at 15°C-10Hz (IT-S) with the 
exception of material 3/c at 12 months tested under pulse loading at 10°C-124ms (IT-P). It is reminded (§ 4.3) that we 
found both loading conditions to give fairly similar results. In Figure 12, these stiffness values are compared to those 
obtained on laboratory cured materials A, D and E (under both IT-S and IT-P loading conditions). 

Material A is the only one for which a direct 
comparison to laboratory cured samples is 
possible. After 5 months, results on the field 
cores appear as being already quite close to 
those obtained in the laboratory.  

After 5 or 7 months, materials 3/b and 3/c have 
also reached stiffness levels which are in the 
domain delimited by those measured on 
laboratory cured materials A and D. One may 
further observe that for material 3/c, the 
evolution between 5 and 12 months seems to 
be limited. 

Material 3/a is more disappointing. Despite 
relatively low void contents, its stiffness after 
4 months is quite low. There is however an 
evolution with time, the stiffness values 
getting closer to the general trend after 17 
months. This particular behaviour has certainly 
to be ascribed to the significantly higher 
overall binder content of this mix. 

More generally, it may also be underlined that the stiffness measured on field cores seems to be less strongly correlated 
to void content than what has been observed on the laboratory made samples. This has certainly to be related to the 
greater heterogeneity encountered in the field which impacts both the measured stiffness and the calculated void content 
(which assumed the same theoretical composition for all samples). More attention will have to be given to this aspect in 
future investigations. 

Table 5: Job sites retained for the comparison of in-situ stiffness to stiffness of laboratory cured samples

Stiffness Modulus on Class III core samples
( IT-S at 15°C-10Hz or IT-P at 10°C-124ms )
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Figure 12:  Stiffness of field cores as compared to 
laboratory cured Class III materials 
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5.2 Analysis of cores taken from Class I job sites  

Results were available after 6 months for material B and 12 months for material C. In each case, the field cores have 
been tested with pulse loading at 10°C-124ms (IT-P). Cores of material 1/a have been tested after 9 months in the 
sinusoidal indirect tensile mode at 15°C-10Hz (IT-S). In Figure 13, these stiffness values are compared to those 
obtained on laboratory cured materials B and 
C (under both IT-S and IT-P loading 
conditions). 

Due to the poor level of density measured on 
the extracted field cores, the stiffness 
measured on material C after 12 months is 
quite low but follows the trend evidenced on 
the laboratory cured samples. This seems also 
to be the case for material 1/a (most 
comparable to C) after 9 months. 

For material B, however, stiffness after 6 
months is only about half of the potential 
maximum value expected from the laboratory 
studies. Possible main reason is the larger 
heterogeneity of this kind of material (75% of 
“white” materials) and hence the bigger gap 
between controlled laboratory conditions and 
the field. 

6. CONCLUSIONS  

The strongest outcome of our investigations is certainly that they constantly evidenced the major incidence of density 
on the mechanical properties (compressive strength as well as stiffness) of recycled materials.  

It has to be acknowledged that the density levels obtained for in-situ recycled materials are rather on the low side 
(usually between 10 and 15% for Class III materials and even more for Class I materials). This is due to both the high 
internal friction of this kind of materials and, in many cases, to the relatively low bearing capacity of the underlying 
structure. This means on one hand that a special attention has to be paid to compaction (choice of adequate equipment 
and compaction schemes). On the other hand, it means also that formulation studies or material characteristics (such as 
stiffness) to be used in design calculations have to be made or determined on samples compacted to realistic (likely to 
be obtained in practice) densities.  

This comforts in particular our thinking that, in preparing laboratory samples for the DURIEZ procedure (commonly 
used for formulation purposes in France), the lighter compaction mode should be preferred. 

The same applies to samples for stiffness testing and may be achieved via a proper adjustment of the number of 
gyrations with a gyratory compactor.     

The still limited number of available data on both laboratory cured and comparable field cores does not yet allow to 
make any firm conclusion as to the validity of the accelerated laboratory curing procedure applied in this study. For the 
types of recycled materials studied here, we may however dare following statements. 

- The accelerated procedure leads to fairly stabilized stiffness values for at least Class III materials. Curing 
tends to be slower for Class I materials, for which the procedure might have to be extended somewhat. For 
both types of materials, the increase of stiffness with curing time tends to be faster for the more heavily 
compacted test samples. 

- It is not yet possible to conclude whether the end stiffness values obtained in the laboratory will be 
reached or exceeded in practice. At first sight, they seem to give a reasonable estimate of what one is 
likely to get. The reliability of this estimate is probably closely linked to the potential heterogeneity of the 
material. In other words, it will more reliable for Class III materials than for Class I materials, especially 
for those with a large proportion of “white” materials. 

Figure 13:  Stiffness of field cores as compared to 
laboratory cured Class I materials 
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- The time period after which the ultimate stiffness will be reached in practice may also strongly depend on 
the type of material and be shortest for Class III materials. 

- Let us also mention that it will always be difficult to “capture” the time at which the in-situ material has 
finished its consolidation since its stiffness may continue to increase due to ageing or decrease due to 
fatigue damage ! 

It is hoped that the continued monitoring of these job sites 
will allow us to shed some more light on these questions. 
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ABSTRACT 

This new technology realizes the regeneration, by hot recycling, of all old bitumens contained in the used asphalts. It 
gives a practical answer to the reduction of the consumption of the bitumen and to its recycling. This technology is the 
way of the sustainable development for road bituminous materials. A physicochemical process using specific additives 
makes the reduction of the oxidized constituents, integrates them into the elastic matrix newly created and then adjusts 
the final rheology of the material at the desired level. The old bitumens, regenerated into conventional or polymer-
modified bitumens, are identical to new bitumens. This technology allows the use of the highest rates of recycling 
acceptable by the hot mix plants (It is possible to recycle 100% of the RAP but with a special asphalt plant). The 
additives, in form of pellets, make possible all kind of regeneration and facilitate the development of the technology. 
This process, applied to the production of special asphalts, prevents the use of industrially polymer-modified bitumens 
manufactured, by achieving these bitumens directly in the mixers or in the drums in the asphalt plants by the addition of 
the additives within the bitumen during the coating of the aggregates. 

Keywords: additives, economics, modified binders, RAP, recycling 

1. INTRODUCTION 

The increase of the price of crude oil, bound to its rarefaction, affects the economic and political equilibrium of our 
planet. This context directly raises the question of the availability of the bitumen, of its value and of its future. During 
more than half a century, a tremendous resource, representing more than one billions ton’s of bitumen [1], was stored in 
the shape of granular mixtures in the layers of the pavement of the road networks which cover the planet. There is an 
extraordinary raw material reserve, easily accessible which we must now re-use thanks to a viable solution specifically 
dedicated to the regeneration of bitumen. The re-use of a ton of hot mix asphalt prevents the importation and the 
refining of one hundred kilogram of oil and restores the aggregates which have been mixed with it. The stake of making 
the road bituminous materials an element of the sustainable development is of primary importance and raises the 
question of the availability of a perennial technical solution. It is the goal of this work who comes from the knowledge 
of the bitumen middle and from the physical and chemical improvement of its properties [2] [3]. This paper presents the 
various ways of regeneration permitted by the process. It constitutes a reliable basis for solving this challenge. 

2. FACTORS OF AGEING AND CONSEQUENCES ON THE STATE OF THE BITUMEN

As soon as the bitumen has been produced, the process of ageing starts at the refining and its storage, then at the 
production and storage of the asphalt [4] [5] and during its utilization. The ageing of the bitumens must be considered as 
a whole. It can be noticied by the relative increase of the asphaltens and the decrease of maltenes compounds [6]. The 
active ingredients of our process has been selected by taking into account the effects of the ageing process of the 
conventional or modified bitumens such as the occurrence of a rigidification behavior of the medium, the presence of a 
system in oxidizing conditions, the natural transformation of the organic substances (without external contribution of 
hydrogen) and the hydrogen impoverishment of the molecules [7]. 

3. CONDITIONS OF THE REGENERATION AND DEFINITION OF THE FRAMEWORK OF THE TESTS 

The regeneration of the bitumens uses the hot mix asphalt recycling way, the only way to restore the properties of the 
asphalt immediately after the development of the reactive mechanisms. The process brings a complete answer to the 
alterations due to the ageing. The additives used in the process, compatible with the medium, are chosen in order to 
achieve various functions such as the chemical reduction of the oxidized compounds, the integration of the new 
products to the new composition, the creation of a flexible matrix, the decrease of the importance of viscous elements 
within the characteristic of the complex modulus [8] [9] and the adjustment of the final rheology at the desired level [3]. 
The principle of the tests lies in the assumption demonstrated hereafter. The regeneration process which takes place 
within the bitumen of the old asphalt during the blending with the additives, leads to a final bitumen whose properties 
are identical to those of the industrial polymer-modified bitumen obtained by preliminary blending in a tank starting 
from the same extracted old bitumen. So we will manufacture, on one hand, directly on the asphalt, on the other hand, 
on the extracted bitumen. The washed aggregates of the samples of the old asphalt will be used for carrying out 
reference samples of asphalt with conventional or polymer-modified bitumens. It will be thus possible to compare the 
performance levels of the recycled hot mix with the reference samples. According to the content of 3.5 to 7% of 
bitumen in the asphalt, an interval of 7 to 12% of additives in respect to the bitumen will be chosen (0.4% to 0.7% 
additives in respect to the asphalt). The RAP (reclaimed asphalt pavement) comes from the surface course of the 



national Spanish road: N VI Madrid-La Coruna to Medina del Campo. Two samples of asphalt of type D12 (n° 1 of 800 
kg, n° 2 of 800 kg) were used.    

4. EXPERIMENTAL CONDITIONS – CHARACTERISTICS OF THE SAMPLES AND OF THE ADDITIVES 
– DEFINITION OF THE TESTS AND MATERIALS 

RAP D12 CHARACTERISTICS OF THE EXTRACTED OLD 
BITUMEN* 

% elastic recovery 
Samples   Ref. % of 

bitumen % of filler Pen R&B °C 25°C 40°C 

1 B1 5,5 8,2 9 59 0 0 
2 BR 5 7,2 19 57 0 0 

Table 1: Characteristics of the RAP and of the extracted bitumens

(*) filtration of the solutions after centrifugation, the recovered bitumens do not comply with specifications 

We use 3 additives: a component for bringing structuring substances, another for the realization of the chemical process 
and a third one as a vector of complementary bitumen and/or for correcting eventually the viscosity. 

Additives for structuring Additives Chemical 
Process

Complementary bitumens/additive
for correcting the proportions and/or 

the viscosity 
A

(visco mini : 1 – 2 Po / 120°C) 
Aps

15 – 30 cSt / 40°C 
B 60/70, B 80/100, 

B 150/200 
B

(visco maxi : 18 – 20 Po / 170°C) 
Bps

0,8 – 1 Po / 150°C Mineral Oil 

Table 2: Characteristics of the various additives 

The manufacture and the analysis of the modified bitumens are carried out between 165°C and 175°C with a heating 
mixer and the traditional equipment for the characterization of bitumens with a RTFOT oven, a HAAKE Rheostress RS 
150 rheometer with a SHRP device and a Mettler Toledo DSC 30 differential calorimeter. We measure the following 
parameters: Pen, R&B, elastic recovery, differential calorimetric behavior (Tg and paraffin’s content or crystalisable 
fractions [10] [11]). The manufacture of the asphalt is realized at a temperature between 160 and 175°C with: heating 
drying ovens, mixer for asphalt, Marshall machine and tests press. The tests tubes are compacted with 75 blows per 
face. 

5. EVALUATION OF THE TRADITIONAL, RHEOLOGICAL AND CALORIMETRIC PROPERTIES OF 
THE REGENERATED BITUMENS 

The samples are manufactured with BR bitumen in the range of 7 to 12% of additives in respect of BR bitumen (100% 
recycling) by addition of the structuring additive A or B, with or without the additive for the chemical process. The 
results are gathered in the tables 3 and 4 before and after the RTFOT tests. Such bitumens do not change more than a 
“fresh” bitumen. 
The complex modulus G* of the regenerated bitumens and of the control bitumen B40, B60 and BM1, BM3c [12] [13], 
is obtained by the follow-up of the ratio G*/sin  (SHRP conditions between 5°C and the maximum temperature °C for 
which G*/sin  > 1000 Pa before RTFOT and G*/sin  > 2200 Pa after RTFOT), (BM1 and BM3c are the Spanish 
polymer-modified bitumens with extreme characteristics [13]). The chart 1 and 2 show the behaviour of the regenerated 
bitumens and of the references bitumens before and after RTFOT. The G* of the regenerated bitumens is between the 
one of bitumens and PBM but it differs of the one of bitumens by increasing when >20/40°C and by decreasing for 
<5°C which shows a better behaviour when  is high and a better softness when  is low. The G* of the regenerated 

bitumens after RTFOT follow the same amplitude of evolution that the references. 



Additive A Additive B 
References A1F A2F A3F B1F B2F B3F
Percentage of additives 7 9,9 12 6,9 10,3 12 
Penetration 42 52 61 24 26 24 
R&B °C 55 61 50 60 61 61 

Without  the 
additive of 
the chemical 
process 

Elastic recovery at 25°C (%) 12 15 21 14 17 14 
References A1 A2 A3 B1 B2 B3 

Percentage of additives 7,05 9,95 12,1 6,95 10,4 12,1 

Penetration 40 49 50 24 24 25 

R&B °C 57 55 54 61 64 65 

After the 
action of the 
additive of 
the chemical 
process 

Elastic recovery at 25°C (%) 18 36 53 22 37² 39 
    
Table 3: Characteristics and results of the tests of regeneration 

A3 B3 

Effect of ageing Before
RTFOT

After
RTFOT

Before
RTFOT

After
RTFOT

Specifications
abide by 

Penetration 50 34 25 18 B13 - B40 
R&B °C 54 59 65 67 B13 – B40 

Elastic recovery at 25°C (%) 53 37 39 25  

Table 4: Evolution of the characteristics of the regenerated bitumens after RTFOT

With the bitumen B1 of the RAP No 2, in comparison with the anterior tests, two new regenerated bitumens A1 and B1

have been manufactured (Table 5).  

 BITUMENS PRODUCED WITH BITUME B1 
Reference A¹ B¹ 
Additive A or B (%) 8,2 8,2 
Additive Bps (%) 1,8 1,8 
Penetration 36 16 
R&B °C 62 68 
Elastic recovery at 25°C (%) 27 18 

Table 5: Characteristics of bitumens A1 and B1

The regeneration of B1 and BR in A1/A3, B1/B3 and A1/B1 returns their IP to the interval -1 to +1 [12]. These bitumens 
while becoming again conventional, B13/22 and B40/50, acquired an elastic character whose ordinary bitumens is 
lacking of (viscoelastic couple next to the one of polymer-modified bitumen BM2 and BM1 in the case of old bitumens 
with a penetration between 5 and 9). These regenerated bitumens contributes to giving the bituminous hot mixes some 
interesting behaviours: high values of the dynamic modulus and improvement of the behaviour to the fatigue of the 
asphalts.
The DSC recordings made on BR and the 12 regenerated bitumens shows the morphology and the transformations 
obtained during the two steps (Tables 6 and 7) [10,11,14]. The graph (chart 3) gathering BR, A1F and A1, highlights 
the process of conversion/chemical reduction of the oxidized components by the FC evolution (reduction by a factor of 
3 to 8 in regard with the initial rate – this phenomena has not been reported in the literature) and the improvement of  
Tg ( °C : -1 to -6). 



COMPARATIVE RHEOLOGICAL ANALYSIS  OF REGENERATED BITUMENS 
EVOLUTION OF THE COMPLEX MODULUS ACCORDING TO THE TEMPERATURE 
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Chart 1: Complex modulus of the regenerated bitumens with the additives A and B, bitumens B40 and B60 and 
polymer-modified bitumens BM1 and BM3c 

 COMPARATIVE RHEOLOGICAL ANALYSIS OF REGENERATED BITUMENS AFTER RTFOT 
EVOLUTION OF THE COMPLEX MODULUS ACCORDING TO THE TEMPERATURE   
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Chart 2: Complex modulus of the regenerated bitumens with the additives A and B, the bitumens B40 and B60 
and the modified bitumens BM1 and BM3c after RTFOT 

BR A1F A1 A2F A2 A3F A3 
Tg °C - 14 - 14,2 - 20,1 - 15,5 - 18,8 - 18,7 19 

 of Tg  - 0,2 - 6,1 - 1,5 - 4,8 - 4,7 - 5 
 H (J.g -¹ ) - 2,35 - 1,72 - 0,27 - 2,21 - 0,54 - 1,03 - 0,41 

F.C. (%) 1,18 0,86 0,14 1,11 0,27 0,57 0,21 
Reduction ratio of FC  1,37 8,7 0,06 4,35 2,28 5,73 

Table 6: Value of Tg and of the percentage of crystallisable fractions FC with additive A 

BR B1F B1 B2F B2 B3F B3 
Tg °C - 14 - 19,9 - 16,3 - 14,2 - 15,4 -14,7 15,5 

 of Tg  - 5,9 - 2,3 - 0,2 - 1,4 - 0,7 - 1,5 
 H (J.g -¹ ) - 2,35 - 1,49 - 0,77 - 1,48 - 0,62 - 1,5 - 0,64 

F.C. (%) 1,18 0,75 0,39 0,79 0,31 0,75 0,32 
Reduction ratio of FC  1,57 3,02 1,49 3,03 1,53 3,68 

Table 7:   Value of Tg and of the percentage of crystallisable fractions FC with additive B 



Chart 3:  DSC behaviour of the extracted bitumen BR (a), AF1 mixture (b) and final regenerated bitumen A1 (c) 

6. VERIFICATION OF THE “REGENERATION” EFFECT GIVEN TO THE ASPHALTS – 100% 
RECYCLING CASE 

Manufacture of asphalts (RAP 1) with regenerated bitumen (160/175°C with a rate of additives between 0.4 and 0.7% / 
RAP and then manufacture of Marshall test-tubes with the two additives A and B with or without chemical process 
agents (table 8) and of reference asphalts (at similar ) from the aggregates recovered of RAP 1 with B40, B60, BM1, 
BM2, BM3a and BM3c bitumens (tables 9a and 9b). 

RAP 1 SAMPLE 1 + ADDITIVES A and Aps SAMPLE 1 + ADDITIVES B and Bps 
Tests 0 7 5 27 3 10* 6 8 28 1 9* 
Additives A o B % 8,2 13,7 5,2 8,3 9,5 8,2 11,3 5,1 8,2 11,4

Additives Aps o 
Bps % 0 0 0,4 0,7 0,9 0 0 0,5 1,6 1,1

Additives / RAP 
% 0,49 0,86 0,32 0,54 0,53 0,49 0,7 0,33 0,6 0,65

Bitumen % 5,5 5,96 6,31 5,80 6,01 5,53 5,96 6,15 5,81 6,05 5,64

Specific gravity 2,27 2,4 2,4 2,41 2,41 2,44 2,41 2,4 2,42 2,4 2,42

Marshall  Stab. 
KN 19,4 15,3 11,5 15,7 12,6 13,4 16,1 11,9 21,5 23,6 16,4

Deformations mm 1,38 2,9 2,9 5,84 4,41 4,42 4 6,16 5,84 4,26 5,66

Table 8:   Characteristics of the hot mix with regenerated bitumens with various contents of additives A and B 

(*) dilution of the content of the bitumen by the introduction of 10% washed aggregates into the recycled asphalt 

CONVENTIONAL BITUMENS
Bitumen used B40 B40 B40 B60 B60 
Test 12 13 14 15 16 
Bitumen % 5,5 6 6,2 5,5 6 
Specific gravity 2,43 2,41 2,41 2,41 2,41 
Marshall Stab. KN 12,1 12,4 14,8 11,7 8,11 
Deformation    mm 3,8 4,6 4,82 4,7 6,59 

Table 9a:  Characteristics of the reconstituted asphalts (recovered materials of RAP 1 with conventional 
bitumens) 



POLYMER-MODIFIED BITUMENS
Bitumen used BM1 BM1 BM2 BM2 BM3a BM3a BM3a BM3c BM3c 
Test 17 18 19 20 37 38 39 21 22 
Bitumen % 5,5 6 5,5 6 5,5 6 6,2 5,5 6 
Specific gravity 2,42 2,4 2,41 2,41 2,41 2,41 2,41 2,42 2,41 
Marshall Stab. KN 17 16,9 18,6 17,8 18,3 12,7 12,5 13,3 12,2 
Deformation   mm 6,22 5,52 4,96 5,25 3,87 4,24 4,91 5,41 5,89 

Table 9b :  Characteristics of the reconstituted asphalts (recovered materials of RAP 1 with various PMB) 

6.1  Influence of the concentration on agents producing the chemical process 

The increase of the content in additives for the chemical process produces an increase of the Marshall stability and of 
the Marshall capacity of the deformation. 

SAMPLE 2 + B 
Test reference 93 94 70 
Additive B / regenerated bitumen (%) 9 9 8,9 
Additive Bps / regenerated bitumen (%) 0,7 1,3 2 
Total of additives / regenerated bitumen (%) 9,7 10,3 10,9 
Total of additives / RAP (%) 0,53 0,57 0,61 
Content of regenerated bitumen (%) 5,50 5,54 5,58 
Specific gravity of the test-tubes 2,39 2,39 2,43 
Marshall  Stability 10³ N 16,9 17,7 19,6 
Breaking deformation (mm) 3,46 3,87 4 

Table 10:  Effect of the concentration of additives for chemical process with B 

6.2  Analysis and comments 

The two kinds of structuring additives, individually or mixed together, plasticize the medium which gives a reduced 
stability. The additive B gives more capacity of deformation. The additives of the chemical process increase the 
capacity of deformation of the asphalt and the breaking stability in the case of additive B. The reduction of the content 
of the bitumen : 6 to 5.6% by the addition of the washed aggregates has no effect with the additive A, but gives, for the 
case of the additive B, a reduction of the stability by increasing the elasticity of the bitumen. With the exception of 
BM1, the comparison of the reference samples shows that the deformation increases and the stability decreases for all 
the types. The Marshall values for the regenerated asphalt have Marshall stabilities comparable with those of polymer-
modified bitumens whereas their capacities of deformation are not very different from those given by the asphalt with 
the reference bitumens. The structuring additives of low and high viscosity give regenerated asphalts with similar 
characteristics to those of multigrade bitumens.   
The influence of the operating conditions has been checked: temperature of mixture 160°C and duration of mixing 
between 1 and 2 minutes. The amplitude of evolution of the value of the Marshall stability and deformation, which is at 
a lower level with the extracted bitumen BR, comes from the difference in morphology between the two old bitumens. 
Those examples, which are the basis of the 100% regeneration of an old asphalt, show the emergence of a set of 
properties which converge towards a new coherent overall effect. The reconstitution of regenerated asphalts from 
bitumens prepared beforehand with A or B and B1, corroborates the validity of the physical and chemical process 
whatever it will be realized inside B1 or inside the scurf on the aggregates! The use of A or B or of a mixture of A and 
B according to the hardening of the old bitumen is the key of this process. The chemical process of reduction and 
grafting of the oxidized components which plays an essential role in the stable and irreversible rebalancing of the 
couple thermo – viscoelasticity ensures the locking of the system. 

7. APPLICATIONS 

The concept of regeneration opens the way to various applications. Some examples are: the partial or overall 
transformation of a RAP into asphalt with conventional or polymer-modified bitumens, the regeneration of old PMB  
and the production of new special asphalt directly in the mixer preventing the usage of industrial PMB.  



7.1  Partial recycling 

The process makes possible to incorporate a maximum content of RAP according to the possibilities of the recycling 
asphalt plant : around 60% for the production of asphalts made from regenerated bitumens B40, B60 or other. From 
50% of bitumen A2, A3 and B2, B3 prepared before and mixed with 50% of bitumens B40, B60, B80 and B150 (tables 
13), we obtain bitumens B40 or B60 (table 14). It is the same with other rates simulating some recycling with 30% and 
70% (table 14). Those reconstituted bitumens have an elastic property at 25°C. 

B40 B60 B80 B150 
Penetration 43 70 84 171 
R&B °C 57 55 47 36 
Elastic recovery at 25°C (%) 0 0 0 0 

    
Table 13:  Characteristics of the new conventional bitumens used in the tests 

Categories of bitumens 
expected 

B40 B60 

Kind of mixtures 
Recycling rate % 

A3 +B40 
50

B3 + B80 
50

B3 + B150 
70

A2 + B60 
50

B2 + B150 
50

A3 + B60 
30

Penetration 46 47 44 67 63 64 
R&B °C 55 56 58 53 55 53 

Elastic recovery at 25°C (%) 10 12 12 9 11 9 

Table 14:  Characteristics of the regenerated bitumes reproducing a partial recycling with 30 and 70% 

These results show the extent of the possibilities and the advantages of the process for partial recycling. 

7.2 100% Recycling 

This way has been explained before. The recycling at 100% into traditional bitumens according to the condition of the 
old bitumens : 4 <Pen< 25, we find in Spain, authorizes the manufacture of regenerated bitumens with value of 
penetration between 15 to 55 whose elastic properties are close to those of BM1 / BM2. This advantage has been used 
in 1996 as reinforcing power on the N 525 Road: Benavente Orense (Spain) taking into account the high levels of 
dynamic modulus and of the good behaviour against welltracking certified in 1995 by the CEDEX. 

7.3  The case of the hot mix open grades 

The porous asphalts appeared more than two decades ago particularly under the impulsion of the PMB, their main 
specificity resides in the reduction of the porosity. Their recycling must insure at the same time the regeneration of the 
old polymer-modified bitumens and the increase of their ratio of porosity from 6/9% to 20/25% by the introduction of 
big aggregates of 12/15 mm size. In most of the cases of treatment, the penetration of the old PMB will be lower than 
10, which is lower than those of the bitumens used for manufacturing BM1 or BM2 [18] [19].  
The example presented here is made from RAP of Italian motorways. The motorway company, satisfied by the 
experience acquired during the Eighties, considers the in-situ repairing with the ART machine (ART 220 MARINI) [15] 
for economic reasons (see photo below photo 1). The specifications have been defined the following way: extraction of 
the bitumen with DCM, overall quantities of additives between 30 and 40% (additives + supply’s bitumen) and 
reconstitution of PBM with the following characteristics : penetration of 50 to 70, R&B around 70°C, ductility > 10 cm 
at 25°C and elastic recovery by torsion > 15% at 25°C. The sample of reference Magliano Sabina has a penetration of 4 
and a R&B of 91°C. The tests have been conducted with a percentage of additives + bitumen between 27 and 42.5% in 
order to comply with specifications (table 15).  



F9 F3 F6 E1 E4 C3 
Italian bitumen with pen 4 MS % 63,3 63 57,5 63,1 63 62,8 
Structuring additive B % 27,5 27,5 25 19,6 19,6 27,5 
Structuring additive A %     8,2 8,2  
Chemical process additive Bps % 9,2 9,5 17,5    
Chemical process additive Aps %    9,9 10  
Chemical process additive A’ps %      9,7 
Penetration 69 51 59 38 45 29 
R&B °C 63 72 58 72 72 70 
Ductility 25°C 5 6 26 11 14 27 
Elastic recovery at 25°C % 
(On the ductility test-tube’s  ½ lace) 68 75 75 53 74 78 

Table 15:   Characteristics of the bitumens regenerated and modified by partial recycling of porous asphalts 

Photo 1:  Asphalt recycling travel plant ART 220 – Marini / Pavimental 

7.4 Reproduction of a polymer-modified bitumen from old bitumens 

BM1 BM2 BM3a BM3c 

Bitumen penetration 19-BR % 76,5 76,5 83 70 
Structuring additive B %  22,5 11 5 18 
Structuring additive A %   11,5 11 12 
Chemical process additives Bps % 1 1 1 1 
Overall quantity of additives % 23,5 23,5 17 31 
Penetration 28 43 57 59 
R&B °C 71 67 59 66 
Ductility 25°C 10    
Ductility 5°C 6 11 12 32 
Elastic recovery at 25°C  %  12 26 28 72 

Table 16:   Characteristics of the standard PMB by regeneration and recovery of the old bitumen BR 

This way of reproduction of a PMB uses significant quantities of additives and requests the contribution of some 
complementary new aggregates to increase the porosity and to balance the excess of  the produced bitumen. Its setting 
up needs a partial recycling. From BR, 4 BM have been manufactured (Table 16). The contribution of 17 to 31% of 
additives and bitumen define the rate of recycling which is lower than 70%. They are realized with recycling plants and 
an addition of 12/15 aggregates.  

7.5 Polymer-modified bitumens produced during coating 

An example (L2) obtained by this way [3] from aggregates is shown in the following paragraph. 



8.    USE OF GRANULATED ADDITIVES 

In order to eliminate the constraints bound to the viscous conditions of the hot additives and to facilitate the 
development of this technology, a granulated form associated to the additional bitumen and/or to the correcting agent 
according to the final characteristics of the regenerated bitumen has been realized (table 17). 

L0 L1 L2 L4 
Type of bitumen to be obtained BM3c BM3c BM3c L3 basis + substrate of the pellets 

Way of realization Reference Pellets
way 

Additives 
way /

Polymer % 6 - - / 
Pellets % - 10 - / 
Structuring additives B % - - 30 / 
Chemical process additives % - - 1 / 
Bitumen L3 % 94 90 69 100 - X 
Substrate included in the additives % / / / X 

Table 17:   Fabrication of the BM3c modified bitumen using granulated additives with various ways 

Spanish PMB specifications  L0 L1 L2 L3 L4 B60 

Penetration 55 / 60 68 66 63 111 103 63 

R&B °C 65 mini 72 73 72 44 45 49 

Ductility at 5°C 30 mini 46 42 40 85 90 15 

Elastic recovery at 25°C   % 70 mini 99 94 92 - - - 

Table 18:   Characteristics of the various bitumens used for the tests  

Marshall test 

Marshall 
Stabilities

10³ Pa 

Deformations 
mm

S 12 + 5% B60 (M-B60) 14,8 2,43 
S 12 + 5% L4 (M-L4) 12,7 2,82 
S 12 + 5% L0 (M-L0) 18,2 3,20 
S 12 + 5% L1 (M-L1) 18,9 3,38 
S 12 + 5% L2 (M-L2) 18,4 3,29 
S 12 + 5% mixture ( 0,1 granulated additives + 0,9 L3 )   (M-GL1) 18,6 3,17 
S 12 + 5% mixture ( 0,3 Add B + 0,01 Add Bps + 0,69 L3 ) (M-AddL2) 18,5 3,26 

Table 19:   Marshall characteristics 

The tables 17 and 18 gather the formulations and the characteristics of the bitumens used for carrying out a serie of S12 
asphalts with 5.9% of filler and 5% of bitumen (type BM3c). The characteristics of L1 and L2 (produced by a coating 
mixer) are similar to the reference L0/BM3c. The results of the Marshal test (table 19) do not show some characteristics 
differences by direct in-situ way (M-GL1: granulated additives in the mixer) or by the conventional way (BM3c - 
PMB). The M-AddL2 shows the production of PMB directly in the coating phase with a conventional bitumen of 
adequate characteristics (L3).  

8.1  Validation of the performance of the granulated additives for partial recycling 

These additives allow the dissociation and the control of the contribution of structuring products from the agents needed 
for the chemical process independently of the adjustment of the medium’s rheology. We use 2 additives: pellets and 
agents for correcting the viscosity associated with a bituminous basis. The parameters of partial recycling have been 
chosen according to the recycling rate, to the content and the nature of the old bitumen, to the grade and the quantity of 
regenerated bitumen and to the kind of available supply bitumen. From the recovered bitumen BR and from the bitumen 
of Magliano Sabina reference, we reproduce some bitumens of type B40 and B60 with the following conditions: RAP 
with 5% bitumen, final recycled asphalt with 5% of regenerated bitumen. The regenerated bitumens (table 20) 
correspond to the expected grades and show all of them a capacity of elastic recovery at 25°C. 



RT1 RT2 RT3 RT4 RT5 
Grade of the expected regenerated 
bitumen B40 B60 B60 B60 B40 

Recycling rate % 70 70 70 40 60 

Bitumen chosen for the regeneration Sample 2 
BR

Sample 2 
BR

Sample 2 
BR

Sample 2 
BR

Italian Bitumen 
MS

Old bitumen % 70 70 70 40 60 
Grade of the fresh supply bitumen B60 B60 B200 B60 B200 
Fresh bitumen % 23,4 20,2 22,4 54,6 28,6 
Pellets % 1,8 1,8 1,8 1 1,5 
Additives for correcting viscosity % 4,8 8 5,8 4,4 9,9 
Penetration 48 66 65 63 42 
R&B °C 56 52 53 54 58 
Elastic recovery at 25°C   % 11 12 11 12 9 

Table 20:     Examples of characteristics of the bitumen issued from the partial recycling process with the 
regeneration of the old bitumen added 

8.2   Road tests for checking the adequation of the granulated additives 

After mastering the problem of the industrial manufacturing of the pellets, the evaluation of the granulated additives by 
full-size tests has confirmed the validity of the correct size of the pellets and the performance of their structuring and 
chemical effects. The laboratory tests have been confirmed by a road job in August 2005. We choose difficult 
conditions: manufacturing on site in a drying and mixing drum of a polymer-modified bitumen with a high grade of 
modification for a formulation for a road job of BBTM 0/10 asphalt applied on a secondary road. The conditions of 
operation of the asphalt plant MARINI TSM 17 with a recycling loop (for introducing the pellets): 160 T/h – 170/175°C 
have not been modified. The substitution of the company’s PMB by the chosen bituminous basis (Aqualt B 70/100, 
penetration of 86, TBA 47) or by Aqualt bitumen B 70/100 containing the chemical reagent has been made by by-pass. 
The granulated additives introduced through the recycling loop have been treated like a RAP. The definition of the 
composition of the tested bitumen of the process (defined beforehand in laboratory) corresponded to the following 
mixture: 70/100 bitumen with 8.6% of granulated additives and gave an asphalt with 5.3% of B70 bitumen and 0.5% 
pellets. Three kind of pellets have been checked: two batches of big size with and without the presence of the chemical 
process additives and a third one of smaller size (6 times lighter) containing only the structuring agent. Two B70 
bitumen have been used with or without the chemical process additive and have been added respectively to the asphalts 
GGsa, PGsa and GGaa (Gaa and Gsa: pellets with or without chemical process additive).  150 to 200 tons have been 
produced and extended on the road. Those asphalts have been analyzed (table 21). A reference asphalt containing only 
the Aqualt B70 bitumen has been manufactured in laboratory in the same conditions. Some welltracking tests according 
to NF P 98-137 (rutting < 15% with 3,000 cycles) have been used for verifying the integration of the granulated 
additives to the bitumen and the reactive effect. 

Survey Reference GGsa GGaa PGsa

Filler  (80 ) % 7,4 8 7,4 8,7 7,3 
Bitumen % 5,8 5,6 5,67 5,47 5,68 

Table 21:   Detail about the formulations of the various asphalts 

Number 
of cycles 

XP P 98-137 
standard Survey Reference 

GGsa GGaa
.

PGsa

1000   4.97 2.18 2.51 2.01 
3000 < 15% 8.9 7.48 4.32 4.22 3.15 
10000   13.33 6.85 6.39 4.33 

Table 22:   Results of the welltracking tests made with a French equipment and the XP P 98-137 standard 
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Chart 4:   Welltracking tests  

The rutting results are conform to the assumptions we made previously (table 22 and chart 4). The difference of 
behaviour between pellets of big size (GGsa and GGaa) and smaller pellet (PGsa) is obvious. The process of chemical 
transformation gives similar results independently of the way of introducing the 2 reactive components (combined or 
separated presence inside the pellets, example: GGsa and GGaa). The test’s target through this road job which consisted 
to manufacture a PMB with a high level of modifications in order to ensure the coating of all kind of polymer-modified 
bitumens is reached. Thus the test confirms the realization of all kind of regeneration with the granulated additives.  

9. CONCLUSIONS 

  The various examples presented in this article show the diversity of the possible applications: 
- from the utilization of the maximum rate of recycling authorized by the asphalt plants,  
- until the capability of reproducing all kind of grade and all kind of modification for the regenerated bitumen, 
- through the possibility of recycling the overall old RAP without addition of new aggregates. 

This new technology offers a large range of applications and utilizations. 
As it has been demonstrated here, the overall chemical and physical operations comply with the required targets of an 
effective regeneration of an old bitumen into a fresh bitumen. The integration of the added compounds is obvious and 
creates the adequate properties so that the reconstituted bitumen becomes again a fresh bitumen (conventional or 
modified). 
The chemical conversion is highlighted by the three observed modifications:  

- reduction of the concentration of the crystallisable fractions, which shows the effect of the chemical reduction 
of the oxidized components realized inside the bitumen (DSC analysis), 

- improvement of the value of Tg due to the parallel effect of the radical reaction of reduction achieved by 
crosslinking between certain compounds of the bitumen and the structuring component (DSC analysis), 

- and the introduction inside the new matrix of an elastic character whose intensity can be chosen. 
Because of its fundamental concept based on the development of a chemical transformation process inside the hot 
bituminous film during the coating, the regeneration of old bitumens opens the way to all possibilities of transformation 
and conversion of the final bitumen. In addition, the availability of the additives in the shape of pellets bringing together 
all the basic functions of regeneration and modification facilitates the setting up and the development of this 
technology. 
Although it is a different application than regeneration, the active principles of the process can be applied to the 
manufacture of special new asphalts and permits as well the direct production of polymer-modified bitumens inside the 
mixer of the asphalt plant during the coating, preventing the utilization of industrial modified bitumes. 
At the beginning of this document, we set clearly the question of the challenge due to the more and more expensive 
price of oil, to its rarefaction and to the consequences of this situation on bitumen. Facing the imminent decreasing of 
the availability of bitumen, we spocke of the need of technical, economical and ecological reliable techniques ensuring 
the systematic recycling of all kind of used road bituminous materials to realize the sustainable development. This new 
technology gives an efficient and reliable answer to this challenge.   
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ABSTRACT 

High requirements are placed on the recycling of reclaimed asphalt in Germany based on EN 13108-8; these are 
formulated in the technical rules for asphalt road construction. Technical rules describe the criteria which need to be 
fulfilled to prove the suitability of the reclaimed asphalt. 

The main focus of proof refers to the suitability of the bitumen contained in the reclaimed asphalt. It is generally 
assumed here that the softening point must not exceed a maximum value of 77 °C and a mean value of 70 °C. In the 
event of higher values excessive aging of the bitumen is assumed.  

The special bitumen that are used in Germany for porous asphalt already have softening points RuK of at least 65 °C 
on delivery due to the high proportion of polymer. When reclaiming is carried out after approximately 10 years, these 
parameters are increased between 80 °C and 90 °C. 

The report describes the suitability of reclaimed asphalt made from porous asphalt with such kinds of bitumen. It 
describes steps that lead to the use in asphalt intermediate layers. Amongst other things the force ductility, the elastic 
recovery and further parameters with the aid of the dynamic shear rheometer and the bending beam rheometer were 
determined on the bitumen of the reclaimed asphalt as well as on the resulting asphalt mix. 
Furthermore on the resulting asphalt mix rut tests were realised to evaluate the resistance against deformation, tensile 
tests and cooling tests were carried out  to determine the low temperature behaviour.  

Keywords: reclaimed asphalt, porous asphalt   

1. INTRODUCTION 

The production and the paving of porous asphalt of the latest generation began in Germany in 1996, when the motorway 
BAB A2 in Lower Saxony between the borders of Saxony-Anhalt and Nordrhein-Westfalen was to be expanded from 2 
to 3 lanes for each direction during the course of the “German Unity Traffic Projects.” In planning this approximately 
150-km-long section, due to the noise-protection requirements, it was established that about one third of the wearing 
courses had to be produced with porous asphalt.  

The life-duration of such wearing courses was clearly estimated as being shorter than the life-duration of customary 
wearing courses such as stone mastic asphalt due to the void content of approx. 24 v/v %. The original estimate of 6 
years could be later raised to 10 to 12 years. Thus the first sections are now on the agenda for reparation.  

The bitumen used for these porous asphalt wearing courses is noted for an especially high viscosity which is also 
associated with high softening point R + B due to the high portion of polymers. Naturally the softening point R + B of 
10-year-old porous asphalt has risen compared to the initial values, so that values from 80 °C to 90 ºC are frequently 
measured. The level of the softening point R + B in reclaimed asphalt is, however, a decisive criterion which can 
represent a limitation for the evaluation of the reclaimed asphalt in the German regulations.  

The German Road and Transportation Research Association recognised early on that, formally speaking, a problem 
with reclaimed asphalt made of porous asphalt can arise for the previously mentioned reasons. Therefore, a very 
extensive research project has been assigned for the purpose of investigating the possibilities of recycling. The results of 
this research will not be available soon enough for an application this year or next year. That’s why the asphalt industry 
must create at this stage own fundamental principles in order to be able to deal with reclaimed asphalt out of porous 
asphalt in the area of recycling.  

A first step is to be made with the following elucidations. We shall attempt to obtain statements concerning the 
utilisation reaction of intermediate layers which are produced with reclaimed asphalt out of porous asphalt.  



2. FUNDAMENTAL PRINCIPLES OF THE TECHNICAL REGULATIONS FOR THE RE-USE OF 
RECLAIMED ASPHALT IN GERMANY  

In Germany, the “Technische Lieferbedingungen für Asphaltgranulat, Ausgabe 2006” (TL AG-StB 06) are valid for the 
supplying of reclaimed asphalt for utilisation in the production of asphalt mixtures. These regulations represent the 
German implementation of the European standard EN 13108-8 “Bituminous mixtures – Mixture specifications – Part 8: 
Reclaimed Asphalt.” This basically becomes a contractual component within the scope of the contracts concluded 
between the purchaser and contractor. In this, a very detailed description of the reclaimed asphalt is undertaken for 
unburdened reclaimed asphalt. Different characteristics of the reclaimed asphalt itself (e.g. the particle size of the 
reclaimed asphalt), the mineral aggregates in the reclaimed asphalt (e.g. the maximum aggregate size) and of the 
bitumen in the reclaimed asphalt (in general of the softening point R + B) must be quantified and documented in a form-
sheet.     

Moreover, the “Merkblatt für die Verwertung von Asphaltgranulat M VAG”, Ausgabe 2000 should also be taken into 
consideration in the call for tenders. Material criteria as well as constructional and technical criteria concerning the 
asphalt plant are described in this leaflet in order to select and utilise reclaimed asphalt. The essential thing here is the 
investigation of the homogeneity of the reclaimed asphalt which leads to the maximum admissible addition amount of 
the reclaimed asphalt via equations or nomograms. The range of certain characteristics are dealt with as determining 
sizes in this investigation.  

Maximum values for the softening point R + B of 70 ºC (mean value) are indicated in both technical requirements. Here 
it is assumed that bitumen out of the reclaimed asphalt exceeding this maximum limit has aged too much to be an 
effective component of the newly-produced asphalt mixture. Both regulations, however, offer the possibility of 
delivering a special proof by which the equal standard is demonstrated via the comparison with the asphalt mixture 
without this reclaimed asphalt.  

Regarded formally, the special bitumen used for the porous asphalt has a disadvantage in the recycling due to the high 
softening point R + B of > 65 °C in the original state resulting from the high proportion of polymers.  

3. INVESTIGATION CONCEPT 

The aim of this investigation is first of all to examine the use of the reclaimed asphalt regained from porous asphalt 
(hereafter referred to as OPA-RC) for asphalt intermediate layers. When used successfully, the possible utilisation of 
wearing courses is to be established at a later phase.  

3.1 Preliminary Investigations   

The OPA-RC is to be examined for its possible utilisation within the framework of a preliminary investigation. The 
material available for this was already gained in 2005 when a small amount of porous asphalt had to be milled during 
repairs on the BAB A2. The following investigations were to be carried out on it:  

- The softening point R + B, the elastic recovery and the force ductility were to be investigated on the extracted 
bitumen. Moreover, the composition of the OPA-RC was to be established.  

- After that, the maximum possible addition amount for an asphalt intermediate layer 0/16 S (hereafter referred 
to as ABI 0/16 S) was to be investigated. To do this, the ideal structure of a standardised ABI 0/16 S was 
constructed under consideration of the grading of the OPA-RC. It is to be borne in mind here that the OPA-RC 
primarily contains mineral aggregates in the areas of 2/5 and 5/8. Thus it is not possible to accommodate any 
desired amount of OPA-RC in the asphalt binder 0/16 S. The maximum value will lie around 20 m/m %.  

- Production of the optimum bitumen mixture. It is to be investigated how large the proportion of bitumen out of 
the maximum possible OPA-RC additional portion can be for the standard ABI 0/16 S. The remaining bitumen 
consists of PmB 45. The softening point R + B, elastic recovery, force ductility, low temperature behaviour 
with the bending beam rheometer and the resistance against deformation with the dynamic shear rheometer are 
being investigated in this mixture.  

3.2 Examinations of the Asphalt Binder Mixture  

The OPA-RC from the preliminary investigations was processed within the framework of a practical trial. It was 
necessary to wait until mid-2007 for a suitable OPA-RC in order to examine the characteristics of ABI 0/16 with OPA-



RC for the last part of the investigation. Reparation measures of sections of the BAB A2 with porous asphalt had been 
undertaken, but here the porous asphalt was usually picked up including the asphalt intermediate layers below.  

With the now available OPA-RC, trial mixtures were produced at an asphalt mixing plant. An ABI 0/16 S without 
reclaimed asphalt was produced (ABI 1). After that, this ABI 0/16 S was produced with 20 M.-% of reclaimed asphalt 
taken from a trunk road, consisting of wearing courses and intermediate layers and containing standard bitumen (ABI 
2). Finally, the same ABI 0/16 S was produced with the OPA-RC (ABI 3).  

In the production of variants ABI 2 and ABI 3, the addition of the unused additive materials was adjusted to the given 
reclaimed asphalt so that the resulting mixture was the same. Only the characteristics of the resulting bitumen were not 
adapted, in order to be able to work out the differences connected with this.  

The following investigations were carried out:  

- Determination of the composition and the softening point R + B of the RC samples. In this, the 
reclaimed asphalts for the variants ABI 2 and ABI 3 were examined. For the OPA-RC in the 
mixture ABI 3, the elastic recovery, force ductility, deformation behaviour were additionally 
examined with the dynamic shear rheometer (DSR) on the regained bitumen and the low 
temperature behaviour with the Bending beam Rheometer (BBR). 

- Examination of the composition of the mixtures ABI 1, ABI 2 and ABI 3. The characteristic 
values softening point R + B, elastic recovery, force ductility, deformation behaviour were 
determined with the DSR and low temperature behaviour with the BBR on the regained bitumen.  

- Determination of the deformation behaviour of the variants ABI 1, ABI 2 and ABI 3 by means of 
the wheel tracking test. 

- Examination of the cold behaviour by means of cool down tests and tensile strength tests. 

4. EXAMINATION PROCEDURES 

The examination procedures were carried out according to the standard methods valid in Germany, namely the 
following:   

- Softening point R + B according to  DIN EN 1427 
- Elastic recovery according to DIN EN 13398 at 25 °C 
- Force ductility according to DIN EN 13589 at 25 °C 
- Bitumen behaviour against deformation in the DSR according to DIN EN 14770.  
- Bitumen behaviour in the BBR (cold behaviour) according to DIN EN 14771. 
- Wheel tracking test according to the “Technischen Prüfvorschriften für Asphalt im Straßenbau 

TP A-StB, Teil Spurbildungsversuch – Bestimmung der Spurrinnentiefe im Wasserbad”  In this, 
the steel wheel was used in a water bath at 50 °C (10,000 cycles). 

- Cooling tests 
The fundamental principles of asphalt behaviour at low temperatures have been examined by 
Arand [1]. 

5. INVESTIGATION RESULTS WITH EVALUATION  

5.1 Results of the Preliminary Investigations   

According to the stipulations of the technical regulations, 5 samples of the OPA-RC were examined. The proofs 
according to the valid technical regulations resulted in the fact that there is an OPA-RC of a very homogeneous quality 
(Table 1). The maximum admissible additional amount would then have been greater than 50 m/m % for wearing 
courses and intermediate layers. The mean values from the statistic evaluation were taken over for the mix design of the 
ABI 0/16 S. 

Table 1: Composition and Bitumen Characteristics of the OPA-RC 
Characteristic Mean value Span 
Bindercontent m/m % 5,4 0,5 
Softening point R + B °C 93,1 5,5 
Filler < 0,09 mm m/m % 7,3 0,7 
Fine aggregates 0,09 – 2,0 mm m/m % 8,9 5,5 
Coarse aggregates > 2,0 mm m/m % 83,8 5,3
Elastic recovery % 52,4 4,2 



Despite the high softening point R + B, the regained bitumen still revealed an elastic recovery of 52.4 %. At any rate, 
the thread tore prematurely at 8.2 cm. For this reason the force ductility could not be measured.  
The original bitumen PmB 45 A had a softening point R + B of 60.4 °C and an elastic recovery of 75 %.  

A portion of 18 m/m % was investigated as a maximum additional amount. This additional amount results from the fact 
that the OPA-RC essentially contains coarse mineral aggregates of the aggregate size of 5/8. In the case of higher 
additional amounts, the ideal mineral aggregate curve for the ABI 0/16 S can no longer be kept.  

18 m/m % OPA-RC contain 24 m/m % of all the necessary bitumen amounts, so that 76 m/m % would have to be added 
from fresh bitumen PmB 45 A. The characteristics of this bitumen mixture can be seen in Table 2.  

Table 2: Characteristics of the bitumen mixture of OPA-RC (portion 24 %) an unused PmB 45 (portion 76 %) 
Characteristic   Mean value Target value 

(PmB 45) 
Target value 

(PmB 25) 
Softening point R + B °C 67,2 55 – 63 63 - 71 
Elastic recovery % 72 min. 50 min. 50 
Force ductiliy, 25 °C J 1,058 min. 1,0 min. 1,0 
Stiffness s, BBR -16 °C MPa 280 max. 350 max. 300 
Complex modulus G*, DSR 60 °C Pa 15.100 min. 7.000 min. 15.000 
Phase angle , DSR 60 °C ° 69,1 max. 75 max. 70 

It can be shown with these investigation results that the OPA-RC has positive effects on the characteristics of a resultant 
bitumen when using an ABI 0/16 S under the application of PmB 45. As a result, the bitumen mixture takes on the 
characteristics of a PmB 25 A and is thus favourable to the deformation behaviour of the bitumen and the asphalt. The 
cold characteristics of the bitumen mixture correspond to the demands made on a PmB 45.  

5.2 Investigation Results of the ABI 0/16 S Mixture 

The following parameters for the OPA-RC and for the normal reclaimed asphalt were investigated.  

Table 3: Parameters of the reclaimed asphalt for the variants ABI 2 and ABI 3 
Characteristic   Mean

value 
RCABI2 

Span 
RCABI2 

Mean
value 

RCABI3 

Span 
RCABI3 

Bindercontent m/m % 6,3 1,1 6,6 0,5 
Softening point R + B °C 49,8 6,6 91,5 5,5 
Filler < 0,09 mm m/m % 10,4 4,0 7,0 0,7 
Fine aggregates 0,09 – 2,0 mm m/m % 35,8 7,3 9,4 5,5 
Coarse aggregates > 2,0 mm m/m % 53,8 10,8 83,6 5,3 
Elastic recovery % - - 47 4,2 
Force ductility, 25 °C J - - 1,975 - 
Stiffness s, BBR -16 °C  MPa - - 361,3 - 
Complex modulus G*, DSR 60 °C Pa - - 354.324 - 
Phase angle , DSR 60 °C ° - - 49,9 - 

Note: RCABI2 is the normal reclaimed asphalt with standard bitumen gained from wearing courses and intermediate 
Layers. RCABI3 is the reclaimed asphalt out of porous asphalt.  

The characteristic values of the RCABI2 describe a high-quality material, since the high bitumen content in particular 
makes possible a high saving potential of fresh bitumen. At the same time, the low softening point R+ B makes possible 
a high additional portion.  

With regard to the bitumen content, RCABI3 is rated even higher. RCABI3 reveals the typical data for reclaimed 
asphalt from porous asphalt. The portion of coarse mineral aggregates is primarily found in the fraction 5/8. The very 
high softening point R + B at 91.5 ºC seems unfavourable. Nonetheless, this bitumen still shows a measurable elastic 
recovery as well as a low temperature behaviour which lies only slightly above the maximum value for a PmB 25 A 
(350 MPa). The phase angle  is an astonishingly low 49.9° and thus represents an extremely elastic bitumen. An 
extremely high contribution for the deformation resistance can be expected from the complex modulus of 354,000 Pa. 



The examination of the composition of the ABI 0/16 S variants ABI1, ABI2 and ABI3 delivered the following results.  
Table 4 also shows the tested bitumen parameters.   

Table 4: Composition and bitumen parameter values for ABI1, ABI2 and ABI3 
Characteristic ABI1 ABI2 ABI3 Mix design 
Bindercontent m/m % 4,1 4,2 4,4 4,2 
Filler < 0,09 mm m/m % 6,6 7,4 7,0 8,0 
Fine aggregates 0,09 – 2,0 mm m/m % 17,9 22,7 19,6 20,0 
Coarse aggregates > 2,0 mm m/m % 75,5 69,9 73,4 72,0 
Void content v/v % 7,0 5,8 6,3 5,7 
Softening point R+B °C 51,8 58,8 65,8 55 – 631)

Force ductility, 25 °C J 0,258 0,807 1,422 1,01)

Elastic recovery % 16 55 42 mind. 501)

Stiffness s, BBR -16 °C  MPa 212 189,6 315,5 max. 3001)

Complex modulus G*, DSR 60 °C  Pa 27561 51446 164213 mind. 7.0001)

Phase angle , DSR 60 °C ° 82,1 73,6 60,8 max. 751)

1)  Requirements for unused  PmB 45 A 

The compositions of the variants ABI1 to ABI3 are relatively constant; the void contents also lie close to the value 
striven for from the mix design. The softening point R + B of the variant ABI 1 is striking in the investigation; there is a 
very low value at 51.8 °C which does not fit into the specification for a PmB 45 A. Investigations have shown that the 
PmB 45 A used was already stored in a bitumen storage tank for a longer period of time, so that it can be assumed that 
the polymer chains contained in the PmB 45 A are no longer completely effective. The elastic recovery of the regained 
bitumen also indicates this estimation with a too-low value of 16 %. This bitumen was therefore prohibited for the 
further production of asphalt products with PmB 45 A and was graded down to a standard bitumen 50/70. 

On the other hand, it is not plausible that the variant ABI2, with which a portion of the bitumen from the reclaimed 
asphalt with standard bitumen has been added to the no longer fully intact PmB 45 A, should suddenly have a good 
elastic recovery of 55 %. Before this background, the further parameters for the stiffness of the complex modulus and 
the phase angle can only be evaluated with certain reservations. An examination of these parameters will be made here 
later.

In the observation of the binder properties, however, it can be maintained as an essential result that the results of the 
variant ABI3 show improvements in every case compared to the initial variant ABI1. The softening point R + B still 
corresponds to the demands made on a PmB 45 A. The value of 65.8 °C otherwise corresponds to the specification for 
an unused PmB 25 A. It was possible to increase the elastic recovery to 42 %. The stiffness in the BBR barely exceeds 
the requirements of PmB 45 A and thus lies in the area for a PmB 25 A. The complex modulus allows one to expect a 
very high deformation resistance of the asphalt mixture at a value of 164,000 Pa. Likewise, the phase angle with a value 
of 60.8° is astonishingly low and indicates extremely elastic bitumen. In principle, the results of the preliminary 
investigations are hereby confirmed.  

The investigations of the behaviour against defomation in the wheel tracking tests were carried out in the form of 
double investigations (in each case 2 wheel tracking tests with 2 specimen plates each). The following mean values 
resulted from this:  

ABI1  mean 8.7 mm  
ABI2  mean 4.7 mm 
ABI3  mean 3.7 mm 

The variant ABI3 with the OPA-RC reveals the greatest stability. 

The results of the cool-down and tensile strength tests have been summarised in Table 5:  

Table 5: Results of the cool down and tensile strength tests 
Variant Maximum of tensile 

strength reserve [MPa] 
Corresponding 

temperature 
[°C] 

Ultimate strength 
[°MPa] 

Corresponding 
temperatur 

[°C] 
ABI1 2,963 -5,7 3,035 -23,0 
ABI2 2,873 +0,9 3,118 -22,1 
ABI3 2,790 -0,8 3,226 -24,6 



Figure 1 shows the graphic course of the tensile strength reserves of the 3 ABI 0/16 S variants. 

      Fig. 1: Tensile strength reserve of the intermediate layers ABI1, ABI 2 and ABI3 

The amount of the maximum tensile strength reserve is to be regarded as comparable in the case of all variants. This 
means that equally high tensions resulting in the form of overlapping from traffic burden and temperature influences 
can be endured. The attendant temperatures indicate that the variant ABI1, altogether to be categorised as the “softest” 
mixture, only becomes subject to tearing at lower temperatures than the variants ABI2 and ABI3. It must be taken into 
consideration, however, that the initial bitumen of the variant ABI1 was definitely “softer” than the planned PmB 45 A. 
Regardless of this, according to the experiences of the authors, the temperatures for maximum tensile strength reserves 
with asphalt binders with PmB 45 usually lie just under 0 °C, so that the result for ABI3 also lies in the area to be aimed 
towards. 

6. SUMMARY AND CONCLUSION  

Preliminary investigations of bitumen mixtures of PmB 45 A and of reclaimed bitumen from porous asphalt have shown 
that improvements in quality can be attained with them. The high softening point R + B of the bitumen reclaimed from 
porous asphalt can be relatively high at up to approximately 90 ºC, but these bitumens still show good elastic qualities 
so that a recycling of this reclaimed asphalt should be possible. The observed bitumen mixture showed good 
characteristics regarding the stability against deformation, which could be confirmed with the test of force ductility and 
through investigations with the dynamic shear rheometer. Its behaviour in cold conditions also lies within the target area 
for PmB 45 A or PmB 25 A. This could be shown by means of investigations in the bending beam rheometer. 

The behaviour of ABI 0/16 S with reclaimed asphalt out of porous asphalt under cold conditions was examined through 
the comparison of ABI 0/16 S without reclaimed asphalt or of ABI 0/16 S with customary reclaimed asphalt. The 
investigations of the regained bitumen of the OPA-RC confirmed the results of the preliminary investigations. The 
bitumen characteristics of the variants ABI1 and ABI2 leave questions open in the plausibility test and must be newly 
tested in further investigations. The results of the regained bitumen of the variant ABI3, however, again confirm the 
tendencies established before. The parameters basically fit in the requirement profile for a PmB 45 A or a PmB 25 A.  

The results of the stability investigation by means of the rut test with the steel wheel in the water bath at 50 ºC have 
shown that a definite improvement is possible through the addition of the reclaimed asphalt out of porous asphalt.  
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The behaviour under cold conditions is under consideration of the fact that the basic bitumen did not show the intended 
characteristics of a PmB 45 A in a favourable area. Increases are to be expected with the use of more suitable basic 
bitumen. The present tendencies should be confirmed in this area through further investigations. Regardless of this, the 
behaviour of ABI 0/16 S with reclaimed asphalt under cold conditions will not play a primary role, according to the 
experience of the authors. There are already extensive experience with ABI 0/16 S with reclaimed asphalt of differing 
origins. The behaviour under cold conditions can thus be considered thoroughly positive. Problems in the form of crack 
formations of the ABI 0/16 S with reclaimed asphalt are not known.   

Under the observation of the results shown here, the use of reclaimed asphalt from porous asphalt can be recommended. 
It can be taken into account, that improvements in stability behaviour will take place. The behaviour under low 
temperatures can also be regarded as uncritical.  
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ABSTRACT 

The work presented in this paper focuses on the evaluation of the effect of bitumen type on the mechanical properties of 
cold-recycling mixtures. Both cement-bound and traditional cold-recycling mixtures were investigated. Five mixtures 
composed entirely by RAP (100%) as aggregates and different additives were tested using the Unconfined Compressive 
Strength Test, the Indirect Tensile Strength Test and the Indirect Tensile Resilient Modulus Test.  
Horizontal deformations were easily estimated using a Digital Image Correlation (DIC) System developed on purpose 
to accurately estimate specimen deformations under loading, providing dense and accurate full field strain estimations. 
The results indicate that foamed bitumen appears the best additive to be used in cement-bound mixes, while bitumen 
emulsion seems to weaken the material. However, traditional cold-recycling mixtures show better performance 
especially when foamed bitumen is used as additive. 

Keywords: Cold-Recycling mixtures, Cement-bound mixtures, Digital Image Correlation, Bitumen Emulsion, Foamed 
Bitumen 

1. INTRODUCTION 

Over the last few years cold recycling has grown dramatically as one of the most efficient and cost effective technique 
for rehabilitation and maintenance of existing pavements [1] [2]. Cold recycling consists of mixing Reclaimed Asphalt 
Pavement (RAP) with a recycling agent and water without application of heat. Many recycling additives can be used for 
the cold recycling process, including bitumen emulsion, bitumen cement, cutback bitumen, foamed bitumen and 
Portland cement.  
Recently, cold recycling with addition of cement+ bitumen emulsion or cement+ foamed bitumen has become 
increasingly popular in European countries due to operating speed, cost effectiveness and low crack susceptibility [3] 
[4] [5]. In cold recycling, these two additives (bitumen emulsion and foamed bitumen) are usually combined with a 
small amount of cement (1-2% by weight) to accelerate the breaking process of the additives themselves. Cement 
behaves as a curing accelerator consuming part of the water in the additives, thus strongly reducing the curing period of 
cement-treated mixtures. Obviously, the addition of such a small percentage of cement does not provide improvements 
to the mechanical performance of the mixes.  
Cement-bound RAP mixtures represent an alternative to traditional cold recycling mixes. These mixes are obtained 
combining a higher percentage of cement (typically 2 to 6% by weight) with traditional additives during the cold 
recycling process. Previous studies have demonstrated that mixing asphalt particles with a rigid cement matrix results in 
a material with high mechanical performances [6]. However, these materials are apparently stiffer and thus more 
susceptible to thermal and shrinkage cracking.  
The discussion presented above indicates that there is a need for a better understanding of cold-recycling mixture 
performance-related properties in the field and laboratory. 
This paper presents a laboratory study focused on the evaluation of the effect of  bitumen type on the mechanical 
properties of cold-recycling mixtures. Five different cold-recycling mixes (three cement-bound and two traditional) 
composed entirely (100%) by the same RAP-aggregate base but different additives were investigated.  
The mechanical properties of the mixtures were evaluated using three different laboratory tests, namely the Unconfined 
Compressive Strength Test, the Indirect Tensile Strength Test, and the Indirect Tensile Resilient Modulus Test. 
Horizontal deformations were easily measured using a Digital Image Correlation (DIC) System developed on purpose 
to accurately estimate specimen deformations under loading, providing dense and accurate full field strain estimations. 
The findings of the study indicate that cement-bound mixtures exhibit lower performance than traditional cold-recycling 
mixes except when foamed bitumen is employed. The combination of high percentage of cement and bitumen emulsion 
lead to weak mixes in terms of both compressive and tensile resistance. Conversely, the use of foamed bitumen as 
additive improves both tensile and compressive responses of the mixes, while making them stiffer.     

2. MATERIALS AND SPECIMEN PREPARATION 

Two different classes of materials were used in this study : traditional RAP and cement-bound RAP cold-recycling 
mixtures. All the mixtures were prepared using 100%  RAP as aggregate, as well as the same RAP aggregate type and 
gradation. The RAP was obtained from many roadways which strongly differ for the type of materials (aggregates and 
bitumen) employed during construction. Aggregate gradation and curve are shown in figure 1. 





2.3  Specimen Preparation 

For each mixture, 4500 g RAP batches were prepared to produce a total of 20-152mm diameter cylindrical specimens. 
The RAP was firstly mixed with the filler and 0.5% of water. The cement was separately mixed with 1.0% of water 
forming a grout. For all the mixes (except the CC), the grout was mixed further with the bitumen emulsion or the 
foamed bitumen.  Finally the RAP and the bitumens were mixed together. The cylindrical specimens were obtained 
compacting the mixes at 180 revolutions using the Superpave Gyratory Compactor.  
After compaction, the cylindrical specimens were heated at 40°C for 14 days to simulate the in-field curing process.  
For each mixture, two cylindrical specimens were used to perform compressive tests. The remaining two cylindrical 
specimens were sawn to obtain four effective plates, each 50 mm thick discarding the top and the bottom plates for 
reducing density gradient effects. These plates were finally used to perform the indirect tensile strength and resilient 
modulus tests. 

3. TESTING PROCEDURES 

Three different parameters were evaluated for investigating the mechanical performance of the cold-recycling mixtures, 
namely the compressive strength, the tensile strength and the resilient modulus. These parameters were estimated 
performing three different tests: the Unconfined Compression Strength Test, the Indirect Tensile Strength Test and the 
Indirect Tensile Resilient Modulus Test. All the specimens were cured for 28 days in a sealed bag at room temperature 
before testing. 

3.1 Unconfined Compression Strength Test 

The Unconfined Compression Strength Test is an axial compression test in which the specimen is provided with no 
lateral pressure while undergoing vertical compression. All the compressive tests were performed at 25°C loading 
monotonically the 152mm-diameter cylindrical specimens applying a constant stroke of 1.00mm/min. The load to 
failure was recorded and the unconfined compressive strength was computed as follows: 

APv /          (Eq. 1)   

where:  
v = unconfined compressive stress, 

P = load of the specimen,  
A = cross sectional area. 

3.2 Indirect Tensile Resilient Modulus Test 

The resilient modulus is defined as the ratio of the applied stress to the recoverable strain when repeated loads are 
applied. The Indirect Tensile Resilient Modulus test was performed at 20°C in load control mode by applying a 
repeated haversine waveform load to a 50mm thick specimen for a 0.1 second followed by a rest period of 0.9 seconds 
for a total of 50 seconds to obtain horizontal strain between 150 and 350 micro-strains. The resilient modulus was 
estimated according to the ASTM D4123 procedure: 

tH
P

M R )(
)27.0(         (Eq.2) 

where:  
MR  = resilient modulus, 
P = repeated load,  

 = Poisson’s ratio, 
t = specimen thickness, 

H = recoverable horizontal deformation. 

Horizontal deformations were easily estimated using a Digital Image Correlation (DIC) System developed at the 
University of Parma [7][8][9] capable of providing a dense and accurate displacement/strain field of composite 
materials at the microstructural level.  
Image correlation analysis involves the measurement of the grey scale values at each pixel location in a grabbed area. 
The grey values of deformed specimen images are compared with the initial, undeformed image, determining its 
movement and deformation and consequently the displacement of its central pixel. An image sequence of the specimen 
is acquired with a digital camera (Basler AF 101, resolution 1300x1030, focal length 8 mm, pixel size 6.7 m, 12 
fps@max resolution)  during testing; a set of features, artificially generated on the specimen surface, is accurately 
tracked by the algorithm along the sequence. The experimental setup is shown in Figure 2.  



Figure 2: Digital Image Correlation System – Experimental Setup 

From the image coordinates, displacements and deformations can be evaluated in the image space and, with an 
appropriate transformation, in the object space. Further details on the image processing and data extraction are 
discussed by Roncella and Romeo [7][8][9].  
Before testing, the specimen requires a preliminary surface treatment to guarantee the success of the technique at the 
base of the image correlation method. This treatment consists of a homogeneous texture realized by a thin white 
painting overprinted by a speckle pattern of black obtained through manipulating the nozzle of the spray with proper 
pressure form a certain distance.  

3.3 Indirect Tensile Strength Test   

The Indirect Tensile Strength Test was performed at 25°C loading monotonically a 50mm thick specimen to failure 
applying a constant stroke of 50mm/min. The experimental setup of the test is shown in Figure 3. The top and the 
bottom loading plates are 25.4 mm wide and 50.8 mm long. The resulting homogenous texture on the specimen surface 
is due to the treatment required to guarantee the success of the technique at the base of the DIC method. 
Tensile strengths were calculated according to the procedure developed by Roque and Buttlar [10][11]: 

DtPh /2          (Eq. 3)   

where:  
h  = tensile stress at the center of the specimens, 

P = load of the specimen,  
D = diameter of the specimen, 
t = thickness of the specimen. 

Figure 3: Indirect Tensile Strength Test Setup 



4. LABORATORY RESULTS AND DISCUSSION 

A summary of the test results and a detailed analysis of each mixture properties is presented. A comparison between 
traditional and cement-bound cold recycling mixtures is also provided. All the tests were performed on all the five 
mixtures after 28-days curing. 

4.1  Compression Strengths 

Figure 4 compares the compressive strengths of the five mixtures. Cement-bound mixes result in a higher compressive 
strengths than the traditional cold-recycling mixes. Conversely, focusing on the values obtained solely for cement-
bound mixtures, it’s clearly evident that the influence of theadditive on the mixture compressive behavior  is not 
significant (at most 10% difference). The same result can be observed for the traditional cold-recycling mixtures. These 
results indicate that the addition of a higher percentage of cement enhance the capability of cold-recycling mixtures in 
resisting compressive stresses, while the additive type does not show significant effect. 
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Figure 4: Comparison between Compressive Strengths obtained for the five mixtures 

4.2 Indirect Tensile Strength 

As well-known, tensile strength is the maximum tensile stress the mixture can withstand before failure, thus it is 
considered one of the most important parameter in defining the cracking resistance of bituminous mixtures.  
Results from the Indirect Tensile Strength Test are shown in Figure 5. The big difference that was observed from 
compressive test results between cement-bound and traditional cold recycling mixes is not noticeable anymore.   
Indeed, tensile strength from cement+foamed bitumen mix (CMF)  is well comparable to traditional cold-recycling 
mixtures. The mixture containing only cement (CC) and that one containing cement+unmodified emulsion (CNE) result 
in the weakest  ones in terms of cracking resistance. This result was predictable for CM mixture but unexpected for 
CNE one. Moreover, it must be pointed out that tensile strength is strongly improved by the addition of foamed asphalt. 
One possible explanation for this difference is that the bitumen emulsion in the mixture more likely surrounds the fine 
material, including cement, rather than the foamed asphalt. Thus bitumen emulsion coats the cement and prevents 
cementitious bond from forming, reducing the tensile strength of the material.  
The benefits of the addition of foamed bitumen are noticeable even in traditional cold-recycling mixtures, resulting in a 
25% higher tensile strength than  the ME mixture’s one.   

4.3  Resilient Modulus 

The Resilient Modulus is a measure of the material’s elastic stiffness. Figure 6 shows the values of Resilient Modulus 
for each of the mixtures. As expected, the CC mix exhibits the lowest elastic stiffness. The addition of emulsified 



bitumen has almost the same effect on cement-bound and traditional cold recycling mixtures. Obviously, ME exhibits a 
slightly higher Resilient Modulus than CNE, considering the presence of modification in the base emulsion.     
Consistently to tensile strength results, the mixtures containing foamed bitumen show the highest performance in terms 
of elastic stiffness. Finally, it can be observed that high percentage of cement does not improve the mixture’s elastic 
response.   
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5. SUMMARY AND CONCLUSIONS 

A laboratory investigation was conducted to evaluate the effect of  additive type on the mechanical properties of cold-
recycling mixtures. Both cement-bound and traditional cold-recycling mixtures were investigated. Five mixtures 
composed entirely by RAP (100%) as aggregates and different additives were tested using the Unconfined Compressive 
Strength Test, the Indirect Tensile Strength Test and the Indirect Tensile Resilient Modulus Test.  
Experimental analyses were complemented by a Digital Image Correlation System created on purpose to accurately 
estimate specimen deformations under loading, providing dense and accurate full field strain estimations. 
The findings of the study may be summarized as follows: 

Cement-bound mixtures exhibit a higher resistance to compressive stress than the traditional cold-recycling 
mixtures. This means that the presence of a higher percentage of cement in the mixes improves their resistance 
to compressive loading. Conversely, the type of additive does not significantly affect the mixture’s 
compressive behavior.   
The use of foamed bitumen as additive in both cement-bound and traditional cold-recycling mixes allows for 
an enhanced resistance in terms of tensile strength. Conversely, the use of emulsified bitumen as additive in 
cement-bound mixes has shown to weaken the material in terms of both compressive and tensile strengths, 
while making the mixture stiffer. 
Traditional cold-recycling mixtures showed satisfactory mechanical properties, resulting in high resistance to 
tensile stresses, as well as good elastic response. 

The discussion presented above indicates that the addition of a high percentage (3.5%) of cement to traditional additives 
in cold-recycling mixtures may enhance the mechanical properties of the mixtures. The amount of cement and the mix 
preparation seem to be critical parameters. However, further research works are required to better understand how well 
the percentage of cement affect the material performance.   
The results obtained in this preliminary study indicate that foamed bitumen appears the best additive to be used in 
cement-bound mixes. On the contrast, the use of emulsion weakens the material even though it has the capability to 
enhance its elastic response.  
Finally, traditional cold-recycling mixtures have shown to better perform especially when foamed bitumen is used.  
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ABSTRACT 

Full Depth Reclamation (FDR) using asphalt emulsion is a cost-effective method for rehabilitating 
deteriorated roads.  This treatment mills through the asphalt structure and incorporates part of the 
underlying base layer; asphalt emulsion is added during milling.  The FDR process adds strength and 
flexibility to the pavement structure, as well as removes distresses to improve future road performance.  
A surface treatment or overlay is placed on the newly formed and compacted base.  A pavement 
rehabilitated in 2003 using an engineered asphalt emulsion was constructed in 2003.  Base materials 
from that project were prepared in the laboratory, and several tests were performed.  These test 
results, including dynamic modulus testing performed in the laboratory on the FDR mix to characterize 
the response behavior, are described in this paper.   The performance of this pavement structure was 
also predicted with these test results in the new Mechanistic-Empirical Pavement Design Guide 
(MEPDG) software using elastic layer analysis.  These projected results are then compared to the 
current actual visual condition of the road.  In addition, a structural analysis based on falling weight 
deflectometer (FWD) measurements is also utilized in interpreting this performance and comparing to 
the laboratory properties. 

Keywords:  Full depth reclamation, dynamic modulus, falling weight deflectometer, mechanistic-
empirical analysis 

1.  INTRODUCTION 

Asphalt emulsion full depth reclamation (FDR) is a road rehabilitation practice in which the full 
thickness of asphalt pavement and a predetermined portion of underlying base materials are uniformly 
pulverized and blended with asphalt emulsion to create an upgraded, homogenous base material [1].  
The process is facilitated with a road reclaimer, a motor grader, and compactors.  The overall process 
adds flexibility to the pavement, removes existing distresses, and improves material shear strength.  It 
can be overlaid with asphalt or just a surface treatment, depending on the layer properties and traffic. 

An experimental test section was constructed on a low-volume road in Stephenson County, Illinois 
(USA).  This road previously had several layers of a chip seal at 28-mm thick over a 100-mm crushed 
gravel base over 275-mm poorly-graded gravely sand.  A thickness of 150 mm was reclaimed.  The 
goal was to determine the optimum emulsion content for the materials, and four emulsion contents 
were chosen for the test.  The objective of this paper is to compare the performance of the road through 
pavement distress surveys and falling weight deflectometer (FWD) testing with predicted performance 
from the upcoming American Association of State Highway and Transportation Officials (AASHTO) 
mechanistic-empirical pavement design guide (MEPDG) computer program. 

2. EXPERIMENT 

2.1 Materials 

Materials were sampled during construction for evaluation of a new mix design method.  Sieve analysis 
was performed on the blend of materials according to ASTM C 117 and C 136 [2].  Figure 1 shows the 
results.  The sand equivalent (ASTM D 2419, method B) [3] of the blend was 70.  Additionally, a 
modified Proctor analysis was performed in accordance with ASTM D 1557 [4].  The optimum 
moisture content (OMC) was 5.9 percent, and the dry density at OMC was 2.106 g/cm3.  The original 
road structure was a 28 mm chip seal, a 100-mm thick layer of crushed gravel, and a 275-mm thick 
layer of gravely sand.  Based on reclaiming 150 mm, the percentages of materials in the blend were 19 
percent, 67 percent, and 14 percent, respectively. 



Additional materials were needed for laboratory dynamic modulus testing.  Since there were not 
enough materials collected during construction for this testing, materials were collected at the original 
quarry from which the road was constructed.  This quarry, the Stamm Quarry, is located near the 
project.  Since a chip seal could not be sampled, reclaimed asphalt pavement (RAP) was sampled.  A 
percentage of 25 percent RAP was blended with the Stamm Quarry aggregate materials.  The blended 
gradation of the crushed RAP and aggregate is also shown in Figure 1.  There is somewhat close 
agreement between the two gradations, with the largest difference on the 4.75-mm sieve of 11 percent.  
The sand equivalent (SE) of this blend was 39, a large difference from SE of 70 of the as-constructed 
materials. 
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Figure 1: During-Construction and Quarry Sieve Analysis 

The asphalt emulsion had a cationic charge.  It was made with a PG 58-28 grade of asphalt and had a 
65 percent residue.  The emulsion was formulated for early release to traffic and improved moisture-
conditioned results. 

2.2 Mixture Analysis 

After mixing 2700 grams of dry material with the target water content and emulsion content, the loose 
material was cured for 30 minutes at 40°C before being compacted in a Superpave Gyratory Compactor 
(SGC) set for 30 gyrations in a 150 mm diameter mold.  The compacted specimen was extruded from 
the mold and allowed to cure for another 48 hours at 40°C.  Materials were then cooled to 25°C for 
further testing.  Testing results in Table 1 show resilient modulus and indirect tensile strength after 
oven curing and after vacuum saturation with water. 

Emulsion 
content, % 

Air Voids, % Resilient 
modulus, MPa 
ASTM D 4123 

Indirect tensile 
strength (ITS), 

kPa
ASTM D 4867 

Saturated ITS, 
kPa

ASTM D 4867 

4 12.9 1441 407 276 
5 11.4 1131 359 317 
6 10.0 841 331 296 
7 9.3 793 317 248 

Table 1:  Asphalt Mixture Results of Materials Sampled During Construction 

Asphalt mixture analysis results using the quarry materials are shown in Table 2.  There was close 
agreement in the resilient modulus values.  However, despite efforts to duplicate the materials sampled 
from the road, the asphalt from the quarry resulted in higher air voids, lower dry indirect tensile 
strength (ITS) values, and lower saturated ITS values.  This may have been due to the slight differences 
in gradation and to the high differences in sand equivalent values; all preparation and compaction 



procedures were the same.  A thermal crack test using the indirect tensile strength (IDT) procedure 
determined the theoretical cracking temperature, which was not determined on the materials from 
construction. 

Emulsion 
content, % 

Air Voids, % Resilient 
modulus, MPa 
ASTM D 4123 

Indirect tensile 
strength (ITS), 

kPa
ASTM D 4867 

Saturated ITS, 
kPa

ASTM D 4867 

4 16.9 1558 290 131 
5 15.7 1041 296 145 
6 14.9 937 275 138 
7 14.1 738 262 152 

Predicted thermal cracking temperature at 5.5 percent:  -23°C (AASHTO T-322) 

Table 2:  Asphalt Mixture Results of Materials Sampled From Quarry 

2.3 Project Information and Layout 

The project was constructed in September 2003 on Warren Road in Stephenson County, Illinois on the 
last 0.80 kilometer western end of this road within the county.  Traffic is light and is assumed to be 500 
ADT with an estimated 20 percent trucks.  A double chip seal was placed as the final wearing course 
on the project.  Starting on the west end of the road was the 7 percent emulsion section, which was 0.20 
kilometers long.  Going to the east, the emulsion content changed to 6, 5, and 4 percent, each at 0.20 
kilometer segments.  The road was 7 meters wide.  Terrain of the road is relatively flat and straight.  
Based on weather data from Freeport Waste Water Plant (NOAA, 1971-2000), annual precipitation is 
89 cm.  The Federal Highway Administration (FHWA) LTPPBind (Version 2.1) computer program [5] 
determined a 98 percent reliability high pavement temperature of 57°C and a low temperature of -27°C.  
The thermal cracking test result shown in Table 2 did not meet this requirement. 

A Caterpillar 250 reclaimer with a 2.4-meter wide milling head pulverized the chip-sealed base.  The 
material was re-compacted and shaped to the desired cross slope and profile.  The same reclaimer, with 
three passes across the width of the road, then incorporated emulsion to a depth of 150 mm.  The 
reclaimer had an emulsion spray bar system.  However, it did not have a pump interlocked to the 
machine speed for accurate rate of emulsion incorporation, so the reclaimer attempted to drive at a 
constant speed for consistent emulsion addition. 

A CP 563D padfoot compactor was used for breakdown rolling until it walked out of the asphalt.  A 
vibratory steel-wheel roller (Ingersol-Rand DD-90) followed the John Deere motor grader and was 
used as the finish roller.  Weather during emulsion addition was sunny and between about 26°C and 
29°C. 

Traffic was allowed on the reclaimed asphalt before the surface treatment was applied.  The surface 
was primed with 1.81 liters per square meter of MC-30.  A double chip seal was placed by the county 
within about one week of the project.  An Illinois-graded HFE-90 (high-float emulsion) was applied at 
1.59 liters per square meter for the first lift followed by an 11.4 kg per square meter application of an 
Illinois CA-14 (4.75 mm) aggregate.  The second lift was 1.81 liters per square meter of HFE-90 
followed by 11.4 kg per square meter application of an Illinois CA-16 (1.2 mm) aggregate. 

The reclaimer incorporating the asphalt emulsion is shown in Figure 2.  The finished road, shown in 
Figure 3, was taken April 2004. 



Figure 2: Reclaimer During Construction 

Figure 3: Finished Surface, April 2004 

3. FIELD PERFORMANCE 

3.1 Distress Survey 

A distress survey was conducted on 25 July 2007 following the guidelines of ASTM D 6433, Standard 
Practice for Roads and Parking Lots Pavement Condition Index Surveys.  The only distresses noted 
were rutting, edge cracking, and bleeding.  Two sampling locations within each emulsion section were 
studied, each at 30 meters long. 



Rutting was found to be about 60 cm wide at all locations.  Maximum rutting was measured and used 
for determining the Pavement Condition Index (PCI) rating.  Figure 4 shows the length of rutting 
measured in each of the two locations in each emulsion-content section.  A or B designates whether it 
was from the first or second section within each of the emulsion-content sections (4, 5, 6, 7).  
According to the procedure, low severity rutting was defined as 6 to 13 mm, and medium severity 
rutting was 13 to 25 mm.  Rut measurements in the medium category were in the lower end of the 
range.  There was no high severity rutting.  Rutting is the only observed distress thought to have been 
possibly caused by the performance of the reclaimed asphalt. 
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Figure 4: Measured Rutting 

Edge cracking was not technically longitudinal cracking along the edge of the pavement.  This distress 
was the closest one in the ASTM practice to rate how the chip seal was raveled from the edge.  This 
likely occurred due to the seal being applied past the edge of the limits of stabilization; therefore, there 
was little bonding.  This issue was not related to the performance of the stabilized layer itself, but it 
was used to determine the PCI.  Nearly all the severity levels fell in the medium category, defined as 
medium cracks with some breakup and raveling. 

Bleeding is thought to have been caused by excess emulsion when it was applied by the distributor 
during the chip seal application.  It fell into the low and medium categories and was also used to 
calculate the PCI. 

The distresses by emulsion-content section contributing the most to the lowering of the PCI are as 
follows: 

4 percent - Rutting 
5 percent - Rutting 
6 percent - Rutting 
7 percent - Bleeding 

The average PCI was calculated for each of the emulsion-content sections.  The results were: 
4 percent - 76 (very good) 
5 percent - 59 (good) 
6 percent - 61 (good) 
7 percent - 63 (good) 

The best section from the PCI rating was the four-percent section.  All sections are performing well. 



3.2 Falling Weight Deflectometer 

The modulus of each layer within the road in each section was measured with a Dynatest 8000 falling 
weight deflectometer (FWD).  Testing was performed 31 July 2007.  Measurements were made in the 
outside wheel path, spaced every 30 meters.  The applied force was 40 kN after two seating drops.  
Deflection sensors were located at 0, 20, 30, 46, 61, 91, and 152 cm.  The pavement surface 
temperature at the time of the testing was 53 to 57°C; a thermometer inserted into the pavement 
determined a temperature of 46°C.  A summary of the results is shown in Table 3, with the FDR 
modulus being corrected to 25°C.  Temperature corrections were determined from laboratory-derived 
resilient modulus measurements on a variety of cold asphalt specimens tested at different temperatures. 

Emulsion content, % FDR modulus, MPa Subbase modulus, 
MPa

Subgrade modulus, 
MPa

4 1276 22 78 
5 1165 29 81 
6 1386 33 69 
7 1020 62 121 

Table 3:  FWD Results 

The results show a weak subbase layer, 25 cm thick, between the FDR layer and subgrade layer.  There 
could be several reasons for this, such as trapped moisture in the sandy gravelly base.  However, the 
reasons for this are not within the scope of this research.  Except for the section with six percent 
emulsion, there was a decreasing trend of FDR modulus with an increase in emulsion content, which 
was expected and was shown in Tables 1 and 2.  Furthermore, there are minor similarities in modulus 
between the FWD results in Table 3 and the asphalt results in Table 1.  With the exception for the 
slightly lower in-place modulus at four percent, the in-place modulus values are slightly higher than the 
mix design values in Table 1. 

FWD testing was previously performed shortly after construction in March 2004.  Unfortunately, the 
modulus of the individual sections was not determined.  The average in-place temperature-corrected 
(25°C) modulus of the road at that time was 1000 MPa, which is 83 percent of the average modulus of 
1212 MPa determined from Table 3.  Modulus values due to cool temperature on the 2004 results were 
adjusted down, while values due to warm temperature on the 2007 results were adjusted up; standard 
temperature was 25°C.  Therefore, due to these adjustments, there may be some errors associated with 
comparing the 2004 results with the 2007 results. 

3.3 Coring and Results 

Coring was conducted on 25 July 2007 using a 150-mm diameter core barrel.  Cores were taken from 
each emulsion section to verify the properties of the mixture analysis performed on the as-constructed 
materials.  Some cores were not intact after coring or did not survive shipping.  More cores in the 
seven-percent emulsion section came out intact compared to the other emulsion sections, while no core 
in the six-percent emulsion section came out intact.  Construction records or observations do not 
provide a reason.  It is possible that this could have skewed the results of the laboratory testing, shown 
in Table 4, to higher values. 

Emulsion 
content, % 

Air Voids, % Resilient 
modulus, MPa 
ASTM D 4123 

Indirect tensile 
strength (ITS), 

kPa
ASTM D 4867 

Saturated ITS, 
kPa

ASTM D 4867 

4 14.0 651 382 507 
5 12.2 1235 429 415 
6 No data 
7 9.4 611 348 403 

Predicted thermal cracking temperature at 7 percent:  -35°C 

Table 4:  Asphalt Mixture Results of Cores 



An observation that was not expected was that the saturated ITS value was higher in two out of three 
cases than the unconditioned results.  Differences between results in Table 1 (laboratory-made 
specimens) and Table 4 are as follows: 

Air voids are slightly higher in the field cores (Table 4) than in the laboratory mix, though not 
greatly 
Resilient modulus results of the field cores, except for five percent emulsion, are lower 
ITS values of the field cores, except for four percent emulsion, are higher 
Saturated ITS values of the field cores are higher in all cases 

The thermal crack test was not performed on the field-sampled materials.  The result of -35°C on the 
seven-percent field cores is very good when compared to the required value of -27°C for this weather 
station.  Theoretically, the value of the lower emulsion content specimens would be higher than -35°C, 
but it is not known if they would have been worse than the required -27°C value.  The thermal crack 
test was performed on the quarry materials and was determined to be -23°C (Table 2) at 5.5 percent 
emulsion, but it is expected that this is due more to the differing materials and less due to the lower 
emulsion content.  

The differences in modulus results in Table 3 (FWD) and Table 4 (cores) show that at five percent, the 
results from the cores are higher, but at four and seven percent, the results from the cores are much 
lower than the in-place values. 

4.  ANALYTICAL RESULTS 

4.1 Dynamic Modulus Results 

Three specimens were made at 5.5 percent emulsion with the materials sampled from the quarry.  For 
measuring Dynamic Modulus (E*), and  after compaction and curing, the center 100 mm of the lab-
compacted specimens were cored out and then the ends were sawed off to achieve a final test specimen 
that was 100 mm in diameter by 150 mm high. 

Three replicate E* specimens were tested in uniaxial compression with a servo-hydraulic loading 
frame, in accordance with the AASHTO provisional test method, TP-62.  Each specimen was subjected 
to six frequencies of loading (25, 10, 5, 1, 0.5, and 0.1 Hz) at each of five temperatures (-10, 4.4, 21.1, 
37.8, and 54.4ºC), beginning with the fastest frequency and the coolest temperature.  For each loading 
condition, a sinusoidal load was applied to maintain a peak-to-peak controlled strain magnitude of 50 
to 150  (microstrains) within the specimen.  The elastic strain was measured with 100 mm gauge 
length extensometers placed at three points (each 120º) around the circumference of the specimen.  A 
master curve, with a reference temperature of 21.1 ºC, was produced from the average of the specimens 
and is shown in Figure 5.  Details of the production of the master curve can be found in Thomas and 
May [6]. 
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Figure 5: Dynamic Modulus Results 



4.2 Results of Mechanistic-Empirical Analysis 

The mechanistic-empirical pavement design guide (MEPDG) software (version 1.000) was used to 
analyze the pavement structure with the E* results from the asphalt mixture.  The pavement cross-
section modeled in the software had a 150 mm thick FDR layer over a 200 mm thick aggregate base 
layer.  The actual aggregate base layer thickness was 50 mm thicker, so the software analysis is slightly 
conservative.  The assumed subgrade soil was lean clay.  Since the MEPDG software does not 
currently have performance models for emulsion mixes, the default distress models for asphalt concrete 
were used for this analysis.  For 100 heavy trucks initially per day with 4% annual growth over 20 
years, the software predicted 11.9 m/km of top-down longitudinal cracking, 0.277% bottom-up 
alligator cracking, no thermal transverse cracking, 7.1 mm of total rutting (asphalt layers, aggregate 
base layer, and subgrade combined).  Modeling results at 46 months, the time between construction and 
the distress survey, predicted 0.89 m/km of top-down longitudinal cracking, 0.034% bottom-up 
alligator cracking, no thermal cracking, and 4.5 mm of total rutting. 

4.3 Comparison of MEPDG to Field Performance 

This research was a first attempt to compare the results from the new and upcoming MEPDG software 
to field performance of cold asphalt FDR.  From the dynamic modulus results, the software predicted 
4.5 mm of rutting after 46 months, while some portions of the pavement had rut depths exceeding this 
value.  Some portions had no measurable rut depths.  The predicted rut depth is also the sum of rutting 
in all layers, and it is not known if actual rutting in the field was contributed by all layers or isolated to 
just the FDR layer.  The software predicted minor longitudinal and alligator cracking.  No cracks were 
observed in the pavement, though it is possible that minor cracking could have existing but was masked 
by the chip seal.  The software predicted no thermal cracking, and tests on the cores at seven percent 
predict the same thing, at least if the results at seven percent can also be applied to the other emulsion 
contents. 

There were obvious limitations of using the materials from the quarry for the dynamic modulus testing.  
The pavement had the same parent material as the quarry.  However, comparing the results of the two 
asphalt mixes showed that, while resilient modulii were similar, there were some differences (Table 1 
and Table 2).  Further, the dynamic modulus test was performed at only one emulsion content, 5.5 
percent.  It is possible that since the resilient modulus results of the two mixtures, at each emulsion 
content, is similar, the dynamic modulus results could have been similar as well. 

5. CONCLUSIONS 

Determining optimum emulsion content for these materials under these conditions was one objective.  
Coring indicated that seven percent emulsion was optimum, due to the number of intact cores obtained.  
Other results, such as the pavement condition indices or falling weight deflectometer modulii, indicate 
lower emulsion contents.  All emulsion content sections are performing well, and monitoring of the 
pavement will continue. 

The modulus values in Table 1 and Table2 were similar, but other test properties were much different.   
However, it was assumed that since the resilient modulus values were similar, then the dynamic 
modulus values would have been similar and that the results of mechanistic-empirical modeling are 
valid.   

The MEPDG program predicted less rutting and more cracking than the actual field performance.  It 
also predicted no thermal cracking, which was observed on the project and validated with the IDT 
thermal crack test.  The overall results of the MEPDG analysis at 46 months show very minor 
distresses, which agreed with the observed field performance. 

The default models used in the MEPDG are based on asphalt properties, with allowance for input of 
laboratory values such as dynamic modulus values.  Dynamic modulus values from the emulsion 
mixture were used as an input into the program.  However, there is a need for models based on field 
properties of emulsion mixtures.  Future research will focus on this need. 
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ABSTRACT 

Due to its noise reducing potential, porous asphalt (PA) is increasingly used as wearing course for the aspect of noise 
reduction in Germany. 

It is broadly known that PA – due to their extremely hollow spaced asphalt mixture – has an increased age sensitive 
bitumen phase. Furthermore it shows problems in adhesion and aggregate loss caused by mechanical impacts has 
therefore a reduced live durability in comparison to common asphalt layers. In consequence, an in-creased effort of 
maintenance has to be planned. 

For the production of PA selected materials like high bitumen and high quality aggregates are used. On the other side 
the short range of maintenance leads to an increased amount of open-pored recycling asphalt from wearing courses. 

The essay deals with the ageing of PA´s binder and the changes of the aggregates. Furthermore the possibilities of 
recycling of PA in the production of hot asphalt mixtures on a high level of value are tasked. 

Keywords: Porous asphalt, Ageing, Recycling, Low-temperature Properties

1. INTRODUCTION 

In Germany porous asphalt is used exclusively due to its noise reducing properties. The other advantages – surface 
drainage with the result of reduced water spray and the reduction of the danger of blinding at dark and wetness as well 
as the outstanding resistance against rutting – are gladly accepted side effects. Nevertheless, these positive performance 
properties are subordinated to the noise reducing potential. 

The noise reduction is realised by the surface structure and the extremely high void contents which exceeds values of 22 
Vol.-%. To gain an advantageous macro texture of the surface, a maximum aggregate size of 8 mm is used. To reach the 
large void content, the aggregates of grades 2-5mm with low contents of sand and fines are enclosed by polymer 
modified binder with a high viscosity. This single-size asphalt mixture is subjected to an extremely high impact of 
ageing. Thus, the binder of porous asphalt layers ages much faster than the bitumen in conventional asphalt materials. 
Furthermore, the grains are supporting each other only at their edges which results in a faster grain fragmentation. As 
the aggregates are only linked to each other punctually, single grains are released of the pavements especially after 
ageing and mechanical impact.  

Because of these special mechanisms the life time of porous asphalt courses is reduced and these structures demand 
higher efforts for maintenance. Even a technical and noise reduction life time of 10 years are sign for the success of the 
composition of the porous asphalt. Because of the reduced life time high amounts of reclaimed porous asphalts are 
emerged which should be recycled in a high-value manner.  

2. CHANGES OF THE PROPERTIES OF POROUS ASPHALT DURING SERVICE LIFE 

During service life the grading of the aggregates in a porous asphalt course and in particular its binder’s viscosity is 
changed. Furthermore its voids are polluted with impurities. In the lanes these contaminants are washed out of the voids 
or pressed in bottom areas of the pavement. Nevertheless the voids in the pavement of the emergency lanes can be 
blocked completely which leads to the loss of drainage properties. At the surface even organic substances can settle on 
these surfaces. 

In Germany porous asphalt is always laid on top of a bituminous sealant to avoid the intrusion of rain water into the sub 
layers of the pavement. The surface water is supposed to flow on the sealant inside the porous asphalt course to the road 
side to be discharged under controlled conditions. The existence of the sealant has to be considered for the milling and 
recycling process.  

The question of the changes of the properties of porous asphalt during service life and the possibilities of recycling were 
topics of several research projects funded by the Federal Ministry of Transport, Building and Urban Affairs. Objects of 
research were 12 road sections with various combinations of aggregates and binder. The compositions of the examined 
porous asphalts were similar with a binder content of 6.5 %, a fines content of 4 %, a sand content of 2 % and a content 
of coarse aggregates of 90 % whereas about 85 % were of the grain size between 5 and 8 mm.  



2.1. Changes of grading 

The composition of the porous asphalt were analysed before the construction and after 5 to 6 years under service by 
taking cores from the road. The porous asphalt layer was separated above the sealant layer to ensure that no arisen 
sealant bitumen will falsify the test results. In Table 1 the differences between the asphalt composition at the 
construction and its composition from the cores after service life are summarised. It can be stated, that the course 
aggregates (5-8 mm) are heavily fragmentised and its content was reduced by up to 13 %. It can be assumed, that these 
changes occurred mainly due to the construction and compaction process an less by the traffic impacts. It is considered 
that the coring process has a minor influence on the fragmentation. The fragmented grains can be found in the other 
particle sizes – mainly in the grade 2/5 mm - which show a rise of their contents. That the binder content is reduced in 
nearly all cases can be explained by the abrasion of binder at the surface of the course. Further binder can be washed 
away from inside the porous asphalt layer by the dynamic flushing due to traffic impacts.  

Change of binder content and grading during service life 

Binder content Fines
< 0.09 mm 

Sand
0.09-2 mm 

coarse aggr. 
2 – 5 mm 

coarse aggr. 
5 - 8 mm 

coarse aggr. 
> 2 mm 

No. 

M.-% M.-% M.-% M.-% M.-% M.-% 
1 - 0.27 + 1.3 + 2.7 + 3.9 - 8.8 - 4.0 
2 - 0.47 + 0.3 + 2.3 + 2.4 - 4.7 - 2.7 
3 - 0.26 + 0.2 + 1.6 + 3.1 - 2.8 - 1.9 
4 - 0.03 + 0.7 + 2.2 + 4.5 - 7.1 - 3.0 
5 - 0.25 + 1.2 + 3.8 + 4.0 - 7.9 - 5.1 
6 - 0.39 + 1.6 + 6.8 + 3.4 -12.7 - 8.5 
7 - 0.35 + 1.8 + 4.4 + 1.2 - 7.9 - 6.1 
8 - 0.27 + 1.0 + 3.2 + 8.1 - 12.0 - 4.2 
9 - 0.12 + 0.5 + 2.1 + 0.1 - 3.6 - 2.8 

10 - 0.07 + 0.6 + 3.5 + 2.6 - 4.8 - 4.1 
11 ± 0.00 + 0.8 + 2.3 + 7.4 - 9.6  - 3.1 
12 - 0.53 - 1.0 + 1.4 + 9.0 - 9.5 - 0.5 

Mean -0.25 + 0.7 + 3.0 + 4.1 - 7.6 - 3.8 

Table 1 Change of binder content and grading during service life 

2.2. Pollution of the porous asphalt surface 

Obviously, the not used emergency lanes showed clogged voids, as no air pumping of the tyres clean the asphalt course. 
If the pavements crossfall aligned towards the road side, further pollution is transported from the inner lanes towards the 
emergency lane, where the impurities are piled up. The rain water can’t drain inside the layer and leaks to the road 
surface.

The examination of the cores from the 12 sections showed that mineral aggregates from the environment entered the 
porous asphalt layer and were accumulated at the bitumen sealant.  

2.3. Binder ageing

The binders of some sections showed sings of extreme ageing. Table 2 contains the softening points ring and ball of the 
recovered binder from the asphalt mixture just before construction and from the cores after 5 to 6 years of service life. 
The rises of the softening points are substantial and reach values of up to +18.5 K. It was found that the rise depends not 
only on the binder product but also on the type of construction or the type of aggregate. The same binder product 
showed in one section only a modest rise, whereas its softening point increased substantially in other sections.  
According to the notified rises the softening point was a good parameter to indicate the ageing of the modified binders. 
Beside the investigation of conventional binder parameters, strength-ductility and DSR analysis were made. Whereas 
the use of the performance oriented binder parameter complex shear modulus G* did not provide any additional 
information compared to the softening point, the interpretation of the strength-ductility curve does represent a 
meaningful possibility of recognising the binder’s ageing.[2]  

2.4. Asphalt ageing 

The ageing of an asphalt layer influences the rutting resistance only slightly – as it is normally improved by ageing – 
whereas its resistance against cracks is changed due to worse fatigue and low temperature properties.  



To test the low temperature properties cooling tests and direct tensile tests were carried out at the test temperatures of 
+20 °C, +5 °C, -10 °C and -25 °C on prismatic specimen with the size 40 × 40 × 160 mm³. In the direct tensile test the 
specimen is subjected to a deformation rate of 1 mm/min until failure. The maximum reached tensile stress is recorded 
as tensile strength Z and the reached strain at failure is measured. In the cooling test the specimen is cooled down with 
a temperature rate of -10 K/h until failure. With decreasing temperature the prohibited thermal shrinkage induce 
cryogenic stress in the specimen which is measured continuously. The difference between the tensile strength and the 
cryogenic stress is called tensile strength reserve and is drawn versus the temperature. It represents the mechanical 
stress which can be induced by traffic loads in addition to the cryogenic stress due to weather conditions.  

Softening point ring and ball 
recovered bitumen from: 

Change of Softening point 

Mixture before laying Cores after life time Cores minus mixture 
No. 

°C °C K 
1 58.0 66.4 +  8.4 
2 63.8 75.9 +12.1 
3 75.6 77.3 +  1.7 
4 74.8 84.5 +  9.7 
5 66.7 73.5 +  6.8 
6 70.8 89.3 + 18.5 
7 62.4 73.5 + 11.1 
8 68.1 77.9 +  9.8 
9 71.4 87.3 + 15.9 

10 71.8 78.8 +  7.0 
11 72.2 74.5 +  2.3 
12 67.8 80.5 + 12.7 

Mean 68.6 78.3 +  9.7 

Table 2 Change of Softening point ring and ball during service life 

The graph of the tensile strength reserve passes a maximum stress value which lies between -10 °C and +5 °C, 
dependent from the asphalt properties. This maximum stress level and the corresponding temperature are suitable values 
to describe the crack sensibility at low temperatures. High values of the tensile strength reserve and low corresponding 
temperatures indicate a good low-temperature performance. 

         
Figure 1 Results of the direct tensile tests and of the cooling tests „fresh“(left) and after service life (right) 

for the construction site No. 2 



          
Figure 2 Results of the direct tensile tests and of the cooling tests „fresh“(left) and after service life (right) 

for the construction site No. 5 

To analyse the changes in the low-temperature performance, specimens were gained from laboratory compacted slabs 
from unaged asphalt mixtures and from field cores after 5 to 6 years of service life. Figures 1 and 2 show typical results 
of the conducted cooling and direct tensile tests.  

The figures show, that the value of the tensile strength reserve is reduced due to the ageing during service life, whereas 
the corresponding temperature is shifted upwards. It rises at site 2 from -12 °C to +4 °C and for the porous asphalt from 
site 5 from -6 °C up to +2 °C.  

It has to be remarked, that the value of the tensile strength of porous asphalt with values between 1.0 MPa and 0.5 MPa 
is much lower than the values obtained on denser asphalt mixtures. Specimens from sand asphalt reach tensile strength 
reserve values of 6.0 MPa, whereas specimen from stone mastic asphalts normally result in values of about 4.5 MPa. It 
has to be concluded that porous asphalt always reacts more sensitive on tensile loads and thus shows a higher 
sensitiveness against ravelling and mechanical impacts as dense asphalt pavements.  

It was not able to verify a correlation between the values of the softening point and the low temperature properties, as 
other asphalt properties as void content, binder content and aggregate type affect the performance of the compacted 
asphalt as well.  
It should be noted that unlike the softening point other binder parameters such as the Fraaß breaking point or the results 
of the BBR or DSR test show high correlations between the results of the low-temperature tests on the asphalt and the 
characteristics of the used binder.[5] 

In earlier research works on the influence of the addition of demounted asphalt in asphalt binder mixtures [3] the 
properties of a recovered binder (blend of modified binder/paving grade binder) were investigated. Neither the quality 
of the used reclaimed asphalt nor the mechanical properties of the resultant mixture could be identified from the 
properties of the recovered binder. Softening point and elastic behaviour of the recovered binder responded the values 
of a modified binder, although reclaimed asphalt with paving grade binder was used. (q. v. clause 3.3) 

3. ASPECTS OF RECYCLING 

In Germany the recycling of reclaimed asphalt for the production of new asphalt is limited due to restrictions, that the 
softening point of the reclaimed asphalt should not exceed a value of 70 °C. Otherwise, the evidence of innocuousness 
for the use in technical construction issues has to be provided. It is the asphalt technologists task how this evidence is to 
be provided. 

This question is followed systematically by an ongoing research project at the University of Braunschweig. Therefore 
the asphalt of various porous asphalt layers are reclaimed from wearing courses and analysed to consider the conditions 
concerning the addition and the asphalt types in which the demounted asphalt can be used in. 



3.1. Characteristics of the reclaimed asphalt 

In 2007 demounted asphalts were attained systematically from open pored wearing courses (PA 8) of german highways. 
Basically there are two possibilities in extracting the mounting asphalts: gaining it with or without the under laying 
sealant. In case the sealant was partly extracted experiences show that the under laying asphalt binder layer is damaged 
to a level where it is difficult to rebuilt an open pored wearing course according to the rules on that asphalt binder. 
Hence, it is recommended for maintenance activities to leave the bitumen sealant unmilled until the sealant and asphalt 
binder will be taken out in case of a modernisation. 

The composition of the open pored demounted asphalts shows table 3. 
The binder contents vary between 4.8 M.-% and 8.8 M.-% depending on how deep the sealant was taken out. The 
softening points ring and ball (SPR&B) differ from 70 °C (variant V7) and 104 °C (variant V8). The grading content of 
the split 5/8 lie between 44 and 66 M.-%, the content of grain fraction >8 mm vary heavily from 5.2 M.-% to 18.0 M.-
%.

Drawing a conclusion of these demounting tests, demounted asphalts out of porous asphalt layers differ a lot despite of 
a comparable basic composition due to their stage of ageing, level and type of crashed aggregate and type of mounting 
technique.

Number of the recycling porous asphalt  
 Dim. 

V1 V2 V4 V5 V6 V7 V8 

Binder content M.-% 6.7 4,8 5,5 8,8 8,3 7,0 7,4 

Softening point r&b °C 85.0 83,5 104,0 84,0 88,0 69,8 75,4 

Type of aggregate - gabbro gabbro gabbro gabbro 
rhyolithe

gabbro 
rhyolithe gabbro gabbro 

Filler content M.-% 7.0 5,4 5,0 7,3 8,2 5,3 5,0 

0.09-0.25 M.-% 3.6 2,7 2,6 5,6 4,6 2,8 2,3 

0.25 – 0.71 M.-% 5.8 2.4 3.9 8.0 5.6 3.0 2.7 

0.71 – 2.00 M.-% 7.1 2.2 4.5 6.9 8.3 4.3 2.7 

2.0 – 5.0 M.-% 23.0 16.2 18.1 17.7 20.5 15.3 16.0 

5.0 – 8.0 M.-% 47.1 65.9 60.7 44.3 45.2 51.3 58.5 

8.0 – 11.2 M.-% 5.7 5.1 5.2 7.6 5.3 11.0 9.5 

> 11.2 M.-% 0.7 0.1 0.0 2.6 2.3 7.0 3.3 

Maximum density g/cm³ 2.551 2.672 2.618 2.380 2.384 2.563 2.566 
Table 3: Binder content, softening point, grading and maximum density of recycling porous asphalt from seven 
different construction sites 

3.2. Considerations to the choice of asphalt mixture 

Concerning the dominance of the particle size 5/8 mm large amounts of demounted open pored asphalt can only be used 
in asphalt binder (AC 16) and in stone mastic asphalt (SMA). The low proportion of particle size 5/8 mm in AC 22 as 
well as in SMA 11 does not legitimate extensive preliminary examinations of reclaimed porous asphalt.  

For AC 16 and SMA 8 worst case examinations on the basis of the data in figure 3 are made. 



Figure 3  Grading of AC 16 for binder courses with 30% reclaimed porous asphalt 

Assuming an addition of 30 % demounted asphalt the black bar in figure 3 displays the particle size’s proportion of a 
composition according to the rules demounted asphalt, the red bar shows minimum proportions while the green bar 
presents the maximum composition. The content of 20 % grain size 5/8 mm is critical as it has to completely changed 
by reclaimed asphalt.  By an addition of 30 % reclaimed asphalt about 35-56 % of the mixtures’ binder emanates from 
the demounted asphalt. In the worst case 53 % of the ACs’ binder (target binder content 4,5 M.-%) results from the 
demounted asphalt (SPR&B 88°C,variant 6). Adding 47 % related to the total binder content of a polymer modified 
binder (PmB 130 A) leads to a calculated SPR&B of  61.6 °C which corresponds to a PmB 25 A. 

Corresponding examinations were made for a stone mastic asphalt SMA 8. As figure 4 shows no problems occur using 
30 % demounted open pored asphalt of any composition in a SMA 8. The proportion of grain size 5/8 mm adds up to 55 
M.-% and is not exceeded by 18 % of reclaimed aggregate. In addition the total binder content of 7.0 % allows to use 
even high aged binders. The resulting calculated SPR&B is throughout adjustable to a viscosity according to a PmB 45 A 
by adding PmB 65 A or PmB 130.  
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Figure 4 Grading of a SMA 8 with 30% reclaimed porous asphalt 

3.3. Performance tests 

From earlier research works on asphalt concrete for surface and binder courses it is known, that the single pieces of the 
granulated reclaimed asphalt are not digested entirely during the mixing process with virgin material. The granulated 
pieces are covered with a second layer of fresh binder. The use of the experience gained from results of conventional 
tests on the composition properties of the asphalt mixture as grading, binder content and binder viscosity is constricted. 
This means, that it is not possible to conclude the performance properties of the asphalt from the resulting asphalt 
composition and the resulting softening point. Always performance tests are necessary to address the mechanical 
properties of the asphalt material directly. Appropriate test methods are: 

- compatibility according to EN 12697-10 
- water sensitivity according to EN 12697-12 
- the resistance against rutting according to EN 12697-22 and/or with a dynamic test method according to EN 

12697-25 
- the fatigue characteristics with swelling tensile tests or four-point-bending tests according to EN 12697-24 and 
- the properties at low temperatures with direct tension tests as well as cooling tests, which are being introduced 

as work items to the standardisation process.  

In the laboratory of the Institute for Highway Engineering of the Technical University of Braunschweig an asphalt 
concrete for binder courses (AC 16) and a stone mastic asphalt (SMA 8) are mixed in semi-technical stage with adding 
of five different milled porous asphalt. The content of reclaimed asphalt is varied (15 % and 30%) as well as the 
technique of adding of the reclaimed asphalt (cold with 20°C and preheated to 100°C). The fresh material types are 
chosen with the goal that all asphalts result in the same resulting composition.  

From the laboratory compacted asphalt, specimens are gained for conducting the above mentioned test methods. As 
these tests have not been concluded, the results can be presented on the congress in Copenhagen in April 2008.  

4. CONCLUSIONS 

In Germany porous asphalts are composed with a high binder content of 6.5 % and the use of polymer modified binders 
or even with modified binders of high viscosity. Nevertheless, the porous asphalt courses are subjected to a considerable 
high ageing, which is shown by the rise of the softening points of up to 20 K. The porous asphalt is getting increasingly 
brittle and sensible to ravelling, which is shown by the decrease of the maximum tension strength reserve and the rise of 
the corresponding temperature. As a result, porous asphalt courses inhibit shorter service lives than conventional, dense 
asphalts as SMA or sand asphalt.  
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During the maintenance, porous asphalt courses have to be milled. It was shown, that the composition changed in 
dependency of the milling depth – with or without sealant – , the grading by fragmented aggregates as well as binder 
ageing. Large amounts of reclaimed porous asphalt of up to 30 % can be used in new asphalt mixes as AC 16 for binder 
courses or in SMA 8 mixtures without the leaving of the technical requirements on the composition and the resulting 
binder viscosity. But as in the mixing process the granulated asphalt pieces are not digested completely, and the 
aggregates are coated with two binder layers expanded type tests are necessary. In every case of application 
performance tests to analyse the rutting resistance as well as the fatigue and low-temperature properties and the 
adhesion characteristics should be performed.  
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ABSTRACT 

Reclaimed asphalt, obtained by milling of asphalt road layers, can be re-used at once or stored. In the case of storage, 
an heterogeneity issue may occur when several types of materials with different origins are mixed. At the scale of a 
storage zone or a stockpile, composition and properties of the reclaimed asphalts will be different, inducing variations 
of the final material properties, constraints for the stock manager, and the necessary adaptation of the manufacturing 
process.
The reclaimed asphalt heterogeneity issue and the specific manufacturing process used in drum mixer asphalt plants 
have to be taken into account in order to optimize the laboratory mix design study as well as the physical, chemical and 
environmental criteria set in European legislation. The objective of this research work is to estimate the RAP 
heterogeneity in a material stockpile, as well as to improve the laboratory mixing procedure in order to better 
reproduce in laboratory the specific manufacturing process which can be found in drum mixer asphalt plants for these 
materials. The most relevant parameters are identified and a parametric study is carried out to estimate their level of 
influence on the behavior of the final bituminous material. 

Key words: reclaimed asphalt pavement (RAP), mixture design, physical properties, chemical properties, compaction

1. INTRODUCTION

Road works are great consumers of natural aggregates. In order to save these materials, the use of alternative resources, 
such as industrial by-products or construction waste, is a priority. Furthermore, the use of these alternative resources 
allows to avoid their dumping in storage sites and allows to comply with the European specifications about the storage 
of re-usable waste [1]. 
In this context, recycling of the bituminous materials is an interesting solution. Developed since the 70s, during the first 
petroleum crisis, the milling, manufacturing and mix design processes have evolved in order to take into account the 
technical [2, 3, 4], environmental [1], and economic [5] criteria established for the classical products. These evolutions 
have allowed to increase the rate of reclaimed asphalt pavements (RAP) in road materials formula [6]. Some of these 
materials even sometimes show better mechanical characteristics than the similar materials without RAP [7, 8, 9]. 
For the last years, recycling rates have reached more than 50 %, while the heterogeneity and pollution issues, as well as 
the potential weakening of aggregates linked to the re-use of RAP, which can lead to sustainability issued for the new 
material have not been mastered. The RAP heterogeneity can result from a too deep milling of the layer inducing a 
mixing with the materials of the lower layers and from the re-use of RAP with different origins. This may lead to the 
manufacturing of materials with variable properties. 
Pollution may occur with the use of RAP including high Polycyclic Aromatic Hydrocarbons (PAH) contents (from tar 
for example), sulphur, or asbestos added to the old bituminous mixes, as well as high contents of heavy metals (zinc, 
lead, …) from by the road traffic. However, bituminous mixtures are mainly considered as clean materials [10], polluted 
asphalts being very rare in road infrastructures. 
Lastly, RAP are weakened from the mechanical point of view, because of their first use in the pavement, the milling and 
the crushing on the storage site.  Moreover during their re-use, and particularly the mixing, RAP can undergo, as the 
virgin aggregates, thermal shocks caused by the overheating of the virgin aggregates at temperatures higher than 400°C, 
according to the recycling rate and to the RAP water content [11, 12].  The final mixture sustainability, partly relying on 
the granular skeleton resistance, will also depend on the coating quality of the aggregates, obtained by the reclaimed 
and virgin binders combination and compatibility [13]. 
These issues require specific laboratory mix design methodologies in order to improve the re-use of RAP and to be 
more representative of industrial conditions. 

2.  STUDY 

In this context, the French Scientific and Technical Network of the LCPC has begun a research project regarding the re-
use of reclaimed asphalt pavements. This research project aims to develop laboratory mix design methodologies for 
materials containing RAP, to define their “recyclability” potential, and to work out more efficient methods to detect 
pollutants in materials to be recycled.  
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2.1. Material studied 

The first step of the research project has taken the opportunity of a recycling site on the A6 motorway in the north of 
Lyon (France).   
On five kilometres, porous asphalt, laid in 1990 and 1991, was removed from the total road width, with a more 
important milling depth for the slow lane in order to reinforce it.  Porous asphalt was re-used in the composition of a 
0/14 high modulus mixture with a recycling rate of 50% for the slow lane reinforcement.  
After milling, porous asphalt was stored on the same site as the virgin aggregates.  Site mixing was performed with a 
double drum mixer “Astec DB7 1742”. The mix composition is detailed in table 1. 

Constituents Characteristics Percentage (%) 
6-10 mm 14
4-6 mm 14

Aggregates
Mineralogy: Rhyodacitic tuff 

0-4 mm 21
Fillers

Mineralogy: Limestone 
< 0,080 mm 1 

Reclaimed asphalt 0-14 mm Porous asphalt 50
Bitumen 10/20 grade 3,45 %ext 

Table 1 : Mix composition 

2.2. Experimental program

The presented study has focused on the RAP heterogeneity evaluation, RAP pollution investigation and on the influence 
of the laboratory manufacturing process on the mix workability assessed with the gyratory compactor using different 
manufacturing processes in laboratory. For this purpose, sampling of materials was carried out on site. 10 tons of RAP 
were taken from the initial stockpile with a loader. One ton was sampled on the top of this new stockpile and then 
separated into 34 metal buckets.  The other constituents of the mixture (virgin aggregates, new binder) have been 
sampled in quantities relating to their proportions in the mixture.  Moreover, loose mix has been taken on the building 
site during construction. 
The following paragraph presents the first results obtained. 

3. RESULTS AND DISCUSSION 

3.1 Characterization of RAP   

Two batches of RAP, referred A and B, were made up from the whole RAP sample. Each batch includes the contents of 
three buckets of 34 kg taken randomly, on the principle of alternate shovelling described in the standard EN 932-1 [14]. 
The materials were deposited in a container, and then were mixed in order to homogenize them. As the RAP is made of 
particles bounded with bitumen, it was considered as interesting to look at the difference in grain size distributions 
between the raw material and the RAP rid of binder. The homogeneity of the characteristics of the two batches was then 
checked by carrying out grain size analysis of the RAP before and after stripping of binder [15], as well as by 
characterizing the reclaimed binder. The stripping was carried out according to EN 12697-1 standard [16].  

3.1.1 Grain size analysis 

Table 2 and figure 1 show the grain size distribution of the two batches. 
Each curve is the results of the average of two tests, except for the RAP without binder of batch B carried out on a 
single sample.  The results show that the raw RAP of batches A and B have similar granular distributions, except for the 
2-10 mm fraction which is bigger for batch A than for batch B but thus remaining close taking into account the test 
results repeatability. After stripping of binder, the granular distributions of the reclaimed aggregates of the two batches 
are identical, the repeatability of the analysis being better with the RAP without binder than with the raw RAP.   
Logically, the raw RAP is coarser than the reclaimed aggregates without binder. The remaining issue is to characterize 
the exact stripping level of RAP during the mixing of the new material, due to the rise in temperature, and to evaluate 
the granular arrangement, the quality of the hydrocarbon mastic and the interaction with the virgin binder in the final 
material. 
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 Cumulating passing (%) 
Sieve size (mm) Batch A 

Raw RAP 
Batch A 

After binder 
stripping 

Batch B 
Raw RAP 

Batch B 
After binder

stripping 
20 96,8 100,0 98,2 100,0 
16 89,4 98,3 91,5 100,0 
14 78,2 97,5 78,8 96,8 

12,5 57,2 82,1 58,4 81,8 
10 28,4 45,8 32,7 44,0 
8 20,6 33,7 25,7 33,8 

6,3 16,5 28,8 21,4 29,4 
4 12,1 24,6 15,4 25,5 
2 8,5 21,4 9,7 22,2 

0,5 4,1 14,3 5,9 14,3 
0,063 1,2 6,9 1,2 7,0 

Table 2 : Results of granular analysis 

Figure 1: Granular distribution of studied RAP 

3.1.2 Characterisation of the reclaimed binder 

The bitumen contents have been measured for the two batches [16]. The results are shown in table 3.  The values are 
very similar and in accordance with the classical values for porous asphalts according to the European standard EN 
13108-7 [3]. 

Binder content / total mass (int %) Binder content / reclaimed aggregate mass (ext %) 

Batch A 4,11 4,29 
Batch B 4,14 4,32 

Table 3:  Binder contents of the studied RAP 

After extraction, the characteristics of the reclaimed binder have been evaluated through the ring and ball test [17] and 
the penetration test at 25°C [18]. The results are shown in table 4.   
The reclaimed binders are hard, with a penetration similar to the one of 10/20 grade pure bitumen, but with a higher ring 
and ball temperature [19]. These results are representative of the important ageing of the binder, laid for sixteen years. 
In addition, an infrared spectrometry test has been performed on the binder of batch A. The presence of polymer has 
been detected and identified as an SBS compound, with a content of 1,35%. The presence of polymers may disturb the 
ring and ball and penetration tests and could explain partly or totally the variability of values obtained for the batches A 
and B. 
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Reclaimed binder Ring and ball T° (°C) Penetration (1/10 mm) 
Lot A 77,6 8
Lot B 82,0 10

Table 4:  Characterisation of the reclaimed binders 

Based on the obtained results, the two studied batches can be considered as homogeneous. 

3.1.3 Rapid tar detection 

Within the framework of sustainable development and tar issues in pavements, a qualitative evaluation of the tar 
presence in the RAP was carried out by the rapid method of the toluene task.  This qualitative method allows the quick 
detection of  PAH, with a detection threshold of 100 mg/kg [20]. 
The tests did not reveal any presence of PAH in our samples.  However, the detection threshold remains relatively high 
in comparison to the threshold fixed for the dumping in storage site of inert waste, which is 50 mg/kg [1].   

3.2 Influence of the laboratory manufacturing process on the mixture workability  

Manufacturing processes of bituminous materials including RAP are different in mixing plants and in laboratory. 
Several manufacturing processes have then been tested in laboratory, in order to manufacture a high modulus 
bituminous mixture with properties similar to the ones of the material manufactured in the mixing plant. The studied 
parameters are : the heating temperature of the various components, the mixing duration, the mobilization of old binder. 
Gyratory compactor tests have been carried out in order to evaluate the workability of these materials. The mixing and 
compaction temperature is 180°C. 

3.2.1 Description of the manufacturing processes used 

Based on EN 12697-35 standard [21], five mixtures prepared with the processes described above have been tested:  

- Mixture 1. The loose bituminous mix sampled on  the building site is heated in an oven at 100°C during 12h 
then at 180°C during 4 h. Mixing is carried out with a thermo regulated mixer during 2 minutes. This 
procedure only aims at homogenising the material.  

- Mixture 2. All the components (RAP, virgin aggregates, binder) of the high modulus asphalt are preheated in 
a drying oven at 180°C.  Mixing is carried out during 2 minutes. 

- Mixture 3 - Same preparation as mixture 2 but with a mixing duration of 5 minutes. 
- Mixture 4 - The virgin aggregates are preheated at 180°C then, before mixing, heated at 380°C during 15 

min. Then, they are mixed with the cold RAP, in the thermo regulated mixer, in order to obtain an 
homogeneous granular mixture at 180°C after mixing during 30 seconds. The virgin binder and the fillers, 
preheated at 180°C, are finally added.  The total mixing time is 5 minutes.  

- Mixture 5. RAP is stripped of binder. The final mix is made by reincorporating the reclaimed aggregates and 
the reclaimed binder in the adequate proportions of the mix design, with the virgin aggregates, the virgin 
binder and the fillers. All these elements are preheated at 180°C.  Supplementary part of fillers are added in 
order to compensate the loss of 0-0,063 mm particles from RAP caused by the stripping of binder. Mixing 
time is 5 minutes.   

Mixture 1 is the reference mix. For mixes 2 to 5, the first mixing is carried out with the aggregates and the RAP (raw or 
without binder) during 30 seconds. Then the virgin binder, the reclaimed binder for mixture 5, and the fillers are added 
[21].  
Mixtures 2 and 3 are meant to reproduce what happens in the plants where RAP is reheated before mixing with the new 
aggregates. Their study allows the comparison between the behaviour of material manufactured in mixing plant and the 
behaviour of materials manufactured in laboratory, according to the traditional preparation procedure and the evaluation 
of the influence of the mixing time on the workability of the material.  
Mixture 4 is meant to reproduce was happens in classical drum mixers asphalt plant with a RAP ring where virgin 
aggregates are overheated to allow RAP reheating.  
Lastly, mixture 5 takes into account the effect of the stripping of binder of reclaimed aggregates and the whole 
mobilization of the reclaimed binder during mixing on the workability of the mix.    

3.2.2 Workability assessment with gyratory compactor   

The evaluation of the workability of the mixtures was tested with the gyratory compactor MLPC [22]. The moulds have 
a diameter of 160 mm. The density of the bituminous mix, which was measured during the preliminary mix design, is 
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2489 kg/m3, and the level of compaction aimed, on building site, is 95%. The material mass put in the moulds is 
obtained by equation 1.  The minimal height of the laboratory sample is 150 mm.   

M = s.( *D2/4*H)           (Eq. 1)   

With M, bituminous mix mass to introduce,  
          s, density of the bituminous mix, 
          D, the internal diameter of the mould, 
          H, the minimal height of the laboratory sample. 

The moulds are preheated, during 2 hours, at the compaction temperature. After filling, the moulds and the materials are 
put in the enclosure, at the compaction temperature, during 30 minutes before the test.   
The gyratory tests results are presented on figures 2 to 6. For each material, the presented curve is the average of three 
repetitions. All the results are given in comparison to the results of mix 1.   
Figure 2 shows the tests results for Mix 1 and the results obtained during the preliminary mix design study.  The 
workability of the two materials are identical, which indicates a conformity of the material manufactured in mixing 
plant in comparison to the preliminary study in laboratory.  

Figure 2:  Workability of mix 1 and material studied during the mix design 

The evolution of the curves is identical for the mixes 1, 2, 3, and 4, which highlights an identical material arrangement 
in the mould. However, only the evolution of the mix 3 compaction level is identical to the one of mix 1.  Mix 2 shows 
a level of compaction lower (1% difference) than the one of  mix 1 whereas mix 4 shows a level of compaction higher 
(1% difference) than the one of mix 1. 
In the EN 12697-35 [21] standard, a maximum mixing time is fixed and the end of mixing depends on the level of 
homogeneity of the mixture evaluated by the operator. The comparison of the results of mixtures 2 and 3, for which 
only the mixing time is different, indicates an increase in the level of compaction of 1% with a longer time (figure 7).  
In the case of mixture 3, the longer mixing time could lead to a more important production of fine particles than for the 
mixture 2, thus modifying the granular arrangement and improving the compaction. The mixing time can be viewed as 
an influent parameter for the level of compaction of the laboratory samples made with the gyratory compactor. 

Figure 3:  Workability of mix 2 compared to mix 1 
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Figure 4:  Workability of mix 3 compared to mix 1 

For mixture 4, the overheating of the virgin aggregates at 380°C probably allowed the mobilization of a bigger part of 
reclaimed binder, which could be better distributed on the surfaces of the virgin and reclaimed aggregates, 
supplemented thereafter by the virgin binder, and thus improving the compaction level of the high modulus mix.  
Lastly, mixture 5 has the same final compaction level as the four other mixtures for all the duration of the test, but the 
evolution of the percentage of voids according to the number of gyrations is not similar.  The addition of virgin fillers, 
to replace the fines particles of the RAP, lost during the stripping of binder, could give a different granular skeleton and 
a different behaviour to the mixture. 

Figure 5:  Workability of the mix 4 compared to the mix 1 

Figure 6:  Workability of  mix 5 compared to mix 1 
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Figure 7:  Workability of  mix 2 and  mix 3 

3.2.3 Air voids distribution in the gyratory samples   

In order to check the distribution of the air voids in the mixtures, tests with gamma densitometer bench have been 
carried out on all the laboratory samples. The results, shown in figure 8, are the averages of the three laboratory samples 
for each mixture [23].  

Figure 8:  Evolution of air voids in the samples 

Between 30 mm and 130 mm, the values are homogeneous for all the mixtures with a percentage of air voids ranging 
between 1 and 2.5%. These values are lower than the results, measured at the end of the compaction by gyratory 
compactor, which are about 3 to 5%.  However, the values of air voids are more important at the edges of the laboratory 
samples, which increases the average value and get closer to the results obtained in paragraph 3.2.2. But the comparison 
of the two measurement systems remains difficult because the gyratory compactor gives global measurements whereas 
the gamma densitometer bench give punctual measurements obtained each 5 mm, which can be influenced by the 
random presence of air voids in the passage of the beam. 
The percentage of air voids for mixture 4 seems more stable, with homogeneous values on the major part of the 
laboratory sample, which matches the good workability of this mixture. 

4. CONCLUSION 

The objective of the research work undertaken is to improve laboratory mix design methodologies for bituminous 
materials including RAP. In this article, the first results presented deal with the evaluation of the homogeneity of RAP 
and the detection of influent parameters on workability of mixtures incorporating 50% of RAP.  
Two batches of RAP were made from a sample of one ton. The homogeneity of the physical and chemical 
characteristics of the two batches was tested.  On the physical level, the grain size analysis show a similar granular 
distribution when the aggregates are stripped of binder. The partial agglomeration of the particles disturbs the granular 
analysis of the raw RAP for all the grading fractions. The characterization of the reclaimed binder indicates that the 
binder is very hard, aged during the working life of the old pavement, and contains polymers. The two studied batches 
can be considered as homogeneous. Lastly, RAP does not seem to be polluted by PAH.  
In order to improve the laboratory manufacturing methodology of bituminous incorporating RAP and to resemble as far 
as possible the mixing plant manufacturing conditions, the influence of the manufacturing process of bituminous 
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materials on the workability of materials incorporating 50% of RAP was evaluated.  The results show that the pre-
heating temperatures of the virgin aggregates and of the RAP as well as the mixing time have an influence. 
The overheating of the virgin aggregates and the incorporation of the cold RAP improve the workability of the mixture, 
which is higher than the site mixture workability. The overheating of the aggregates seems to improve coating of the 
virgin aggregates before incorporation of the virgin binder, in the first phase of mixing, in comparison to the mixes 
made with virgin aggregates and RAP, pre-heated at 180°C. 
The lengthening of the mixing duration also allows to increase the level of compaction of the mixture when all the 
constituents were preheated at 180°C, which reproduce, in our study case, the workability of the material sampled on 
the building site. However, according to the tests results with the gamma densimeter bench, all the studied 
manufacturing processes lead to homogeneous material in the central part of the gyratory samples.  
This results are only preliminary and have to be complemented with the mechanical performances of the produced 
materials, especially as regards ageing of the bitumen linked to the manufacturing process, water sensitivity, sensitivity 
to fracture, modulus and resistance to fatigue. 
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ABSTRACT 

Although the use of recycled asphalt pavement (RAP) can lead to economical and environmental benefits, the 
assurance of proper RAP handling and usage in asphalt concrete is needed to ensure adequate pavement 
performance. The overall goal of this study was to develop forensic methods for the identification and 
quantification of RAP in bituminous paving mixtures.  Laboratory and field investigations led to the 
successful development of both rapid and rigorous test methods for the determination and quantification of 
RAP in asphalt concrete mixture specimens.  The focus of this paper is to describe the development of a 
rapid method for detection of RAP for quality assurance purposes.  The most promising rapid detection 
method developed involves a visual inspection of residue obtained after subjecting the sample to careful 
washing with solvents.  Two sets of blind samples were used to validate the identification procedure 
developed, and excellent results were obtained.  More testing is recommended in order to further validate 
the forensic RAP detection and quantification methods developed in this study over a broader range of 
materials, including polymer-modified bitumen. 

Keywords: reclaimed asphalt pavement, RAP, recycled, asphalt, pavement, rheology, solvents, extraction, recovery 

1. INTRODUTION AND MOTIVATION

The use of RAP in asphalt mixtures provides an environmentally-friendly means to recycle an existing pavement into a 
new asphalt concrete pavement layer.  Old asphalt concrete pavements are often roto-milled as part of the rehabilitation 
process, creating an abundant supply of RAP. Milling removes the environmentally-aged and traffic-worn surface, 
corrects pavement profile, and creates a rough surface onto which the new overlay can readily bond. RAP allows the 
contractor to utilize a very economical ingredient in asphalt concrete mixture production. However, excessive amounts 
of RAP in the mix can sometimes have detrimental effects on pavement performance for several reasons, including: 

• The binder in RAP material has stiffened due to field aging 
• Some RAP stockpiles have considerable variability and/or contamination with dissimilar materials or debris 
• Mixes with high RAP amounts require heating of virgin components to higher temperatures to remove 
moisture and to facilitate blending of binder from RAP with the virgin binder [1].  

All of these factors may contribute to lower mixture quality, especially when designing at higher RAP levels. When  
mixtures are produced with levels of RAP in excess of design targets, premature pavement deterioration from distresses 
such as thermal or block cracking, raveling, and weathering [2] can occur.   

In the developmental stages of the project, it was surmised that proper RAP usage could be assured by either monitoring 
its usage during asphalt mixture production and/or by means of forensic tests, which could be performed on post-
production asphalt mixture.  In the case of forensic testing, it was further surmised that tests could be developed to 
determine the presence of RAP (easier) and possibly the amount of RAP (more difficult) present in a sample. However, 
an extensive literature review did not indicate any readily available RAP laboratory testing procedures which could be 
directly used for the purpose of RAP detection and quantification. Early in the study, chemical tests were ruled out due 
to the potentially variability in chemical properties that would be introduced by RAP.  Tests for RAP detection and 
quantification can be categorized as follows: 

1) Rapid tests that can be performed with minimal equipment requirements and in short time durations and 
which are capable of determining the presence of RAP in asphalt concrete mixtures 
2) Rigorous testing procedures that can be used to estimate the approximate amount of RAP in a mixture.  

The development of rapid laboratory test procedures for the purposes of RAP detection will be discussed in this paper. 
The rapid laboratory test procedures developed involved visual identification, whereby residue left after carefully 
controlled washing of asphalt mixture with solvents using a newly developed procedure can be inspected to determine 
the whether or not RAP is present in a mixture. A more detailed RAP quantification procedure was also developed in 
the study, which was based on extraction and recovery of the binder, mechanical testing in the dynamic shear 
rheometer, and the use of a mechanics-based back-calculation method to predict the approximate amount of RAP in an 



asphalt mixture.  In addition, a rigorous RAP quantification procedure based upon an extension of the partial extraction 
technique described herein was also developed. However, these procedures are beyond the scope of this paper and have 
been described in detail elsewhere [3, 4]. 

2. RESEARCH APPROACH

A survey of RAP usage and mix security among various state highway agencies in the United States was conducted by 
the Illinois Department of Transportation (IDOT) [3]. Some of the relevant findings from the survey were: 

• Most state highway agencies indicated that they allow some amount of RAP in their asphalt mixtures 
• Only about 30% of the responding agencies indicated that they have an established method for 

controlling the amount of RAP used 
• Six state highway agencies used laboratory based methods for RAP detection and quantification in 

post production mixtures, while two other states indicated that RAP usage was controlled vis-a-vis 
plant readouts 

• Half of the agencies that perform laboratory tests on post-production asphalt mixtures use binder tests 
on extracted binders from a mixture, which is a very rigorous and time consuming procedure. The 
other half used gradation, air voids and volumetrics as means to control RAP usage.  

Binder extraction, recovery, and testing usually requires sophisticated equipment and training.  Furthermore, the 
gradation, air voids and volumetrics can be adjusted to accommodate required RAP amount and so may not be 
foolproof.  Modification of an existing binder extraction procedure led to the successful development of a rapid test for 
both the identification and quantification of RAP in bituminous mixtures.  A solvent washing procedure was developed 
that was found to remove virgin binder but which leaves ample traces of RAP binder and mastic deposits on aggregates 
for RAP quantification.  Details regarding the development and validation of a rapid procedure for determining whether 
or not RAP is present in an asphalt concrete mixture are now presented. 

3. RAPID RAP DETECTION METHOD 

3.1 Background and Research Approach 

Literature review identified that the National Center for Asphalt Technology (NCAT) method for determining bitumen 
content in the mix using the ignition oven is sensitive to presence of RAP in an asphalt concret mixture and in some 
instances the method showed fluctuations of as much as 0.3 percent by weight of mix [5, 6]. Another study by Malik et 
al. also showed that presence of RAP can alter the bitumen content by 0.2 percent [7]. Malik et al. also stated that 
during the ignition oven testing there is initially a high rate of weight loss inside the ignition furnace. The author gives 
an explanation behind this phenomenon by comparing the process inside the ignition oven with the ‘cracking’ 
phenomenon in bitumen refining. This suggests that initially the bitumen in the mix undergoes a stage when the lighter 
fractions (mainly light hydro-carbons) are volatized leaving heavier carbon chains known as carbines and carboids, 
which are less volatile. During the ignition oven testing, the oven supplies maximum heating until the temperature in 
the chamber reaches the set point, which is about 482°C. The test continues until the asphalt mixture reaches as constant 
mass. From preliminary ignition oven tests it was observed that at approximately 425°C the asphalt mixture undergoes 
an exothermic reaction, causing a rapid temperature increase in the chamber due to the ignition of the mixture. The 
NCHRP 9-12 [8] report discusses that aged RAP material is lean in volatile fractions and rich in heavier hydrocarbons. 
It could be hypothesized that it might be possible to run the ignition oven just long enough to burn off the lighter, more 
volatile virgin binder, while leaving visible traces of RAP binder on aggregates. However, this technique might be 
difficult to control, given the lack of control of the heating process in the ignition oven. The findings from literature also 
suggests that if the ignition oven performs all mixture ignitions in similar manner, then a sample containing RAP could 
exhibit a different trend in weight loss relative to a mixture with 100 percent virgin binder. Preliminary tests were 
performed in order to determine the suitability of ignition oven for determining RAP presence and amount. The test 
results showed that most of the parameters from ignition oven test, such as chamber temperature profile, rate of weight 
loss etc show no significant trend with presence of RAP and its amount. Detailed results are presented in report by 
Buttlar et al. [3]. 
The next method investigated for RAP determination involved subjecting RAP mixtures to partial extraction (solvent 
washing) and visually observing the partially extracted aggregate residue. The approach was initially based on the 
assumption that RAP consists of an amount of oxidized bitumen that is difficult to dissolve in solvent as compared with 
fresh virgin binder. It was hypothesized that the extraction process could be customized through choice of solvent and 
by determining a wash duration that would remove most of the binder from virgin mixtures, while leaving visible traces 
of RAP binder in the aggregate residue. To test this hypothesis preliminary testing was carried out on laboratory 
manufactured RAP mixture. 



3.2 Preliminary Testing 

For preliminary investigation of the partial extraction method, a RAP sample milled from Interstate 57 (I-57) surface 
and binder course near Champaign, Illinois was utilized. The RAP was provided by University Construction of 
Champaign, Illinois. No records about the original design and materials of RAP were available, although a PG64-22 
binder grade with high quality crushed limestone/dolomitic aggregate would be expected. The ignition oven tests 
suggested approximately 5 percent bitumen content. A 19-mm nominal sized virgin mix with target bitumen content of 
approximately 6 percent was designed in the lab using locally available aggregates and a PG64-22 tank binder obtained 
from Emulsicoat, Inc. in Urbana, Illinois. A virgin and 30 percent RAP mixture was manufactured for testing, where 30 
percent RAP mixture is defined herein as a mixture consisting of 30 percent RAP material by weight of aggregates.  A 
similar definition will be used throughout this paper.  

The test procedure used in this study was a version of AASHTO T164-01[Method B] [9], modified to facilitate RAP 
detection. One of the objectives of this study was to utilize existing test procedures for RAP detection and 
quantification, to facilitate use by State agencies. When conducting partial solvent washing, three main factors should 
be controlled:  

1) Duration of solvent washing 
2) Rate at which solvent flows through the mix  
3) The “aggressiveness” of the solvent used, as affected by, for instance, solvent polarity, or percent dilution with a 

less aggressive solvent, such as ethyl alcohol 

The AASHTO procedure involves use of a cylindrical glass jar placed on a heating plate and covered with a cold water 
condenser to facilitate continuous circulation of solvent.  The asphalt mixture is placed in conical baskets lined with 
filter paper. A modification to the AASHTO recommended procedure was employed, involving the use of a fast 
filtering filter paper to better control the extent of bitumen extraction. Several of solvents were investigated, including 
Tri-Chloro-Ethylene (TCE), EnSolv (n-propyl bromide), DeSolv (orange based solvent), and Methylene Chloride.  

Various trials were conducted with different solvents and different washing times ranging from 10 to 60 minutes. It 
appeared that methylene chloride produced the most distinction between virgin and RAP mixture. In addition to better 
control, methylene chloride is more economical and less toxic than toluene and TCE. Despite the encouraging initial 
results, several issues needed to be resolved after preliminary testing. Non-uniform extraction was observed, where the 
portion of the mix in the lower part of the basket tended to have more contact with solvent. Also problematic was the 
“truncated conical” shape of the condenser, which caused higher amounts solvent to drip into the peripheral portion of 
the mix in the baskets. In order to rectify these issues, various other trials were performed, including the use of a 
centrifuge extractor to determine its suitability. Through various trials it was found that a method involving soaking of 
mixture in solvent and washing residue over a sieve worked best, as described in the following section. 

3.3 Development of Method 

To overcome the limitations of the available bitumen extraction procedures, and to have complete control over the rate 
of washing, a new set of partial washing tests were developed. The method involved the soaking of asphalt mixture in 
solvent for a given time and then sieving of the partially extracted aggregates. The amount of time in which the mix is 
in contact with the solvent plays strongly affects the extent of binder dissolution and therefore the extent of extraction. 
An important factor affecting the dissolution rate is the type and concentration of solvent, as very aggressive solvents 
tended to rapidly dissolve all of the binder (virgin and RAP) making it impossible to distinguish between RAP and non-
RAP mixtures. Conversely, very mild solvents were not able to dissolve the virgin binder in a reasonable time period. 
Similar to preliminary testing various solvents were used for development of the test procedure including Tri-Chloro-
Ethylene (TCE), DeSolv (orange based solvent), Toluene, Methylene Chloride, and Mineral Spirits (Naphtha). Some of 
the organic solvents are very aggressive in dissolving bitumen, and thus, to retard the rate of dissolution their 
concentration or strength was reduced by diluting them with Ethyl Alcohol. For example 50 percent strength Methylene 
Chloride was produced by mixing 50 percent Methylene Chloride and 50 percent Ethyl Alcohol by volume. 
Various plant produced asphalt mixtures were acquired for this phase of study. The first round of asphalt mixtures, 
RAP, aggregates and binder samples were collected during the Fall of 2002.  The samples were collected for surface 
and shoulder mixes from Collinsville, Illinois (Mix A and Mix B) and Peoria, Illinois (Mix C and Mix D). Another set 
of asphalt mixtures, RAP, aggregates, binder and field core samples were collected by the Illinois Department of 
Transportation (IDOT) from IDOT District 6 (Mix E) and IDOT District 2 (Mix F) in the Summer of 2003.  
Initial tests were carried out with single stage extractions, whereby the asphalt mixture was soaked in various trial 
solvents for a given time, after which the aggregates were sieved out. Different solvents, solvent concentrations and 
soaking times were attempted. With single stage extractions, most partially extracted aggregate residue showed very 
little trace of binder.  



From the tests performed using single stage extractions, it was observed that the mild solvents acting over longer time 
periods were more effective in penetrating into mastic films and produced the best distinction between RAP and virgin 
mixtures, while aggressive solvents were effective at quick dissolving of binders. Thus in order to better control the 
procedure, a two stage partial extraction procedure was developed. For two stage partial extractions, asphalt mixture 
samples were initially soaked in relatively mild solvents such as Mineral Spirits or 50% strength Methylene Chloride 
for longer time periods ranging from 30-minutes to 2-hours. The mixture samples were then washed with Ethyl Alcohol 
over the ASTM #8 sieve. Next, the second stage of extraction was carried out with stronger solvents, such as 100 or 85 
percent strength Toluene using shorter durations in the range of 30 seconds to 2 minutes. The second extraction stage 
also involved vigorous agitation of the soaked samples using a metal spatula. The aggregate residue was again washed 
with the alcohol over the #8 sieve and then placed in a vented oven at 50°C for drying. Plant manufactured asphalt 
mixtures, Mix B (30 percent RAP) and Mix C (15 percent RAP) were primarily used in the development of the two 
stage partial extraction procedure. After numerous trials, a technique involving 2-hours of soaking in 50 percent 
Methylene Chloride and 1-minute vigorous mixing in 85 percent Methylene Chloride appeared to be the most 
promising combination. For validation of this method, partial extraction tests were carried out on the three laboratory 
produced virgin mix samples (no RAP). Virgin mixes were manufactured with different gradations, binder types and 
binder contents. 
Figure 1(a) shows typical aggregates with no binder traces (virgin mixtures), while Figure 1(b) shows typical aggregates 
with binder traces (from RAP mixtures). Figures 1(c) show partial extraction residue from Virgin Mix 1. The residues 
from virgin mixtures were essentially free from binder traces. Thus, irrespective of aggregate gradation, binder type and 
binder amount (which all varied in these samples), the proposed method seemed to work well in correctly identifying 
virgin mixtures (no RAP present). Next, to assess the ability to detect RAP, particularly in lower RAP amount mixtures, 
various plant mixtures (Mix A, D, E and F) were tested. The partial extraction residue for all the mixtures with RAP had 
apparent amount of aggregates with binder traces. Figure 1(d) illustrates partial extraction residues for Mix E containing 
20 percent RAP. It should be noted that the RAP amount, RAP type, binder amount, binder type, aggregate type and 
gradation varied among these mixtures.  

Figure 1 : Partial Extraction Residue 

As part of the development of the partial extraction procedure, the effect of variability in RAP material on the accuracy 
of the procedure was evaluated. The details of this evaluation are beyond the scope of this paper and are discussed in 

(a) Typical Aggregates with No Binder 
Traces

(b) Typical Aggregates with Binder 
Traces (present in mixes with RAP) 

(d) Partial Extraction Residue of Mix E 
(20% RAP) 

(c) Partial Extraction Residue of Virgin-
Mix 1 (No RAP) 



detail in Buttlar et al. [3].  In summary, it was found that RAP variability had very little effect on the proposed 
identification procedure, based on sixteen RAP samples collected from various locations across the State of Illinois. The 
partial extraction method for detection of the RAP presence in asphalt mixture is summarized in the form of a flow 
chart, as presented in Figure 2. 

Figure 2: Partial Extraction Procedure (for Detection of RAP Presence) 
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Field Core

Plant or Lab Mixture

Strain residue over ASTM #8 sieve and wash it over 
the sieve using Mineral Spirits for 20 to 40-seconds 

Wash the residue with Ethyl Alcohol to 
ensure complete removal of Mineral Spirits 

Soak aggregate residue in 85% Methylene Chloride (85% 
Methylene Chloride + 15% Ethyl Alcohol by volume) for 1-

minute accompanied with vigorous mixing 

Strain residue over ASTM #8 sieve and wash it thoroughly with 
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Observe residue 
(aggregate) for binder 
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Present

RAP present in mix  No RAP present in mix 



3.4 Results for Lab and Field Mixtures 

Table 1 summarizes results for various asphalt mixtures that were tested using the partial extraction described in the 
preceding sections. The results obtained were excellent, as all of the 27 mixtures tested using the two stage partial 
extraction method were correctly characterized as ‘RAP Present’ or ‘RAP Absent.’ 

Table 1 :  RAP Detection using Partial Extraction Technique 

4. INITIAL VALIDATION OF PROPOSED PROCEDURES THROUGH BLIND SAMPLES 

This section describes the testing and analysis of blind field samples to perform initial validation of the proposed RAP 
identification method. The blind samples were provided by IDOT in the form of 100-mm diameter field cores, where 
the presence or absence of RAP was not disclosed to researchers until the final results were reported.  The two stage 
partial extraction procedure predicted that RAP was present in both samples provided.  Both predictions were correct, as 
the samples in fact had 15% and 30% RAP, according to IDOT.  Very good results were also obtained with the more 
rigorous RAP quantification methods developed in this study, as described elsewhere [3, 4]. 

5. SUMMARY 

A forensic test procedure for determining presence of RAP in asphalt mixtures was developed. This procedure is 
suitable for rapid detection of RAP in asphalt mixtures and is based on a two stage solvent washing technique and 
visual observation of the binder residue deposited on aggregates. The development of this procedure was based on 
testing of 27 mixture samples with different bitumen, mix designs, and RAP types and included hot-mix plant 
manufactured, laboratory manufactured, and field cored samples. A preliminary validation for the proposed techniques 
was performed using two blind samples, and very satisfactory results were obtained. 

Mix ID RAP
Amount Sample Type Binder 

Grade 
Partial Extraction 

Prediction 
Prediction: Correct or 

Incorrect 
A 14.4% Plant Mix PG 64-22 RAP Present Correct 
B 38.0% Plant Mix PG 58-22 RAP Present Correct 
C 15.0% Plant Mix PG 58-22 RAP Present Correct 
D 30.0% Plant Mix PG 64-22 RAP Present Correct 
E 20.0% Plant Mix PG 64-22 RAP Present Correct 
F 10.0% Plant Mix PG 64-22 RAP Present Correct 

E Field 20.0% Field Core PG 64-22 RAP Present Correct 
F Field 10.0% Field Core PG 64-22 RAP Present Correct 

Virgin 1 0.0% Lab Mix PG 58-22 RAP Absent Correct 
Virgin 2 0.0% Lab Mix PG 58-22 RAP Absent Correct 
Virgin 3 0.0% Lab Mix PG 64-22 RAP Absent Correct 

LA 22.5% Lab Mix PG 58-22 RAP Present Correct 
LA 0% 0.0% Lab Mix PG 58-22 RAP Absent Correct 
LA 15% 15.0% Lab Mix PG 58-22 RAP Present Correct 
LA 30% 30.0% Lab Mix PG 58-22 RAP Present Correct 

LB 12.5% Lab Mix PG 64-22 RAP Present Correct 
LB 0% 0.0% Lab Mix PG 64-22 RAP Absent Correct 

LB 15% 15.0% Lab Mix PG 64-22 RAP Present Correct 
LB 30% 30.0% Lab Mix PG 64-22 RAP Present Correct 

E 0% 0.0% Lab Mix PG 64-22 RAP Absent Correct 
F 0% 0.0% Lab Mix PG 64-22 RAP Absent Correct 
BS1 30.0% Field Core PG 58-28 RAP Present Correct 
BS2 15.0% Field Core PG 58-22 RAP Present Correct 

BS1 0% 0.0% Lab Mix PG 58-28 RAP Absent Correct 
BS1 30% 30.0% Lab Mix PG 58-28 RAP Present Correct 
BS2 0% 0.0% Lab Mix PG 58-22 RAP Absent Correct 
BS 30% 30.0% Lab Mix PG 58-22 RAP Present Correct 



The development of the RAP identification procedure was based on a relatively broad sampling of bitumen types, 
asphalt mixtures and RAP types. However, these materials are commonly utilized in Illinois, and further validation of 
the procedure through testing of additional bitumens (including polymer modified), aggregates, and RAP materials from 
different sources is recommended.  
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ABSTRACT 

Today, protecting the environment, reusing natural resources and endeavoring to make our lives better have become 
major development priorities. Increased respect for the environment means saving non-renewable resources and 
valorizing the materials in the existing roadway, while limiting the need to use new materials.  

Since 1982, when the first project in France was carried out on the East crossway in Montpellier, the Colas Group has 
been developing in place bitumen emulsion recycling.  In all it has applied nearly 5 million sq. m. This technique offers 
a way to: 

Restore homogeneity of the road’s mechanical characteristics, 
Restore quality, long-lasting service life, 
Save scores of energy and materials by reusing them in place and limit greenhouse gas emissions.  
Contribute to preserving the environment and participate in the sustainable development of the road network. 

From a technical standpoint, findings from long-term roadway monitoring programs (5 to 10 years) carried out by the 
Laboratoires des Ponts et Chaussées and by the company’s own technical department highlight the efficiency of the 
technique and its excellent behavior, even under heavy traffic.    
By preserving the environment, in place bitumen emulsion recycling plays an active role in reducing energy 
consumption and greenhouse gas emissions.    
After a brief summary of the Colas Group’s in place bitumen emulsion recycling techniques, a technical assessment is 
made of performance and in situ behavior using data collected on roadways and in laboratories.  
An environmental assessment is then made using life cycle analysis on a real case involving a project on a road in the 
southwestern section of France. 
In this case, assessments are made of the environmental impacts of conventional roadway reinforcement and of in place 
bitumen emulsion recycling and compared in terms of energy consumption and greenhouse gas emissions.  

Keywords : in-situ recycling, emulsions, energy saving, life cycle assessment, environment

INTRODUCTION

The Colas Group is aware that preserving the environment and resources is one of the most important current and future 
challenges that the road industry faces, which is why they have been developing cold in place recycling processes for 
roads and airfields using bitumen emulsion for many years now.    
In addition, other issues including changes in the laws that regulate the use of by-products in construction, the need to 
make savings in natural resources and the increase in costs of non-renewable raw materials and transport have helped 
boost alternative maintenance techniques, which are reliable, and even more economical in terms of savings in energy 
and additional aggregates.   
Therefore, it is increasingly interesting to reuse materials in situ, as opposed to substitution or heavy reinforcement.   
After a brief summary of the Colas Group’s in place bitumen emulsion recycling techniques, a technical assessment is 
made of in situ performance.   
An environmental impact assessment is then drawn up using life cycle analysis using energy consumption and 
quantified greenhouse gas emissions.  
Its findings show the interest of the Colas Group’s in place bitumen emulsion recycling technique compared to 
conventional structural reinforcement with hot mixes on a secondary road. 

1. THE TECHNIQUE 

2.1 Short Description of the Processes 

The process consists in the cold recycling of pavement layers on roads and airfields to depths of 7 to 15 cm in order to 
obtain a new homogenous, high performance base or binder course.  A wearing course in microsurfacing or hot- cold 
mix is then applied.  Figure 1 illustrates the technique.   



Figure 1: A description of the process 

This process can be adapted to fit any type of project.  The materials are treated with rejuvenating or non-rejuvenating 
bitumen emulsion using added corrective aggregates if required.  When the process is applied to wearing courses, in 
particular when the bituminous binder has aged considerably, it is often necessary to regenerate the characteristics of 
the binder.   
This technique makes it possible to use a maximum amount of recycled materials, while ensuring excellent performance 
and durability.  

2.2 Principles and Equipment 
In place bitumen emulsion recycling uses compact, powerful equipment. The technique requires several phases, as 
illustrated in the photos in figure 2. 

Photo 1: Example of an in place bitumen emulsion recycling train. 

Cold milling to the desired depth, with or without prior addition of corrective aggregates, in one pass with widths 
of 3.5 to 3.8 m; 
Added water and binder. The ingredients are metered as a function of the machine’s speed; 
Mixing to obtain proper homogeneity; 
Windrowing of materials; 
Applying a tack coat to bond the recycled course to the underlying course (figure3); 
The laying of the materials, transported by conveyor belt to the high-compaction paver. 



Photo 2: application of tack coat  

Figure 2: Recycling train for class II and III recycling 

Milling with humidification and windrowing of materials 
Windrow belt 
Machine with emulsion storage, mixing and paver screed.  This unit manufactures and applies a tack coat, and the 
asphalt mix.
Compactor 

This high performance equipment ensures the quality of homogenization of the recycling (H), the control of thickness 
(E), the power of fragmentation of the mill used (P), the possibility to add water (I) and finally the control of binder (L) 
metering to the forward speed of the machine.    
The Technical Guide of the French Road Technique Committee dated July 2003 and entitled “Cold in place pavement 
recycling” (1), the HEPIL (see abbreviations above) criterion of the process received the maximum score of 3 for the 
parameters cited above.   
The compaction train is composed of a heavy vibrating VT2 or VT3 roller (depending on the depth to which the surface 
is recycled) and of a P1 tire compactor (3 t/tire).   
The surface may be protected with a seal coat or a curing membrane.  The final wearing course may be a surface 
dressing, microsurfacing, and cold or hot mix asphalt concrete, depending on the specific nature of the project, its 
environment and the traffic levels. 



2.3 Fields of Use 

In place bitumen emulsion recycling optimizes the reuse of existing materials, in particular for regions in which 
aggregate resources are scarce. 
There are multiple ways to use the recycling process: 

Repairing poor bonds of asphalt concrete on its base support or in the road base course.  The type of emulsion 
treatment depends on the problem to be solved and the level of traffic. 
Cracking due to lower courses with hydraulic binder treatment. Bitumen emulsion recycling is used to prevent the 
rising of cracks.   
Surface cracking in asphalt mix wearing courses due to ageing of bitumen or bitumen binder.  In this case, a 
rejuvenating bitumen emulsion is used, to enable efficient modification of the bitumen or aged binder’s rheological 
characteristics; 
In place recycling of deformed flexible pavement with fatigue damage. This process offers good evenness and 
mechanical characteristics that are suitable for forecast traffic levels and service life; 
Recycling of semi-flexible pavement with fatigue damage or insufficient mechanical characteristics for the actual 
traffic levels. The process makes it possible to ensure that the roadway has the proper mechanical characteristics for 
the stress it must bear. 

2.4 Preliminary Study 

Preliminary lab studies are a mandatory part of the process and are designed to evaluate feasibility and determine the 
mode and depth of treatment and mix design (type and dose of emulsion, corrective aggregates). The existing structure 
is assessed using cores or probes and deflection measures if required. 
It is used to define homogenous sections for treatment, to analyze samples of materials, to know the structure of the 
roadway and the condition of its interfaces. 
An experimental milling phase may be used to collect materials in situ for the preliminary study. 

The Duriez and Gyratory Shear Press (GSP) characteristics are determined and must comply with French specification 
as stipulated in a guide on cold in place recycling published by Comité Français des Techniques Routières (CFTR).  

Duriez test: 
Air void content of samples  14, 
Compression resistance after 14 days of cure in air at 18°C  5 MPa. 
Ratio between resistance after 7 days of cure in air and 7 day immersion in water at 18°C and resistance after 
14 days of cure at 18°C in air  0.70, 

Gyratory Shear Press (GSP) : Air void content after 100 rotations  25. 

2.5 Recycling Asphalt Wearing Courses. 

The aged binder to be recycled is extracted from the mix and analyzed to select the type of rejuvenating agent, if needed 
and the amount to be used, depending on the binder content in situ.  Corrective aggregates may be added depending on 
the grading of the RAP.     
If needed, the rejuvenating bitumen emulsion treatment can be specifically formulated to obtain modification of the 
Ring and Ball Temperature (RB), and in consequence, of penetration at 25°C.  The goal is then to reduce the RB of the 
binder by 5 to 15°C    

2.6 Application Conditions 

From 5,000 to 10,000m² per day can be resurfaced, depending on the type of project and the recycling depth. The width 
of one pass ranges from 3.5 to 3.8m.  The compact application unit makes it possible to switch traffic over to another 
lane, thus reducing nuisance for users, as seen in figure 4. The section is opened back up to traffic on the treated lane as 
the unit advances. 



Photo 3: working with half-sections of the roadways with traffic running on other section. 

A specific quality assurance plant is drawn up for each project.  It includes controls on regularity of the recycling and 
compliance with contract specifications. 

3. TECHNICAL ASSESSMENT OF IN PLACE BITUMEN EMULSION RECYCLING* 

3.1 Rejuvenating Binder in Aged Asphalt Mixes 

Analysis made on different projects are included in chart one hereafter.  

Assessment on 250,000 m² Before
recycling

After
recycling

Penetration at 25 °C (0.1 mm) 5 - 11 15 - 22 
RB (°C) 80 - 92 62 - 84 

Chart 1: changes in binder characteristics after recycling using rejuvenating bitumen emulsion 

These findings show that the goal to reduce Ring and Ball Temperature by 15°C in the aged binder has been met. The 
binder has been rejuvenated. 

3.2 Structural Recycling 

3.2.1 Stiffness modulus 

Generally speaking, the average modulus measured in cores by the Ponts et Chaussées Regional Laboratories for 
bitumen emulsion recycled asphalt mix is roughly 4,000 MPa (direct traction test at 15°C and 0.02 seconds).  
It is important to note that the level of modulus does however depend on the type of materials being recycled (untreated 
aggregates in particular).  
For the sake of example, measured in diametral traction, the equivalent modulus at 15°C, 10 Hz of materials recycled 
after 9 and 10 years under traffic is presented in chart 2. 

Location Age Compaction ratio 
(%) 

Equivalent modulus at 
15 °C, 10 HZ 

RN 20 (82) 10 years 90.0 4,050 MPa 
RN 145 (03) 9 years 89.2 6,500 MPa 

Chart 2: equivalent modulus at 15°C and 10 Hz after 9 to 10 years of traffic 

These modulus values reflect emulsion treated materials. The structural effect is therefore very satisfactory and well 
suited for traffic levels that the roadway must bear.     

3.2.2 Deflection 

The level of average deflection is considerably reduced (factor 1.5 to 3) by recycling, depending on the type of 
materials.



For the sake of example, on the RN 10 roadway after 10 years of intense traffic including a cumulated total of 6 million 
heavy goods vehicles, the average level of deflection measured with a Lacroix deflectometer is 27 /100 mm, roughly the 
same as that measured directly following application which was 23 /100 mm. It is characteristic of a flexible pavement 
with very positive behavior. 

3.2.3. Example: Limoges airport 

In 1999, the Limoges Bellegarde airport renovated its landing strip using in place bitumen emulsion recycling. 
With savings in non-renewable resources and improved environmental protection, the technique was studied in specific 
laboratory tests and underwent technical monitoring.  

Key figures:  
Length of the runway: 1,800m 
Width of the runway: 45m 
Surface to be treated: 100,000m² 
Airfield asphalt concrete: 12,000 t 
Section closed to air traffic  
Time required: 30 days including 7 days for 100,000m² cold treatment 

Laboratory study 

Study  
Mix design Milled materials 100 % 
 COMPODYL Emulsion 2.08 %

Total water content 5.3 % 
Laboratory characteristics  
Grading curve 25 mm 99 
 10 mm 69 
 6 mm 49 
 2 mm 18 
 0.08 mm 2.1 
Gyratory (20°C) Air void content C 10 30.4 % 
Shear Press Air void content  C 100 22.4 % 

air void content C 200 20,6 % 
Duriez air void content 11.2 % 

C R 18°C 5.3 MPa 
 r/ R 0.72 
Project characteristics  
Average air void content on project 18 % 
Minimum (over one day) :   16 % 
Maximum (over one day) : 19 % 

Chart 3: technical characteristics - Limoges-Bellegarde airport project 

Application unit:

The materials are milled by two complete units composed of two 2.0 meter planers that leave the milled materials in an 
8 cm layer on the ground and a 3.8 m planer that picks up the milled materials, continues to plane and finishes to a 
depth of 12 cm in all, with windrowing behind the machine (see photo 4). 
The treatment is done in situ starting with a mixer – paver into which the milled materials are loaded with a conveyor 
feeder, followed by a second unit comprised of a paver (photo 1). 
The machines are equipped with integrated spray bars to apply the tack coat and compaction is done with CB 534 type 
rollers and tire compactors at 5 t/tire. 



Photos 4: application at Limoges airport 

3.3 Evenness After Recycling 

Values measured with the Longitudinal Profile Analyzer (APL 25) show that surface evenness on all the projects after 
recycling and application of the wearing course is satisfactory in short wave lengths.  For the sake of example, with 
requirements of more than 50% of the values for national roads, the APL 25 for 6 coefficient ranges from 60 to 85% of 
the values measured. With requirements of more than 95% of the values, the APL 25 coefficient for 13 also complies 
with specifications. As for other techniques, evenness is long wave lengths depends mainly on the structure that existed 
before the work. 

3.4 Rut resistance: example of RN 10 in southwest France. 

This route is a 4 lane national road with major heavy goods vehicle traffic (roughly 20,000 vehicles/day including 16% 
heavy goods trucks) for the ten year period during which it was monitored by the Ponts et Chaussées Regional 
Laboratories in Toulouse. 
Rejuvenating bitumen emulsion recycling was only used on the slow lane to depths of 8 to 16cm on an old asphalt 
concrete wearing course.  After this, a 4 to 5cm layer of hot mix was applied on both lanes.   
The roadway’s rut resistance is remarkable, as shown in figure 3, which presents the cross section which was monitored 
over a six year period.  After 10 years, the cross section remains identical to that indicated in the graph. 

.

Figure 3: cross section on RN 10 as a function of time 

In parallel, the cores taken in situ show little change in compaction ratios, that remain low (82 to 87%) despite intense 
heavy goods vehicle traffic. 
The stability of in place recycling is therefore excellent. 

3.5 Anti-cracking 

This is probably the most efficient technique to fight the rise of cracks due to thermal shrinkage in hydraulic bound 
materials.  
On a national road with 100 cracks per kilometer before recycling with bitumen emulsion, only 7 cracks reappeared at 
the surface of the thin asphalt overlay after 8 years of monitoring, as presented in chart 3 hereunder. The roadway is 



composed of slag gravel, topped off with a 10cm layer of emulsion recycled asphalt mix. The wearing course is a 0/10 
asphalt concrete in a 3 to 4cm layer. 

Period Number of cracks 
Before recycling > 100 cracks / km 

2 years after recycling 0
After 4 years 0 
After 6 years 2 
After 8 years 7 

Chart 3: number of cracks that reappeared as a function of time 

3.6 Bonding Layers 

This is one of the process’s important features.  In a recycled structure, a good bond is the key to a long lasting structure 
and good behavior under traffic.  
Cores taken on different projects show that there is an effective bond between the recycled course and the base support.  
Nonetheless, it is necessary to have a genuine spray bar for the tack coat emulsion in order to ensure homogenous, 
regular dosing for the cross section and longitudinal profile. 

4. EXAMPLE OF ENVIRONMENTAL ASSESSMENT 

4.1 Process. 

This technique is completely in line with sustainable development requirements as cold bitumen emulsion recycling 
process helps protect the environment, save aggregates and reduce energy consumption. 
It also contributes to better waste management and it reduces transport and lessens the nuisance caused to users and 
neighboring residents.  

Against this backdrop of sustainable development, an environmental assessment was carried out using a real case study 
involving a pavement refection project, by comparing conventional hot mix reinforcement and cold in place bitumen 
emulsion recycling. 
A partial life cycle analysis was drawn up, as stipulated by sustainable development. 
This includes: 

Environmental impact in terms of energy consumption, 
Greenhouse gas emission. 

Every stage and phase of the life cycle is taken into account from extraction and production of raw materials and basic 
materials such as bitumen, aggregates, water up to the end of the roadway’s service life.  
Additional information involves the different phases of manufacturing and application of the materials and the overall 
road traffic on the structure during its service life.  
Figure 6 shows Colas’ process and the steps involved in the partial life cycle analysis. 

Figure 4: partial life cycle analysis of the cold bitumen emulsion recycling process compared to resurfacing with 
hot mix. 



At each of these steps, greenhouse gases and energy consumption are evaluated. 
This type of study means that a functional unit must be selected in order to compare the techniques.  In the example 
described herein, a surface unit was chosen, i.e., one square meter of roadway. This analysis makes it possible to draw 
up a genuine environmental impact assessment of a technical, economical alternative solution.   

4.2 Environmental assessment 

This assessment was carried out on a refection project on Route RD 911, on the Livrad bypass, in the southwest of 
France (2).  
The surface area totaled 31,500m2.
The initial reinforcement solution using hot mix asphalt consisted in:  

Milling the pavement to a depth of 7cm, i.e., 160 kg/m² of milled materials, 
Application of a 0/10 binder course in a 4cm layer, i.e., 90 kg/m2,
Application of a wearing course in semi-coarse 0/10 asphalt concrete in a 6cm layer, i.e., 140 kg/m2.

The project owner, the Lot et Garonne Conseil Général, chose Colas’ technical alternative involving the cold in place 
bitumen emulsion recycling process including the in place recycling of the old roadway to a depth of 7cm and the 
application of a thin 4 cm wearing course in asphalt concrete. 

Photo 5: Route RD 911 during cold bitumen emulsion recycling using the Colas process. 

This analysis required a precise breakdown of the system as explained in the diagram figure 4.    

After that, the various “flows” are analyzed with the quantification of energy consumption and greenhouse gas 
emissions. 
At each of these stages, the values are calculated to via the functional unit of one square meter of roadway.  

The transport distances are as follows: 
540km between the refinery and the useable hot mix plant, 
50km between the quarry and the asphalt plant, 
100km between the emulsion plant and the worksite, 
35km, average distance between the asphalt plant and the application site. 

For 1 sq. m. of roadway treated on Route RD 911, results show the cold emulsion recycling technique resulted in nearly 
50% energy savings compared to conventional hot mix reinforcement.   
Throughout practically the entire chain, from manufacture to application, estimated energy consumption in megajoules 
is reduced by 50%. 
In other terms, for this specific project, a hot reinforcement solution would have required twice as much energy as the 
cold in place bitumen emulsion recycling process, as illustrated in figure 8.   



Figure 5: consumption of energy in megajoules (MJ) for the reinforcement of Route RD 911 comparing the 
technical alternative involving cold recycling and the original solution using hot mix to resurface the roadway 

By taking into consideration the same elements, the hot mix reinforcement solution produces twice as much greenhouse 
gas per sq. m. than cold in place bitumen emulsion recycling, as indicated in figure 9. 

Figure 6: greenhouse gas in kg per sq. m. of roadway comparing 911 comparing the technical alternative 
involving cold recycling and the original solution using hot mix to resurface the roadway 

The technique selected for Route RD 911 thus helped reduce greenhouse gas emissions by 50%, compared to a 
conventional hot mix resurfacing technique 

In addition to a positive environmental impact assessment, improved safety and reduced nuisance must also be 
highlighted. 
With in place recycling, neighboring residents and users were spared the passage of 5,180 tons of milled materials and 
2,960 tons of asphalt mix. 
Given that each truck can carry 25 tons, the total of more than 8,000 tons would have required more than 325 truck 
trips.  This was not necessary, much to the satisfaction of the neighboring residents.    

MJ

Emulsion recycling



5. CONCLUSION 

The performance assessment shows that the cold in place bitumen emulsion recycling process developed by the Colas 
Group over the last 25 years provides excellent technical efficiency.   
It can regenerate aged binders in the existing mix by using the suitable emulsion to provide the proper structural effects 
required for the forecast service life and type of roadway.   
The process offers remarkable stability of recycled materials, even under intense heavy goods vehicle traffic and 
excellent long-term rut resistance.   
When it is used on a base support composed of hydraulic bound materials, it provides protection from the rising of 
cracks due to thermal shrinkage.  
The bond between the recycled layer and the base support is ensured by a tack coat applied with a dedicated emulsion 
spray bar. 
In addition, the bitumen emulsion recycling techniques are economical, offering savings in terms of money and natural 
material resources.  They also reduce nuisances for users and neighboring residents.   
By avoiding part of the transport of materials by truck, the process helps improve road safety, not to mention the safety 
of the employees as well because the technique is cold.    

Based on a genuine case study, an environmental assessment was made using a partial life cycle analysis on energy 
consumption and greenhouse gas emissions, compared to a conventional technique of hot mix resurfacing.  

This study clearly shows that the in place emulsion recycling technique helps reduce energy consumption and 
drastically cut greenhouse gas emissions.  
Therefore, from a technical and economical point of view, these processes provide high performance levels that make 
them the right solution for environmentally-friendly alternatives in bidding.  They open up paths of reflection to help 
raise awareness in decision-makers, owners, designers and bid writers, all of whom are in a position to make choices in 
favor of a durable, sustainable, environmentally-friendly roadway, as a response to demands from today’s users and 
neighboring residents, without compromising the needs of future generations.  
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ABSTRACT 
We are faced to a new technique for the recycling of flexible pavements, developed by 
the Technical Assistance Department of PROAS, half-way between the two Recycling 
techniques used until now since it takes advantage of the machinery used for hot 
recycling, but using a cold recycling binder. 
Tests have been made at laboratory scale, where good characteristics of the recycled 
mixes were noticed, this leading to the execution of two full scale trials, the first in a 
batch-type plant and the second one in a continuous plant. In both cases, the analysis of 
the core samples confirmed the good expectations from the laboratory data. 
We think we are in front of a new technique for the use of the aged asphalt mixes 
without the curing problems of cold recycled mixes and with the possibility of recycling 
100% of the mix in plant, greatly exceeding the rate obtained with hot recycling. 
As for the rest of the recycling techniques, it allows energy and binder savings as well 
as it avoids the opening of new quarries since it uses those of the aged mix. 
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1. INTRODUCTION 

Cold in-place recycling is being used in Spain for a decade with good results. At the 
moment, recycling is regulated by means of a Ministry Order, OM 8-2002. This regards 
to this technique as well as hot in-plant recycling although for this one it only allows 
percentages below 50% of reclaimed material and offers much less experience. 
There is an experience in Spain on a hot in-place recycling where 100% of a mix with 
modified bitumen was recycled along a 60 km road section at the N-525, between 
Mombuey and the limit of the Orense province. 
However, both methods, approved by the Ministry as useful recycling methods, have 
limitations that sometimes lead to question its use. 
100% Cold in-place recycling implies a curing period of approximately 20 days in 
which the mix must stay uncovered. It is only after this period, we can proceed to apply 
the next layer. This period of time is critical, specialy when cold weather and rain occur, 
delaying the execution of further works with the subsequent losses. 
Regarding hot in-plant recycling, the percentage of milled material reused is low (20-
30%) due to the existing manufacturing systems. These limitations condition the interest 
and profitability of making an important investment on the plant updating. 



From the above, the Technical Department at PROAS has developed an intermediate 
technology based on the existing ones but overcoming some of their limitations. This 
technique has been named as “Warm Recycling”. 
Warm Recycling consists of recycling up to 100% of the reclaimed material from 
asphalt layers, heating it up to 90ºC in the drum of a hot mix plant, either continuous or 
batch type, next mixing it with the proper bituminous emulsion in the drum or in the 
mixer, respectively. The mix can be stockpiled for 24 hours whenever the laying and 
compaction will be made above 60ºC. The heating to which the milled material has 
been submitted allows open to traffic immediately, thus eliminating the curing period 
necessary in Cold Recycling. 
As for any recycling method, it implies the study of the existing pavement. This will 
define the characteristics of the emulsion: binder content, harder or softer bitumen and 
the proper regenerating agent, since here its effect is much faster (mix at 90ºC) than for 
ambient temperature emulsions. 

2. LABORATORY STUDY 

Starting from the idea showed in the summary, the first step was to manufacture the mix 
at laboratory scale. For this purpose a conventional milled material was used, making a 
mix design with the conventional Cold Recycling technique and a second one heating 
the material up to 90ºC. 
Immersion-compression and dynamic modulus tests were used to characterize and 
compare the mixes. 

2.1. Materials 
Main components are the milled material and a bituminous emulsion, this one provided 
with special characteristics that makes possible a proper application at the desired 
temperature (90ºC). 

2.1.1. Reclaimed material 
The sample proceeded from a road older than 10 years old, where wearing, binder and 
base courses were milled. This material was splitted and homogeneized to reproduce the 
real full-scale conditions. 
The grading curve (figure 1) was inside the limits for the RE2 type, recommended by 
the Spanish Specification (O.M. 8/2002) for Cold Recycling. 



The percentage of binder recovered from the old mix, average of the three layers, was 
4.3% based on aggregates, with the following characteristics:

Penetration at 25ºC 10 x 0.1 mm 
Ring and ball softening point 70 ºC 
Asphaltenes content (n-heptane insoluble) 32.0 % 
Dynamic viscosity at 150ºC 1282 mPa.s 

2.1.2. Bituminous binder 
When a road construction technology undergoes an innovatory change, it is usually 
based on an improvement of the corresponding binder as occurred for porous asphalt o 
hot microsurfacing (modified bitumens). 
In this case, it was necessary to develop an emulsion capable to provide a good coating 
at 90ºC of a material containing a high fines content, besides avoiding binder run-off 
and allowing a proper workability above 40ºC once the emulsion is broken. 
After several attempts, the characteristics of the bituminous emulsion used along the 
initial trials were: 

2.2. Immersion-Compression Test 
Based on the experience with Cold Recycling works and the “PARAMIX” European 
Project on recycling, it has been observed that the real conditions of the work are, in 
terms of specific gravity of the compacted mix, greatly different to those obtained at 
laboratory scale. 
In order to determine these differences, trials were made in the laboratory by means of 
the application of varying compaction energies thus obtaining several specific gravity 
values.



Therefore, static loads of 17 and 6 tons were applied during this test, the latter providing 
mixes with densities similar to those obtained at the job site. 

2.2.1. Job mix formula 
Two factors have been used in order to select the emulsion content for the mixes: 
Coating: minimum content that provides a maximum coating (3%). 
Binder content of the cold recycled mix used as reference. 
Five series of specimens were prepared according to the formulae in table II. 

2.2.2. Mixing and compaction conditions 
Several temperatures for mixing and compaction were tried in order to fix the limits, 
finally selecting the following values at laboratory scale: 

Mixing temperature: 90ºC 
Compaction temperature: 60ºC 

Under these conditions, the series were prepared in the following way: 

F-0: Blank mix
Milled material (100%) heated up to 90ºC and compacted (17t) at 60ºC. 
F-1: Cold Recycled mix
Milled material + water (1%) + ReciEmul-90 (3%), mixed and compacted (17t) at 
ambient temperature. 
F-2: Warm Recycled mix without curing period
Milled material heated up to 90ºC + ReciEmul-90 (3%) at 22ºC. Once mixed, the 
specimens were compacted (17t) at 60ºC. 
F-3: Cured Warm Recycled mix
Milled material heated up to 90ºC + ReciEmul-90 (3%) at 22ºC. The specimens were 
compacted (17t) at 60ºC and next cured. 
F-2/6t: Warm Recycled mix without curing period
Milled material heated up to 90ºC + ReciEmul-90 (3%) at 22ºC. Once mixed, the 
specimens were compacted (6t) at 60ºC. 

2.2.3. Curing conditions 
Specimens from series F-1 and F-3 were cured in an oven at 50ºC for a 72 hours period 
while series F-0, F-2 and F-2/6t were maintained at 25ºC for 18 hours before 
demoulding. Next, half of the specimens of each series were soaked at 60ºC for 24 
hours.

2.2.4. Results 
We can observe in table III that the values for Warm Recycled mixes (F-2 and F-3) are 
higher than for Cold Recycled mix (F-1), being nearer to the typical results of a hot mix. 



2.3. Dynamic Modulus 
In order to carry out this test, a Warm Recycled mix according to formula F-2 was 
selected. Two series were prepared with different compaction energies thus allowing 
obtaining different densities. 
Specimens from series 1 (MD-1) were submitted to a 18,5 ton load. This would lead to 
reach a specific gravity similar to series F-2 in the immersion-compression test (2.385 
g/cm3). 
Specimens from series 2 (MD-6,5t) were compacted using a 6,5 ton load that would 
allow us to have a specific gravity about the same than for series F-2/6t in the 
immersion-compression test (2,288 g/cm3), equivalent to a 96% of the F-2 specific 
gravity.

2.4. Conclusions from laboratory study 
Initial conclusions after immersion-compression and dynamic modulus tests in standard 
conditions were promising since: 
a) Retained resistance is increased in a 10% compared to conventional Cold Recycling. 
b) Dry and soaked resistances are doubled. 
c) Specific gravities are higher and, consequently, the percentage of voids on mix 
becomes decreased in a 3%. 
d) The results for F-2/6t, with lower compaction are lower than for F-2 but still higher 
then for Cold Recycling. 

With respect to Dynamic Modulus test, we can conclude that: 
a) Warm Recycled mix tested under standard conditions mix is similar to a conventional 
hot mix in terms of dynamic modulus. 
b) Dynamic modulus of the Warm Recycled mix tested under special compaction 
conditions (6,5 ton) 
surpasses those for Cold Recycled mix compacted in normal conditions (this can be 
seen in previous studies carried out by our laboratory and by the CIESM for recycled 
mixes from A-7 and A-92 roads). 
These results encouraged us to continue with the study by checking if the results could 
be repeated. This has been done using materials from several places and emulsions 
specially designed to each application. 
Next step was to make full-scale tests, using both continuous and batch-type mixing 
plants to detect incompatibilities and further application on trial road sections. 



3. FULL SCALE TESTS AND TRIAL ROAD SECTIONS 
Several trials have been done, the first one in Huelva (Spain) with a batch-type plant 
(150 ton/h) owned by SALVADOR RUS LÓPEZ CONSTRUCCIONES, S.A. and the 
others in Portugal, using a TSM continuous plant from TECNOVIA. Mixing time in the 
first one was fixed in 35 s. 
The emulsion, ReciEmul-90, was manufactured by PROAS in its factory in Sevilla 
(Spain) and by CEPSA in Matosinhos (Portugal), respectively. 
In both cases, laying and compaction were carried out by conventional methods. The 
recycled material arrived to the job site a temperatures ranging 78 to 90ºC and having a 
workability similar to a conventional hot mix. Compaction was made by means of a 
vibratory metallic roller followed by pneumatic-tyre compactor at a temperature above 
70ºC.
The resulting mix was controlled by means of the Immersion-Compression test, 
resulting in values higher than 75% for the retained resistance. 

4. CONCLUSIONS 
The analysis of each part composing this study, started in October 2001, shows that the 
initial idea of recycling in plant the whole material milled from motorways, roads or 
urban roads is becoming suitable and can turn into a new technique in the near future. 
We are faced to another alternative for the exploitation of these residues with three 
important advantages: 
Lower temperature than for hot recycling by means of using bituminous emulsions, thus 
implying energy savings. 
Improvement in the quality control of the final mix since it is manufactured at the plant. 
Most water is eliminated during the manufacturing, thus being not necessary a curing 
period for the mix. 
The above reasons lead the Technical Management at Cepsa-Proas to encourage the 
technicians and professionals working in this subject to continue the study and 
experimentation on Warm Recycling with bituminous emulsions in order to achieve an 
improvement of this technique. 
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ABSTRACT 

The general council of the Charente Maritime department innovates with a geogrid incorporated under the 
retreated layer.This experimentation  is a  new asset for cold in place recycling process. 

In connection with pavement maintenance works on departemental highway 105 in the Charente Maritime area, 
Colas Sud Ouest  company trough its la Rochelle branch has completed an experimental section to evaluate the 
effectiveness of a new process to prevent specific cracking coming from moving earth due to tide movement in a  
marshy zone. 

The paper relate this innovating process consisting to check the feasability to equip the machines with a roll grill of 
fiber and to follow the results in the future.. 

KEYWORDS 

Cold in place recycling process, prevent reflection crackings, bitumen emulsion. 

1 - INTRODUCTION

Approximately 20% of the road network in the Département of Charente Maritime is in marshy zones or in 
compressible zones consisting of former marshes.  

This entire network, including both small county roads or highly trafficked 2 x 2 lanes dual carriageways, undergoes 
considerable damage characterized by high deformation of the cross-section and longitudinal profiles and pavement 
cracking. As the roads pass through marshy zones which are subject to variations in hydrological state as a result of 
tides, cracking usually takes place in sheets. Frequent repairs, which may even be annual, of these roads are a 
considerable drain on the Département’s budget. 

Various maintenance techniques have been tryed in the past without ever providing completely satisfactory results. 
However, in recent years, a lengthening in the service life of pavements has been observed as the result of the 
installation of a geogrid before reshaping.  

Moreover, the studies and trials all show that applying an overlay, even a thin one, on a road built on marshy 
ground, systematically causes movement of the subgrade. The overlays that are necessary for reshaping therefore 
generate subsequent disorders.  

The idea of combining the benefits of a geogrid which delays cracking and the break-up of the pavement with a cold 
in place process using bitumen emulsion and a minimum amount of additional material, seems to us to be a 
particularly attractive solution to the problem we are facing. 

2 HISTORICAL & DEFINITION OF COLD IN PLACE RECYCLING (CIR) 

Cold in place recycling for rehabilitation of roadways is not a new technique.In the early’s 30 that technique 
appeared in Germany,in the 40’s in USA and then in UK in the 50’S under the name Retread Process.In the 70’s 
new milling machine with better control of milling depth and higher power were designed,up to now with a fully 
control of the train of recycling by microprocessor. 
Road  construction and maintenance is a major consumer of materials.The lack of suitable materials,the conditions 
economiques, the awareness of sustainable development, the combination of these factors contribute and stimulate 
the  development of recycling. 
The Cold In place Recycling(CIR) consist of milling the materials of old pavement and then in the same time to 
incorporate bitumen emulsion,water on the pulverized material in the sizer milling machine and to put in shape and 
compact to reconstitute the pavement layer and open  immediately  to the traffic. 
The process is composed  of a : 
-supply tanker with rejuvenating emulsion  



-sizer mixer milling machine 
-windrow material 
 -windrow elevator with tack coat spraybar 
-highly powerfull paver machine 
-heavy roller & PTR to achieve compaction 

COLD IN PLACE RECYCLING MACHINE

SUPPLY TANKER
EMULSIONSIZER MIXERMACHINE

WINDROW OF FULLY TREATED MATERIAL

WINDROW ELEVATOR

EMULSION SPRAYBAR FOR TACKCOAT

PAVER MACHINE

COMPACTORS

3 - EXPERIMENTATION 

In the framework of pavement maintenance works on county road RD 105 in the Charente-Maritime Département, 
La Rochelle (France) Colas Sud Ouest company has completed a trial test section to measure the effectiveness of a 
new procedure to prevent reflection cracking. 

The RD 105 county road between Esnandes and Charron crosses a marshy zone and runs along irrigation canals 
whose water level varies with the tides. The soil is water-sensitive which makes the bearing capacity of the subgrade 
very dependent on hydrological variations and these unfavourable conditions lead to a large number of pavement 
surface defects. These defects are located 2.0 metres from the shoulders and involve longitudinal cracking or edge 
subsidence (Figure 1). The pavement is also marked by the presence of a large number of repaired failed areas 
resulting from successive campaigns of works performed by the General Council of Charente-Maritime in order to 
treat the local subsidence and provide the pavement with a geometry that is acceptable with regard to road safety. 

Figure 1 – Longitudinal cracking 



The technical solutions for the rehabilitation of roads of this type must limit excessive loading of the subgrade while 
retaining a flexible structure.  
The maintenance technique proposed by Colas Sud Ouest and selected by the General Council is an in-situ retread 
process using bitumen emulsion. This is the perfect solution for the problems on this road as it rebonds interfaces, 
rehabilitates the road, rehomogenizes the upper layers of the pavement, delays reflection cracking and restores the 
eveness of the road without the need for additional materials. 
It is in this context that Colas Sud Ouest proposed the construction of a test section whose objective is to delay in the 
long term the appearance of these cracks which are due to the existence of the marsh by interposing a geogrid 
between the planed subgrade and the recycled material.  

4 - FEASIBILITY STUDY 

The investigations and studies were conducted by the Central Laboratory of Colas Sud Ouest at Floirac 
(Département 33). They involved a campaign of core sampling and deflection measurements.   
The core samples which were taken approximately every 500 metres, showed a very high degree of heterogeneity in 
the structure of the layers (see Figure 2). 
The wearing course is made up either of one or more layers of surface dressing or bituminous mixes with a 0/10 
grading. The lower layers consist of porous asphalt or emulsion-bound gravel (grave-émulsion) or bituminous mixes 
with a grading of 0/10 with, in some places, interposed layers of surface dressing.  

Figure 2 : Heterogeneity of the structure 

The deflection measurement campaign near the core sampling sites revealed characteristic deflection values of 
between 90 and 180 1/100th mm. Analysis of the residual binder extracted from core samples gave penetrations of 
between 26 and 31 1/10 mm (NF EN 1426) and ring and ball temperatures of between 50 and 60°C (NF EN 1427). 
In addition, debonding of the layers at a depth of 7 to 8 cm was observed on all the core samples.  

In view of the moderate traffic levels on this section, the results of the mechanical study show that the retread 
process over a depth of 8 cm using bitumen emulsion covered by cold microasphalt would meet the objectives fixed 
by the client:  

Rehabilitation of the wearing course 
Correction of layer debonding 
Limitation of reflection cracking due to movements of the subgrade  

5- PREPARATION OF THE EQUIPMENT AND PERFORMANCE OF THE TRIAL  

The two meters wide roll of geogrid was fixed to the rope take-up device on the windrow elevator  machine, behind 
the emulsion spray bar (see Figure 3).  
A visual inspection of disorders, in particular the longitudinal cracks, was conducted on 25 September 2006 and will 
provide a reference for long-term monitoring.  



Figure 3 – Roll of geogrid 

The trial section was carried out on 2 October 2006 in the following manner:  
Experimental sections : 

o Esnandes – Charron direction : Grid installed from KP 9+809 to KP 9+909 
o Charron – Esnandes direction : Grid installed from KP 10+063 to KP 9+963  

Performance of the retread process with Novacol to a depth of 8 cm with the addition of 3% of Regestab 
regenerating emulsion  

Immediate laying using the spray bar on the windrow elevator machine of a continuous tack coat at a spread 
rate of 1kg/m2 to ensure good impregnation of the geogrid and bond it to the planed substrate.  

Placement of the 2 metre wide geogrid along the centre of the road. 
Unrolling of the geogrid and laying on the tack coat as the paver moved forward (see Figures 4 and 5). 
Definitive installation of the geogrid by applying reprocessed millings under the paver screed (see Figure 6). 
Compaction with a conventional compaction train which is suited to the use of the in-situ emulsion retread 

process. 

.

Figure 4 : Placement of the geogrid   Figure 5 : Laying on the tack coat 



6 - CONCLUSIONS 

No particular problems were encountered in the context of this experimental worksite. The results of the monitoring 
which is currently being performed comply with the specifications in the contract.  

This first experimental worksite in Charente-Maritime has demonstrated the feasibility of applying a continuous 
geogrid interposed between the planed subgrade and the retreated material during the Cold in place Recycling (CIR 
) and  the paver moves forward and without interrupting the works (see Figure 6).  

Figure 6 :   jobsite view 

This trial should make it possible to enrich the Cold in Place Recycling Techniques, on the one hand for combating 
reflection cracking, but also for the structural strengthening of existing pavements in accordance with sustainable 
development 
This trial will be monitored over a period of time. Two inspections per year have been scheduled in order to make 
visual observations of the damage and compare it with the reference sections. 
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ABSTRACT 
Limitation of resources of road surfacing aggregates and bitumen and environmental effects due to the production of 

reclaimed asphalt pavement (RAP), and economical benefits have caused the exploitation of existing materials to 

become  an important issue for road surfacing and pavement engineers. Hot recycling is one of the appropriate 

methods of patching, improvement and reconstruction of asphalt mixes. In this method, the worn out asphalt layer is 

chipped removed and will be reused in new asphalt mix. Tensile Strength is one of the important characteristics in 

asphalt mixes. Tensile strength is a sign of cohesion in asphalt mixtures. Lack of cohesion is one of the primary reasons 

of rutting in asphalt layers at high temperatures. By increasing the amount of Reclaimed Asphalt Pavements in HMA, 

the importance is decreasing in Tensile Strength that may cause increasing in moisture sensitivity and decreasing in 

durability of HMA. This study was carried in order to monitor the behaviour of reclaimed asphalt pavement (RAP) in 

hot mix asphalt the investigation was carried out through various testing such as Resilient Modulus test (with UTM-5P) 

and Indirect Tensile Strength test. RAP with different percentages of bitumen (0, 25, 50, 75, 100) with 60.and 70 

bitumen (prevalent bitumen used in Iran) were used. Data obtained from the experimental work reveals that, by 

increasing the amount of RAP, the Tensile Strength and Resilient Modulus were increased. Also negative effect on 

mixtures cohesion by increasing in amount of RAP was not observed. 

Keywords: Reclaimed Asphalt Pavement (RAP), Resilient Modulus, Tensile Strength, Asphalt Mix 

1. INTRODUCTION 

Economical aspect and natural resources conservation are the main reasons for using reclaimed asphalt pavement (RAP) 

in road and pavement industry. One of the applications of reclaimed asphalt pavement is using in hot mix asphalts; 

Reclaimed Asphalt Pavement could be used in some operations such as reconstruction, overlay performance or patching 

and pavement improvement. Generally Asphalt Reclaiming is defined as an operation in which deterioration bitumen 

and stone material would be useable during a process [1]. 

The tensile strength of asphalt mixtures is often tested with the indirect tensile test. For this test, a cylindrical specimen 

is loaded in compression parallel to and along the vertical diametral plane. This results in a relatively uniform tensile 

stress along the vertical plane of the sample, and the sample ultimately fails in tension. 

Kennedy and Perez [2] obtained tensile strengths between 559 and 2,200 kPa (81 and 319 psi) for recycled mixtures. 

They reported that these values were slightly higher than what they normally observed with conventional mixtures. 

Kandhal et al. [3] also tested some recycled mixes for indirect tensile strength and compared recycled and virgin 

mixtures. Their data show a tensile strength of 1,393 kPa (202 psi) for the control mix and 1,289 kPa (187 psi) for the 



recycled mix. This was shown to be statistically different with a paired t-test. The paper did not provide an explanation 

why the tensile strength was lower for the recycled mixtures. 

Stroup-Gardiner and Wagner [4] performed tensile testing on mixes with gradations both above and below-the-

restricted- zone Superpave gradations. In general, the RAP tensile strengths for the below-the-restricted-zone gradation 

were higher than the virgin mixes, for both moisture conditioned and unconditioned samples. 

Christensenand Bonaquist [5] in their research found that Rutting in surface layer occurs due to the lack of asphalt 

pavements stability against shearing stresses of load. Cohesion and internal friction have important effect on shearing 

strength. Type of bitumen and its volume, amount of filler, the percentage of void filled by bitumen and interlocking 

between bitumen and aggregate are effective factors on cohesion parameter in asphalt mixes. Internal friction is a 

function of materials, gradation and aggregate angularity.

Also it is shown (Anderson and co[6] ) in researches that cohesion in hot climates is more important factor rather than 

internal friction in terms of rut strength for hot mix asphalt.  

Anderson and co [6] in their researches found that tensile strength, which is the result of indirect tensile strength test, 

correctly can be used as the cohesion criteria in hot mix asphalt. They used Mohr Colomb theory in their researches. In 

Figure 1, the correlation between cohesion and the results of indirect tensile test is shown.

Figure 1: correlation between cohesion and results of indirect tensile strength [6] 

According to researches in West Virginia University [7], about the correlation between rut potential and indirect tensile 

test, which its result is tensile stress in specimen diameter plane, it is found that by increasing the tensile strength, the 

rutting potential decreases. ( Figure 2) 



Figure 2: researches results done in West Virginia University and correlation between indirect tensile 
strength and rut depth [7]

According to Roberts et al [8], the most common method of measuring HMA stiffness is the resilient modulus test 

(ASTM D4123). The resilient modulus test is a nondestructive test where the asphalt concrete sample is dynamically 

loaded. Sample loading is generally between 5 and 20% of the sample indirect tensile strength. The applied load and 

recovered strain are measured. 

Previous studies show that stiffness of asphalt mixtures increase with increase in percentage of reclaimed asphalt 

pavement (RAP). [9] 

Stroup-Gardiner and Wagner [4] examined the use of RAP with Superpave guidelines. Three mixtures with above-the-

restricted-zone Superpave gradations were used. The first was a virgin mixture which used a PG 64-22 (used as the 

virgin asphalt for all three mixtures) asphalt cement and 100 percent crushed granite (used as the virgin aggregate for all 

three mixtures). The second mixture contained 15 percent Georgia RAP and the third contained 15 percent Minnesota 

RAP. No rejuvenator was used in these mixtures. Resilient modulus testing was conducted on these mixtures at 

temperatures of 4, 25 and 40oC, as shown in Table 1: 

Resilient Modulus , Mpa (psi) Mixture 4oC 25oC 40oC

Control 8037 
(1165) 

4593 
(666) 

1203 
(186) 

15% Georgia RAP 9223 
(1337) 

7007 
(1016) 

2655 
(385) 

15% Minnesota RAP 10385 
(1500) 

7538 
(10930 

3034 
(440) 

Table 1: Resilient Modulus Results (after Stroup-Gardiner and Wagner (4)) 

The data in Table 1 show the addition of 15 percent RAP more than doubled the resilient modulus at 40 C, which is 

beneficial in terms of resistance to rutting at high temperatures.   The authors did in fact see a reduction of in-laboratory 

rut depths with the RAP mixtures. The RAP did not show much difference form the virgin mix at the lowest test 

temperature. Therefore, investigating the behaviour of hot mix asphalt (containing reclaimed asphalt pavement) is a 

great importance.  



  According to above cases, the influence of Reclaimed Asphalt Pavement on Tensile Strength of HMA which is one of 

the important parameters in determining the characteristics of HMA is evaluated.

In this way, some laboratory tests such as IDT with Marshal Tool and Resilient modulus test with UTM is used.

2-EXPERIMENTAL

2-1. METHOD OF MIX DESIGN

In this study virgin rocky materials and prevalent bitumen in Iran (with penetration grade of 60/70) were used and the 

used reclaimed asphalt pavement was collected from a street in Tehran.  

In order to determine the percentage optimum of bitumen in reclaimed asphalt pavement and its gradation extraction 

method with solvent (centrifuge) has been used and the used solvent was kerosene. After the separation process the 

bitumen in reclaimed asphalt pavement was measured to be 5.3 %.  

Physical properties of aggregate in reclaimed asphalt pavement and fresh (new) aggregate are shown in tables 2, 3. Also 

bitumen properties in reclaimed asphalt pavement after extraction and recovering are shown in table 4. 

Percentage of
Flakiness and Elongation- BS 812 

Type of material Aggregate angularity
(percentage)-D5821       

Elongation index Flakiness index

Coarse aggregate9214.322.1
Fine aggregate ---

Table 2: Physical properties of reclaimed aggregate from RAP

Percentage of
Flakiness and Elongation

- BS 812 Aggregate angularity
(percentage)-D5821 Type of 

materialElongation 
index

Flakiness indexabrasion

Coarse 
aggregate

9581425

Fine
aggregate

- --

Table 3: New aggregate properties



TestStandard method of 
testResult

Penetration grade (0.1 mm)ASTM D524

Ductility property (cm)ASTM D11344

Softening point ( 0C )ASTM D239861.5

viscosityASTM D2170641

 Table 4: Bitumen properties after extraction and recovering from RAP

For identifying the optimum percentage of bitumen in mixtures and making the sample one Marshal method was used 

according to the Marshal Method of Mix Design (ASTM D1559) manual [10,11].

Specifications of the reclaimed asphalt pavement gradation, according to Iran Highway Asphalt Paving Code [12], 

which was selected as the design gradation and correspondent samples made with and without reclaimed asphalt 

pavement, are presented in Figure 3. 

Figure 3 : Gradation 

The optimum rate of bitumen for different mixtures is presented in Table 5. 

R100 R75 R50 R25 Control Mixture, 
R0* 

7 % 6.6 % 6.4 % 6.2 % 6.2 % 

Table 5: Optimum count of bitumen for different mixtures 

*In order to define mixtures, letter R represents reclaimed asphalt pavement by a number as the amount of reclaimed 

asphalt pavement in mixture.   

It should be mentioned that, in preparing the mixed with reclaimed asphalt pavement, heating the RAP is very 

important. In this study the temperature and its duration were according to NCHRP group [13] suggestion that the 

heating time was 2 hours in temperature 150. 



3. EXPERIMENT RESULTS 

3-1. Indirect Tensile Strength Test

The standard method to this test is according to ASTM-D4123 procedure. In this study indirect tensile strength test as 

appropriate criteria for cohesion to evaluate the rut potential of HMA with RAP is used to approach this aim, using the 

marshal test machine is chosen.  

Rupture force and specimens deformation at the failure time was read from the monitor and according to the specimen 

diameter and height and using equation 1, the tensile strength of each specimen calculated [9]: 

)1(

where:

t = tensile strength of HMA, (KPa) 

Pmax =   maximum load , N

t = specimen height before tensile test, mm

d = specimen diameter, mm

In this study , with available facilities , indirect tensile strength test in laboratory condition (25oc ) was done loading 

speed was 50 mm/min. The result from this test are shown in table 6, 

Tensile

Strength

)KPa(

Vertical 

Deformation

)mm(

Load (KN)Diameter (mm)Height (mm) Specimen

907.12.3510.1100.670.5R0

9462.3610.6210170.8R25

1060.82.2612101.271.2R50

1064.11.611.9810171R75

1144.71.9312.78101.370.2R100

Table6: the indirect tensile strength test results (average)

According to the test results shown in Table 6, ITS comparative chart for mixes with different percentage of RAP is 

shown in Figure 4. 
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Figure 4: tensile strength comparative chart for mixes with different percentage of RAP 

It can be seen that with increasing the percentage of RAP in Asphalt Mix, The tensile strength increases which can be 

because of increasing in stiffness of mixes. 

Also, the indirect tensile strength test results show that the cohesion parameter in HMA didn’t decrease with raising the 

amount of RAP because one of the most important problems about using RAP in HMA is that by increasing the 

percentage of RAP, cohesion decreases.   

3-2. Resilient Modulus Test 

Resilient modulus tests were conducted on all samples to evaluate mixture temperature susceptibility and for use as a 

reference to earlier testing. Though it was once believed stiffer pavements had greater resistance to permanent 

deformation, Roberts et al. [8] caution that there currently is no solid correlation between resilient modulus and rutting. 

However, they have concluded that resilient modulus at low temperatures is somewhat related to cracking as stiffer 

mixes (higher MR) at low temperatures tend to crack earlier than more flexible mixtures (lower MR). 

In this study the resilient modulus test was performed at 0.33, 0.5 and 1 Hz in three temperature 25 degree of centigrade 

according to ASTM-D4123. At loading frequency 1 Hz, the load was applied in 0.1 second and the rest time was 0.9 

second and 0.33 Hz, it was 0.03 and 0.97 respectively. 

Each sample was tested at both zero and 90-degree orientations. The samples were given a 2-hour waiting period 

between zero and 90-degree tests to allow for recovery from the previous test the resilient modulus is defined as [9]: 

tu
PM R

)27.0(

Where: 

M R = resilient modulus, Pa 

P = applied load, Newton 

U = horizontal deformation, mm 

t = sample thickness, mm 

= Poisson's ratio 



Prior to testing, the samples were placed in temperature controlled environmental chambers for a minimum of 24 hours 

to ensure equilibrium at the test temperature. 

Since the determination of Poisson’s Ratio from horizontal and vertical measurements is often inaccurate,  

The values used are shown in Table7. 

Poisson’s factorTemperature oc

0.3525

values for asphalt concrete in testPoisson’s factorTable7:

The test results for different mixtures made by bitumen 60/70, different percent of reclaimed asphalt pavement asphalt, 

different temperatures and loading frequencies according to above is displayed in Table 8.

The results show that resilient modulus increases by increasing in amount of reclaimed asphalt pavement for different 

loading frequencies.  

Resilient Modulus-Mpa)(

Test Temperature ( 25oC)

Loading 

frequency

(Hz)  

Mixture

13310.33

16510.5

17081 

R0

17100.33

17390.5

19731 

R25

29880.33

29380.5

33411 

R50

38620.33

32270.5

37601 

R75

36720.33

38630.5

39971 

R100

Table 8: Resilient Modulus results

A summary of product results is described in the following sentences.



- For the mixtures including 25, 50, 75 and 100 percent of RAP in 25 degree of centigrade and loading frequency of 

0.33 Hz found 128, 224, 290 and 276 percent increasing in resilient modulus comparing whit specimen's whit out PAR. 

In Figure5, the comparing chart for resilient modulus test for 25oc respectively and at different loading frequencies are 

shown.
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Figure 5: resilient modulus chart for mixtures including different percents of RAP in 25oc  and at 0.33, 0.5 and 

1 Hz loading frequencies (Mpa)

According to the results and displayed charts in different temperatures for similar mixtures decreasing in loading 

frequency decreases resilient modulus.  

4. CONCLUSIONS 

-According to the results from resilient modulus and indirect tensile strength tests, it is determined that increase in 

percentage of reclaimed asphalt pavement will increase the stiffness and strength of mixtures.  

The results showed that increasing in amount of RAP doesn’t have negative effect on cohesion parameter.  

- Resilient modulus test results show that increasing in loading frequency for identical specimens, increases resilient 

modulus. 

-Increasing in amount of RAP doesn’t have negative effect on mixtures cohesion, because as mentioned, tensile strength 

is a criterion for mixtures’ cohesion that increases by increasing RAP amount. 

-According to the experimentations' results, and increase in stiffness in mixtures containing reclaimed asphalt 

pavement, investigation of other parameters such as moisture susceptibility and temperature susceptibility seems to be 

necessary. Roberts et al [8] have concluded that resilient modulus at low temperatures is somewhat   related to cracking 

as stiffer mixes at low temperatures tend to crack earlier than more   flexible   mixtures. 

-Bituminous tests for determining exact characteristics of composed bituminous (including RAP bituminous and new 

bituminous) is necessary. Also according to tests results and knowing that RAP mixtures have performance similar to 

typical mixtures, their economical possibility and influence of rejuvenation on mixture stiffness including RAP should 

be considered.  
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ABSTRACT 

Nowadays, the criterion of materials –and cost– savings without sacrificing performance is systematically taken into 
account by building owners, prime contractors, asphalt producers and road contractors. In-plant reclaiming of 
asphalt pavement (RAP) at strong rate is more and more often used within the framework of rehabilitation or 
maintenance roadworks. The maximum value of RAP content is generally between 20% and 50% according to the 
considered asphalt plant equipment limitations. 
This paper focuses mainly on the analysis of the effect of the RAP content along with the mix production temperature 
on the mix performances. Some mixtures were studied both in laboratory and on the field with RAP content ranging 
from 10 to 90%, along with two different production temperatures: 160°C (conventional temperature of the hot mix 
asphalt) and 95°C (proprietary low energy asphalt technique labelled LEA®). Such very high RAP contents (>50%) 
could have been used thanks to a very innovative asphalt plant allowing both hot and warm recycling. 
Characterisation of the studied asphalts produced in laboratory or in plant shows that very high recycling rates in hot 
mix or warm mix asphalts can be used as a cheap and efficient way to minimize environmental impacts. 

Keywords: reclaimed asphalt pavement, recycling, materials savings, low energy asphalt, energy savings 

1. INTRODUCTION

1.1 Environmental stakes 

Asphalt pavement recycling is the reuse of an existing pavement that has served its first (or even second) intended 
purpose. Recycling can be done in an asphalt plant or in-place. It: 

•  reuses existing materials thus eliminating disposal problems, saving diminishing land in populated countries, 
•  saves costly materials and in some countries rare, hard to find good aggregates,  
•  can correct both binder and gradation of an existing road, 
•  produces a stable road at a lower cost than required by conventional methods. 

1.2 Some key figures about recycling in the European asphalt industry

Table 1 gives some key figures regarding recycling in the European asphalt industry. A comparison between the data 
obtained in 2002 and 2005, is proposed to illustrate the increasing use of RAP aggregates in the hotmix production in 
many countries. These data have been established by EAPA, the European Asphalt Pavement Association [1] [2]. 

Table 1: Shift in the use of RAP in some European countries between 2002 and 2005. 

2002 2005 
Country Available

Materials (T) 
% actually used in 

warm recycling 
% of the new hotmix 

production that contains RAP
Available

Materials (T)
% actually used in 

warm recycling 
% of the new hotmix 

production that contains RAP

Belgium 1 500 000 29 31 1 500 000 40 36

Denmark 237 000 54 36 218 000 83 48

France 5 000 000 10-45 >15 6 500 000 13 <10

Germany 15 000 000 80 20 14 000 000 82 60

Italy 13 000 000 15 5 14 000 000 18 7

Netherlands 3 500 000 60-70 60-65 3 000 000 75 63

Norway 471 000 19 7 409 000 23 10

Poland 750 000 15-30 0,5 1 080 000 4 0,1

Sweden 900 000 15 20 750 000 40 25





Even if such specific RAP mixtures production processes are widespread in most countries, many agencies have been 
nevertheless reluctant to allow producers to use more than 10 to 20 percent RAP [3]. One of the reasons given is that it 
is not clear whether adequate mixing of the RAP and new materials occurs in all the cases. The authors of the present 
paper do think that when mixtures with high RAP content lack cohesion and fail in a short period of time, most of 
these cases involve the use of unprocessed RAP and hot-mix plants that were not designed to handle high RAP 
content. That is the reason why, the next section describes the in-plant HMA recycling by using specifically developed 
mobile parallel drum plants allowing high rate recycling up to 100%.  

2.3 Specific plants for very high-rate recycling (>50%) 

Since the 1980’s, the parallel drum batch plants have been widespread first in Germany and afterwards in Nordic 
countries. This concept was developed specifically for high rate recycling up to 60%. 
Since 2004, APPIA Grands Travaux (subsidiary of EIFFAGE Travaux Publics) has decided to develop its own parallel 
drum mix plant working on the continuous principle, specifically for high rate recycling up to 100%. The production 
output of this hypermobile plant –manufactured by BENNINGHOVEN Gmbh– is around 400 tons per hour; very few 
dust fumes and VOCs (Volatile Organic Compounds) are produced. The virgin aggregates are incorporated and heated 
at about 150-190°C in a first drum dryer, whereas the reclaimed asphalt pavement aggregates are incorporated and 
heated at about 110-150°C in a second parallel drum dryer, and afterwards both the virgin and the recycled aggregates 
are introduced in a continuous pugmill in order to being mixed and coated with hot bitumen.  
Figure 4 illustrates this new kind of plants : the aged binder of the RAP can be easily recovered and blended with the 
neat bitumen thanks to the heating at about 110-150°C in the second parallel drum dryer and then to the strong mixing 
with virgin materials in the continuous pugmill. 
Eventually, as the evaluation of the effect of the RAP content along with the mix production temperature on the mix 
performances is of the utmost importance, some laboratory studies and field sections on motorways with very high 
RAP contents are presented hereafter. Such very high RAP contents (>50%) could have been successfully used only 
thanks to this kind of mobile parallel drum plants allowing both hot and warm recycling. 

Figure 4: Example of the innovative mobile parallel drum plant of APPIA Grands Travaux: a) overall view & b) view 
of the two parallel drum dryers (the first one for virgin aggregates, the second one for recycled aggregates). 



3. REVIEW OF LITERATURE 

Many studies on recycling and its implication on mix performance are reported in the literature. However, to our 
knowledge, the maximum RAP content reported never exceeds 50%.  
Research carried out by Little et al. [4] [5] and Kandhal et al. [6] has indicated that the structural performance of 
recycled mixes is equal and in some instances better than that of the conventional mixes. The properties of the 
recycled mixture are mainly influenced by the amount of RAP in the mixture and the aged RAP binder characteristics. 
More recently, researches carried out by McDaniel and Shah [7] and Antoine et al. [8] have indicated that mixtures 
with up to 50% RAP could meet respectively the Superpave or French specifications. In general, increasing the RAP 
amount of a mixture increases its stiffness and its rutting resistance if the virgin binder grade is unchanged. To limit 
excessive cracking, especially with 50% RAP content, decreasing the virgin binder grade is recommended. 
Furthermore, a life cycle inventory of reclaimed asphalt pavement was published by the French Laboratoire Central 
des Ponts et Chaussées (LCPC) in 2004 (Jullien et al. [9]) in order to discriminate the recycling rates between 0%, 
10%, 20% and 30% (maximum RAP content for the drum mix plant used in the study). This environmental inventory 
analysis showed, in the case of these particular plant and materials, that the rate of recycling of 30% was the most 
interesting in terms of energy consumption, of resources saving (bitumen and aggregates), and of airborne emissions. 
As described in the previous sections, the maximum RAP content used in a recycled mix depends upon the kind of 
asphalt plant being used for producing the mixture and also on environmental considerations. Moreover, the gradation 
of aggregate in RAP can also be a major limiting factor, that’s why two different sources and gradation of RAP can be 
used to produce mixes with very high RAP content (>50%). 
However, without taking into account the mechanical performances of such mixtures in laboratory with very high RAP 
content, many countries or agencies arbitrarily limit the amount of RAP to 10 or 20%. Under those circumstances, in 
order to demonstrate their good performance, some laboratory studies and field sections on motorways with very high 
RAP content are presented hereafter. 

4. PRELIMINARY LAB CHARACTERISATION OF HMAs WITH A HIGH RATE OF RECYCLING 

Two main preliminary lab studies were undertaken in our central laboratory at Ciry-Salsogne, prior to the development 
of the innovative mobile parallel drum plant shown in Figure 4: 

•  The 1st laboratory study aimed at evaluating the influence of the warming of RAP aggregates –up to 160°C– 
during the manufacturing process of a high modulus asphalt containing 50% RAP and a 15 pen grade neat binder. 

•  The 2nd lab study was dedicated to the performantial characterisation of two typical dense formulas BBSG and GB 
–respectively used in France as wearing course and base course– with a RAP content ranging from 10 to 90%. 

4.1 Modification of process technology 

The objective of this 1st preliminary lab study was to determine whether the initial RAP temperature and virgin 
aggregate temperature (with the same final temperature of the mixture after production at 160°C) have an influence on 
the mechanical properties of the final HMA. Four tests were carried out with four different temperatures for the RAP 
aggregate: 20°C (ambient temperature corresponding to the usual cold introduction of RAP in the mixer or pugmill in 
the plant), 100°C, 130°C and 160°C (these three temperatures correspond to the heating of RAP in the specifically 
developed parallel drum dryer of the EIFFAGE Travaux Publics mobile plant, cf. section 2.3). The results presented in 
Table 2 are very encouraging: except the 2nd configuration where the recovered binder seems a little bit too hard, 
configurations 1 and 3 (with heating of the RAP aggregates) exhibit very satisfactory data. 

Table 2: Influence of the initial RAP temperature during the hot mix production. 



As recently explained by Bonaquist [10], the stiffness modulus is highly dependent on the stiffness of the binder used 
in the HMA. The relationship between binder stiffness and mix stiffness can be used to assess how well a producer’s 
specific process mixes RAP with virgin materials. The aged binder in RAP is much stiffer than the new binder. If 
adequate mixing occurs between the aged binder and the neat one, then the stiffness of the binder in the HMA will 
increase, resulting in an increase in the HMA stiffness. If the new and RAP materials are not adequately mixed, then 
the mixture will have a stiffness close to that for the new binder. Following the Bonaquist statement and from the 
stiffness modulus results presented in Table 2, RAP and virgin materials appear as better mixed when heating RAP 
above 100°C during the manufacture process. 

4.2 Influence of the RAP content and of the penetration of the neat bitumen 

The objective of this 2nd preliminary lab study was to investigate the performantial characterisation of two typical 
dense formulas BBSG and GB –respectively used in France as wearing course and base course– with a RAP content 
ranging from 10 to 90%.  
The performantial assessment of the formulas containing very different RAP contents (10%, 30%, 50%, 70% and 
90%) established from French classical mechanical characterization tests [test of ability to be compacted using a 
gyratory shearing press (PCG), water stability test (Duriez test), wheel tracking test] is given in Tables 3 & 4. Results 
are very good whatever the amount of RAP.

Table 3: Influence of the RAP content and of the penetration of the neat bitumen, in the case of the mix design of a 
typical French GB dense asphalt usually used as base course (both virgin and RAP materials are heated up to 150°C). 

Table 4: Influence of the RAP content and of the penetration of the neat bitumen, in the case of the mix design of a 
typical French BBSG dense asphalt usually used as wearing course (virgin and RAP materials are heated up to 150°C). 



5. CASE STUDY OF EXPERIMENTATION ON MOTORWAY A26 CALAIS-REIMS 

The A26 section between Calais and Reims (260 km) has an increasing traffic of about 15500 vehicules/day with 3500 
trucks per day only on the right lane of the motorway. For the 1st time in France, some test sections of high modulus 
asphalts with 50% or 65% RAP were realized in summer 2007 in order to observe afterwards their in-situ short-term 
and long-term behaviour. Both the traditional HMA manufacturing process and the LEA® low energy asphalt 
technique were used –more details on the latter are given in the following references [11] [12] [13] [14] [15] [16] [17] 
[18] and in Figures 5 & 6. The mechanical properties of such mixes obtained in laboratory are presented here below. 
Table 5 presents the performantial characteristics obtained in laboratory for a high modulus asphalt formula –used as 
base course on part of the French A26 motorway– with 50% and 65% RAP. As for Table 6, it presents the 
characterisation of the same asphalt formula produced at either 170°C or 95°C (LEA® manufacturing temperature). 

Figure 5: Simplified diagram of the LEA® method 3 (without pre-coating) used in this particular case study. The two 
other methods are presented in a companion paper [19]. 

a) HMA 
             introduction of RAP    
                                                                                 130-140°C     introduction of hot bitumen (170°C) 
                    
  1st drum dyer 

                   Continuous Pugmill 
             introduction of virgin aggregates        HMA (170°C) 

                                                    210-220°C  
  2nd drum dyer 

b) LEA (method 3) 

             introduction of RAP      
                                                                                 95-105°C       introduction of hot bitumen (170°C) 
                      (+additional water) 
  1st drum dyer 

                   Continuous Pugmill 
             introduction of virgin aggregates        LEA3 (95°C) 
      
                                                    95-105°C  
  2nd drum dyer 

Figure 6: a (resp. b): Schematic illustration of the HMA (resp. LEA) manufacturing process used for this case study 
with the APPIA Grands Travaux mobile plant (cf. Figure 4). 



Table 5: Mix design of a hotmix EME 0/20 with 50% or 65% RAP (Ciry Central Lab, EIFFAGE Travaux Publics) 

EME 0/20 limestone, binder 15/25, 170°C Material HMA 50% RAP HMA 65% RAP 
Standard values  
Class 2 (NF P98-140) 

PCG Test at 120 gyrations (workability) 3.8 % 3.1 % < 6 % 
Duriez Test (Direct Compression Test  
and water resistance) 

R = 14.31 MPa 
r/R = 0.87 

R = 14.29 MPa 
r/R = 0.87 r/R  0.75 

Wheel Tracking Test (resistance to 
rutting at 60°C & 30000 cycles) 3.8 % 3.5%  7.5 % 

Complex Modulus E* (15°C, 0.02s) 14 100 MPa _  14 000 MPa 

Table 6: Mix design of a LEA® EME 0/20 with 50% RAP (Ciry Central Laboratory of EIFFAGE Travaux Publics) 

EME 0/20 limestone, 50% RAP, binder 15/25Material Control HMA (170 °C) LEA3 (95 °C)  
Standard values  
Class 2 (NF P 98-140) 

PCG Test at 120 gyrations (workability) 3.8 % 6 % < 6 % 
Duriez Test (Direct Compression Test  
and water resistance) 

R = 14.31 MPa 
r/R = 0.87 

R = 13.3 MPa 
r/R = 0.8 r/R  0.75 

Wheel Tracking Test (resistance to 
rutting at 60°C & 30000 cycles) 3.8 % 1.3%  7.5 % 

Complex Modulus E* (15°C, 0.02s) 14 100 MPa _  14 000 MPa 

Figure 7: Paving a high-modulus LEA® mixture (with 50% RAP aggregates and with a neat 15/25 pen grade binder) 
at 95°C on the French A26 high-volume highway near Arras. 

6. CONCLUSIONS

The following conclusions can be drawn: 
• One objective of this study aimed at investigating the question of whether RAP is a “black rock” or whether the 

aged RAP binder actually blends with the virgin binder added. This last possibility can only be achieved on the 
condition that proper asphalt plant configuration is used. In the case of very high recycling rate (>50%), the 
heating of RAP appears as necessary. 

• Thanks to its particular equipment configuration, the specifically developed mobile parallel drum plant of 
EIFFAGE Travaux Publics enables higher proportions of RAP in the mixtures (up to 90%): the aged binder of the 
RAP can be easily recovered and blended with the neat bitumen thanks to the heating at about 110-150°C in the 
specific parallel drum dryer and to the strong mixing with virgin materials in the continuous pugmill, 



• Provided that RAP properties are properly accounted for in the material selection and mix design process, asphalt 
mixtures with high (30-50%) and very high (>50%) RAP content can be designed under current French 
specifications,

• Since 1994, many reference roadworks on French highways have been successfully realized with 50% RAP, by 
EIFFAGE Travaux Publics, using the traditional hot mix production (>150°C), 

• A test section of a high modulus hot mix asphalt formula with 65% RAP was successfully realized on a French 
high-volume traffic highway. Another test section of half-warm mix asphalt LEA® (<100°C) with 50% RAP was 
successfully realized on the same motorway. 
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ABSTRACT 

 
The effects of polymer-modified bitumens (PmB’s) on moisture sensitivity of binder-aggregate system have not been adequately 
studied. An adhesion, determined as a surface area, remaining covered with a binder after exposure in water, can serve as a criterion of 
binder film resistance to moisture damage.  Most PmB’s are more adhesive than unmodified bitumens but adhesion rises insignificantly 
at low polymer content. An increase of polymer content up to 6 percent leads to rise of binder-aggregate adhesion to 70-75 percent. 
Adhesion of bitumens, modified by 9 percent of polymer, ranges up to about maximal level - 100 percent. This level can be usually 
reached with cationic adhesive agents. Adhesive additives in mB’s promote an adhesion sharply. For PmB, high level of adhesion is 
reached at the additive content almost twice less, than for neat bitumen. Addition of polymer tends to increase the surface tension 
and the wetting angle of the binder while the adhesive additive in mB lowers the surface tension and the wetting angle almost down to 
the values of neat bitumen. Thus, a combined use of polymer and adhesive agents in the binder allows controlling binder-aggregate 
adhesion and moisture sensitivity of mixture. The last circumstance gives the possibility to reduce the mixing and compaction 
temperatures of mB-mixtures containing adhesive agents. 

 
Keywords: modified binder, additives, physical, mechanical properties.  
 
1. INTRODUCTION 
 
It is generally accepted, that the addition of polymers decreases the pavement rate of deterioration and enhances its 
performance. Such improvements are mainly due to enhancement in the pavement fatigue, resistance to rutting, and 
tensile strength properties at low, medium, and high temperatures. Degree of these properties improvement depends on 
the polymer content in bitumen and their qualities. The use of the polymer-modified bitumen offers numerous benefits, 
but still moisture damage in the form of water-induced debonding of binder from the stone surface is common. 
Stability of asphalt concrete on bitumens modified by polymers (asphalt-polymer concretes, or APC) against destroying 
action of water has not been adequately studied and available data are controversial  [1, 2, 3]. To reduce water-induced 
debonding of bitumen from the stone surface, it is common to add liquid surface-active antistripping additives (AA s) to 
bitumen, but the same concerning the bitumens modified by polymers (PmB s) practically is not covered in the 
literature accessible to the authors. 
Besides, an issue of mineral substrates wetting by PmB is practically not studied, and also an issue of this process 
peculiarities at the use of PmB s containing the AA s. Further research are needed to develop criteria for more effective 
choice of technological temperatures of mixing and to forecast the APC resistance against stripping under operating 
conditions. 

 
2. EXPERIMENTAL 
 
2.1 Materials 

 
The bitumens chosen were Ukrainian (Lisichansky refinery) blown penetration grade BND 40/60, BND 90/130, and 
BND 130/200. All polymers were of SBS-type with radial structure. An imported cationic AA was added to the 
bitumen.  
Three, six and nine percent of SBS-type polymer were used to modify bitumens BND 90/130 and BND 130/200, and 
three percent of polymer were used for bitumen BND 40/60. The cationic AA (0,4; 0,7 and 1,0 percent) was added into 
the bitumens BND 90/130 and BND 130/200, and into the same bitumens modified by 3 percent of SBS. Unmodified 
bitumen BND 40/60 and the same bitumen modified with three  percent SBS were tested with addition of 0,7 percent of 
AA. Unmodified bitumens BND 90/130 and BND 130/200 and the same bitumens modified with six and nine percent 
of polymer were tested with addition of 0,7 percent of AA. The properties of compositions and the results are presented 
in Table 1. 
 
2.2 Testing Program 
 
Traditional tests - penetration, softening point, brittleness temperature, elastic recovery - were carried out under 
Ukrainian standards similar to the CEN standards. The surface tension values of binders ba were measured by 
maximum air bulb pressure method in the temperature range from 120 to 160 °C. The wetting (contact) angle  on 
reference glass surface was measured by the method of projection on the screen of a "sedentary" drop at temperatures 
from 80 to 180 °C [4]. The binder passive adhesion to the reference glass was measured after the conditioning in 
distilled water during 25 minutes at temperature 75 °C [5, 6]. 



To evaluate the moisture damage potential of mixtures, a wet-dry compression test was conducted. Each test sample 
was saturated with water at room temperature by applying a vacuum of 2 kPa (15 mm of mercury) for 1 hour. 
Subsequent to the vacuum saturation procedure, each compacted specimen was allowed to soak for 15 or 30 days at a 
temperature of 20 OC. Each specimen was then tested for unconfined compressive strength at 20 OC using 3 mm/min 
loading rate. Retained compressive strength ratio was then calculated. It differs from Duriez method [7] in that time of 
the samples to soak in water at temperature 20 °C was of 15 or 30 days.  
 

 Binder’s grade Content of polymer,
 % 

Content of AA,
% 

P25, 
0,1 mm

s, 
º  

br, 
º  

E25, 
% 

 at 
=15 , °  

Adhesion, A,
% 

1 BND 130/200  - 197 41 -19,0 - 103 16 
2 BND 130/200 3 - 122 48,1 -16,0 76 145 27 
3 BND 130/200 6 - 67 80 -21,5 99 - 72 
4 BND 130/200 9 - 54 104 -30,0 99 - 100 
5 BND 130/200 - 0,4 195 40,6 -21,0 - - 73 
6 BND 130/200 - 0,7 194 40,0 -20,0 - 78 85 
7 BND 130/200 - 1,0 198 40,6 -19,0 - - 97 
8 BND 130/200 3 0,4 121 46,9 -18,0 76,5 - 90 
9 BND 130/200 3 0,7 122 47,9 -18,5 70 87 99 

10 BND 130/200 3 1,0 120 47,3 - 52,5 - 100 
11 BND 130/200 6 0,7 66 81 -21,0 95 - 99 
12 BND 130/200 9 0,7 57 103 -29,0 99 - 100 
13 BND 90/130 - - 110 46 -19,5 - - 17 
14 BND 90/130 3 - 68 55,7 -18,5 90 - 23 
15 BND 90/130 6 - 44 80 -36,5 93 - 74 
16 BND 90/130 9 - 41 95 -43,5 99 - 97 
17 BND 90/130 - 0,4 103 45,8 -20,5 - - 72 
18 BND 90/130 - 0,7 107 46,1 -21,5 - - 82 
19 BND 90/130 - 1,0 106 45,8 -16,0 - - 96 
20 BND 90/130 3 0,4 58 52,8 -19,0 61 - 96 
21 BND 90/130 3 0,7 60 53,0 -18,5 90 - 98 
22 BND 90/130 3 1,0 60 54,4 -17,5 80 - 99 
23 BND 90/130 6 0,7 46 82 -32,0 94 - 99 
24 BND 90/130 9 0,7 41 95 -43,0 95 - 97 
25 BND 40/60 - - 54 53 -16,5 - 140 25 
26 BND 40/60 3 - 35 60,9 -16,5 66 177 31 
27 BND 40/60 - 0,7 44 53,5 -17,5 - 117 98 
28 BND 40/60 3 0,7 35 58,6 -16,0 69,5 154 99 

 
Table 1 : Influence of polymer and the AA on the properties of bitumen binders 

 
3. RESULTS AND DISCUSSION 
 
3.1 Effect of polymer and anti-strip additive on surface characteristics of the binders 
 
Interfacial tension on phase boundary “binder – air” ( ba) is the major factor defining intensity of mineral substrate 
wetting by a binder. The data of tab. 2 show its natural decrease with growth of temperature for all objects that is caused 
by the increase of intermolecular distances in them The temperature coefficient for ba in the range of 120 °C - 160 °C 
is in limits from - 0,065 to - 0,080 mJ/m2·degree. It is close enough to the data for the non-polar liquids given in [8]. 
A value of interfacial tension varies as follows: it decreases after addition of the AA in bitumen, it increases after 
modification with polymer, and it comes around to the value of ba for pure bitumen when the AA is introduced in 
PmB. 
The interfacial angle of wetting decreased with temperature growth (fig. 1). It corresponds to the temperature 
dependences of viscosity and interfacial tension that is caused by the uniform mechanism – molecular interaction. 
Dependences of  on temperature have linear character. The temperature coefficient for the wetting angle was 
calculated to be from -0,110 to -0,128 for the binders on bitumen BND 130/200 and from -0,123 to -0,136 for binders 
on bitumen of higher viscosity (BND 40/60).  
Modification of bitumens by polymer results in essential growth of  while an addition of AA in the pure and modified 
bitumen reduces value of . Those effects are more pronounced for PmBs on less viscous neat bitumen BND 130/200. It 
correlates well with polymer reinforcing action concerning adhesion, penetration and softening point in relation to 
initial bitumens of a various consistence.  
 



Binder Interfacial tension at temperature ( ), mJ/m2 
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Content of AA and polymer 110 120 130 140 150 160 

Pure bitumen 36,8 34,4 33,0 32,3 31,8 31,5 
0,7 % AA 35,5 33,5 32,3 31,6 31,0 30,7 
3 % SBS 38,5 35,3 34,0 33,2 32,7 32,4 B
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D
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0,7 % AA + 3 % SBS 37,5 35,0 33,4 32,7 32,3 31,8 
Pure bitumen 38,8 36,3 35,0 34,3 33,8 33,5 

0,7 % A 38,5 35,7 34,3 33,7 33,0 32,5 
3 % SBS 39,5 37,1 36,2 35,7 35,4 35,2 B

N
D

 
40

/6
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0,7 % A + 3 % SBS 39,0 36,4 35,3 34,5 34,2 33,8 
 

Table 2 : Effect of temperature, polymeric and adhesive additives on interfacial tension of the bitumen binders  
 

Value of the wetting angle for the polymer modified bitumen BND-130/200 with AA is close to its value for 
unmodified bitumen BND 130/200 with AA. Value of the wetting angle for the polymer modified bitumen BND 40/60 
with AA is close to its value for neat bitumen. 

 
a – bitumens without polymers: + - BND 40/60;  - BND 40/60 + 0,7 %  AA; 
      - BND 130/200;  - BND 130/200 + 0,7 %  AA. 
b- PmB:  - BND 40/60 + 3 % SBS;  
     - BND 40/60 + 3 % SBS + 0,7 % AA;  - BND 130/200 + 3 % SBS;  
     - BND 130/200 + 3 % SBS + 0,7 % AA. 
 
Figure 1 : Influence of surfactants  on values of an interfacial angle of wetting

A "sedentary" drop method does not 
yield the sufficient grounds to insist 
on absolute objectivity of the 
received data. However, these 
results are objective concerning the 
tendency: an addition of cationic AA 
leads to decrease of for neat 
bitumen and for PmB. It in turn 
testifies the possibility to control the 
wetting of aggregate surface by 
PmB. 
Mixing temperature is considered in 
the EU countries, and in Russia, 
Ukraine, and Belarus as the most 
important requirement for mixing of 
asphalt concrete mixes. A mixing 
temperature that corresponds to 
viscosity of 0,5 ·  is accepted the 
countries of the former Soviet Union 
and 0,2 ·  is accepted in the EU 
countries for unmodified bitumens 
[9].  
This approach is obligatory, but 
insufficient, as it does not consider 
interaction of phases: bitumen and a 
mineral substrate. 
     The pairs of non-wetting liquids 
and lyophobic surfaces by definition 
cannot provide good wetting and 
qualitative mixing.  

 
Asphalt mixes contain bitumophilic materials. However degree of bitumophility, measured by a wetting interfacial 
angle ( ), is various for substrates from different rocks: it is more ( -less) for carbonaceous rocks and less ( -more) for 
acidic rocks. At the same time, wetting also depends on quality of a binder [10]. 
Hence, one more and, maybe, the main criterion of mixing efficiency is some critical value of wetting angle. Thus, 
heating temperature of the binder should provide critical value of . Based on experience, as the critical it is taken 
 =15 °. Then, critical temperatures ( ) for the systems considered here, should have values specified in fig. 1 and 

listed in tab. 1. An addition of AA in bitumen BND 40/60 results in decrease   from 140 °C to 117 °C, and its 
modification by SBS raises  to 177 °C. Activation of PmB  by the AA decreases  to 154 °C. In case of bitumen 
BND 130/200 same processing methods change  as follows: 103, 78, 145, 87 °C. Thus, use of the AA decreases  
for bitumen BND 40/60, modified by SBS, on 23 °C, and for bitumen BND 130/200, modified by SBS, on 58 °C. 
It is impossible to confirm a priori that it is exactly so necessary to change mixing temperatures of mixes on the basis of 
PmB s, containing the AA s, but the tendency to reduction the mixing temperatures for considered systems can be 
estimated as quite real. 
The essential difference in values of  for binders on bitumens BND 40/60 and BND 130/200, modified by 3 % of SBS 



and containing additives, is caused, first of all, by difference  of matrix bitumens, and also by presence of asphaltenes 
and polymer. 

    
3.2 Adhesion of bitumens, PmB s and PmB s, containing an AA s, with a glass substrate 
  
Studying of the bitumens modified by the small amount of polymer was the first stage of this research. Addition of three 
percent of SBS has only slightly raised adhesion: on 11 % for BND 130/200; 6 % for BND 90/130 and 6 % for BND 
40/60. It confirms a rule, according to which, the lower a consistence of initial bitumen, the more effective is a 
modifying action of polymer on mechanical and physical properties of PmB. However it does not mean, that the 
received absolute indexes of PmB on a low consistency bitumen, with about 3 percent of SBS, can surpass indexes that 
take place for systems of the same composition on more consistent bitumen.  
Small efficiency of polymer action might be explained by that the bitumen is a disperse medium while a polymer is a 
dispersed phase. Thus, an adhesion bond is provided mainly with that, because of adsorption of hydrocarbons from 
bitumen by polymer, the gluing ability of gum-like binder medium raises. Chains of SBS, possibly, practically do not 
participate in the adhesive process. It well conforms with [11]. It consists that adhesion of resins with a granite and 
limestone rock surface is almost twice greater than of oils. In favor of it, is also the fact, that bitumen (  25, Table 1) 
and bitumen with 3 % SBS (  14) at penetration accordingly 54 1/10 mm (  25) and 68 1/10 mm are characterized by 
practically identical adhesion of 25 % and 23 % (Table 1). 
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Figure 2 : Influence of the content of polymer and the AA on 

adhesion of PmB with a glass surface 

Introduction of the AA, 15-20 minutes prior 
to the termination of PmB preparation 
process, results  in notable change of a 
situation: adhesion bond for all examined 
systems sharply increases already at its 
content of 0,4 %. With introduction of 0,7 % 
of the additive adhesion reaches almost 100 
% of level (samples  9,  21,  28). The 
same level of adhesion of pure bitumen is 
provided at the content of the additive of 1,0 
% (Table 1, samples 7, 19). It testifies the 
good compatibility of the additive with 
bitumen-polymer medium and the joint 
contribution of both components in adhesion 
obtaining. 
Character of PmB interaction with a solid 
substrate and consequences of such 
interaction essentially varies with the increase 
of polymer content in bitumen. Adhesion 
sharply increases: already at 6 % it accounts 
72 … 74 %, and at 9 % reaches 97 … 100 % 
(Figure 2).  

The role of the additive with increase of polymer content is brought practically to nothing. It results that for 
achievement of the maximum adhesion (100 % according to the accepted method of its determination) of PmB 
essentially smaller amount of additive is required than in case of neat bitumen. It is possible to assume, that adhesion 
increase in this case can be explained by transferring of PmB from system “bitumen-polymer” in system “polymer-
bitumen” where polymer is a medium, and bitumen is a phase [12, 13]. Thus, polymer - bitumen glue is actually 
formed, in which, possibly, practically all hydrocarbons are captured by polymer and which possesses not only 
significant adhesion, but also a cohesion ( c= 0,25 MP  at 20 °C and shear strain rates 1 -1 in comparison with c = 0,11 
MP  of pure bitumen BND 90/130). 
 
3.3 Water-resistance of asphalt concretes on the bitumens containing polymer and the AA 
 
The accepted technique of the binders adhesion determination is based on the use of idealized model. This model 
reflects most severe constraints of bitumen film behavior on a solid substrate: adverse chemical composition; absolute 
smoothness and density of substrate; high test temperature. To evaluate a water resistance of asphalt concrete, a mixture 
of maximal aggregate size 5 mm, eight percent of mineral filler and from 5,5 to 6 percent of binder has been tested. 
Slightly lower binder content was selected for greater air voids content to ensure more destroying action of water. 
Separate introduction of polymer (tab. 3;  2, 6, 10) and additives (tab. 3;  3, 7, 11) in a mix results in greater 
compression strength at all three temperatures and in greater coefficients of water-resistance of asphalt concrete as well. 
The AA raises the coefficient of water-resistance on 0,02 … 0,03 after 15 days and on 0,02 … 0,04 after 30 days of 
soaking in water. One can consider such an increase of water resistance too small as compared to 65-73 percent increase 
in adhesion of bitumen with the additive on a glass surface. In case of polymer modified bitumen (three percent of 
polymer, on the contrary, the adhesion coefficient raises on 0,02 … 0,05 after 15 days and on 0,03 … 0,05 after 30 
days. Such a growth of water-resistance seems too big against an insignificant raise of adhesion (6 … 11 %) of the same 



binders with a glass. 
This contradiction can be connected with conditions of the binder film formation and conditions of interaction of binder 
and a contact zone with water in the PmB. It concerns: roughnesses, porosity and polymineral composition of stone 
materials (granite), when dark-coloured minerals (amphibole, augite, etc.) interreact better with binder, than light 
minerals (quartz; feldspars); capillary and closed porosity of asphalt concrete which humpers an easy approach of water 
to a zone of binder contact with the surface of mineral materials; heterogeneity of binder films in a thickness; water 
tightness of binder films.  
Besides, there are two specific features. The first is a test temperature: 85 °C at adhesion test and 20 °C at test on 
asphalt concrete specimens. It has been shown [14], that decrease in temperature from 95 °C to 70 °C results in growth 
of adhesion from 10  to 90 percent, and decrease in temperature of asphalt specimens from 85 °C to 20 °C  raises its 
coefficients of water resistance  from 0,64 to 0,82. 
The second feature is a mechanism of the binder film formation at adhesion test. In case of glass, it is free flowing while 
in case of asphalt specimen a pressure up to 30MPa was applied during mix compaction. Such a high pressure should 
improve the polymeric chains distribution on a substrate surface. According to [15], the higher a pressure, the greater an 
adhesion.  
 

Water saturation, 
% by volume  

Strength, MPa,  
at the temperature, °  

Coefficient of water 
resistance after Binder composition 

Mean 
density, 
kg/m3 1 

day 
15 

days
30 

days 0 20 50 15  
days 

30 
days 

BND 130/200 2301 6,8 8,2 8,7 6,41 2,62 1,13 0,73 0,68 
BND 130/200+3 %  SBS 2300 6,6 7,7 8,1 6,81 2,96 1,28 0,78 0,73 
BND 130/200+0,7 % surfactant 2292 6,8 8,2 8,6 7,99 3,15 1,20 0,76 0,72 
BND 130/200+0,7 % surfactant+3 % SBS 2305 6,5 7,2 7,5 7,60 3,84 1,59 0,82 0,78 
BND 90/130 2274 7,8 9,4 10,1 8,88 4,25 1,38 0,77 0,72 
BND 90/130+3 % SBS 2285 7,3 8,4 9,1 9,61 4,90 1,73 0,82 0,77 
BND 90/130+0,7 % surfactant 2278 7,5 8,9 9,6 9,20 4,59 1,75 0,79 0,74 
BND 90/130+0,7 % surfactant +3 % SBS 2290 6,9 8,1 8,5 11,71 5,73 2,60 0,85 0,81 
BND 40/60 2280 6,8 8,5 9,0 9,58 4,76 1,73 0,83 0,78 
BND 40/60+3 % SBS 2292 6,4 7,9 8,0 10,98 5,12 2,09 0,85 0,81 
BND 40/60+0,7 % surfactant 2289 6,2 8,1 8,3 10,54 5,02 2,01 0,85 0,81 
BND 40/60+0,7 % surfactant+3 % SBS 2314 5,5 6,8 7,0 11,89 5,99 2,70 0,88 0,84 

 
Table 3 : Effect of bitumen modification and anti-strip additive on moisture sensitivity of asphalt concrete 

 
This can be illustrated by the results of determination the water-resistance of PmB, compacted under identical loading 
during different time terms. At a practical invariance of water saturation – nearby 0,7, that testifies the similarity of 
structurally-textural characteristics of asphalt concretes, water-resistance coefficients after 15 days essentially increase 
with increase of moulding time, from 0,92 at 2 minutes to 0,95 at 7 minutes. 
Combined use of polymer and additives in bitumen results in summation of their effects. For asphalt concrete on PmB 
(initial bitumen BND 130/200) with the additive, the experimental (tab. 3;  2, 3, 4) and the "total" growth of water 
resistance were accordingly 0,09 and 0,08 (after 15 days), and accordingly 0,1 and 0,09 after 30 days. For bitumen BND 
90/130 modified by the same polymer and same AA, the difference between the experimental and the "total" values of 
the water-resistance coefficients after 15 days does not exceed 0,01. The total increment of water-resistance coefficients 
due to combined modification of bitumen by polymer and anti-strip additive can reach 0,1. It should essentially improve 
the asphalt concrete performance. 

 
4. CONCLUSIONS 
 
Effect of the AA on interfacial tension and interfacial angle of wetting of the bitumens modified by polymers is 
essentially the same as their effect on neat bitumens. The effect of ba and  reduction is more pronounced for PmBs on 
less viscous neat bitumen.  
Using the critical value of an interfacial angle of wetting, along with ultimate viscosity as criterion of effective mixing 
allows to better estimate mixing temperature because it takes into account the properties of binder and aggregate. 
Anti-strip modified binders retained their original technical properties. Their equivalent wetting temperature ( ) 
reduces on 23-25 °C while modification by polymer raises it on 37-42 °C, and addition of anti-strip agent in PmB 
reduces this temperature on 23-58 °C. Combined effect of polymer and anti-strip agent leads to the temperature of 
equivalent mixing ( ) close to that for neat bitumen. This can promote power consumption decrease in asphalt 
pavement technology. 
Despite increase of ba and  after modification by polymer, adhesion with a mineral surface raises slightly. Combined 
action of AA and PmB results in much greater effect in adhesion, decreasing of ba and . Lowering of bitumen 
consistence improves wetting, but worsens adhesion. A rate of adhesion increase is raising with increase of polymer 



content. Combined addition of polymer and anti-strip agent improves adhesion of bitumen with a substrate. Equal level 
of adhesion in this case is reached at the smaller expense of the additive. More a polymer content in bitumen, the less is 
an influence of the AA on adhesion. 
Efficiency of polymers in increase the water resistance of asphalt concrete is higher, and the AA - lower in comparison 
with their influence on the adhesion, determined by the method accepted here. Total increment of water-resistance due 
to combined modification of bitumen by polymer and anti-strip additive can lead to essential improvement of   asphalt 
pavement performance. 
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ABSTRACT 
 
This paper evaluates the mechanical performance of asphalt concrete pavement structures designed using the method 
adopted by the Brazilian National Department of Transportation Infrastructure (DNIT). This method adopts the 
conversion principle of traffic volumes generated from different intensities of load spectra to those related to an 
equivalent single axle load (ESAL) of 8.2tf. The traffic volume data used to design the relevant pavement structures was 
taken from research studies conduced by the Brazilian Military Institute of Engineering. These studies were concerned 
with a highway project, called BR-163, located in the Amazon Region. This highway would form an important route to 
transport the Brazilian soy produce for international exportation from Brazil’s northern ports. From the traffic data, it 
was possible to obtain the strain levels generated in every layer of the pavement structures, using computerized 
pavement design tools, such as ELSYM 5 and EVERSTRESS 5.0. Special analyses were developed for the bottom of the 
surface layers to compare traffic damage effect calculated by the DNIT empirical method and that provided by a 
laboratory fatigue equation. The fatigue equation comprised tensile microstrains generated by the 8.2tf ESAL and by a 
series of tandem axle loads ranging from 17.0 to 26.0tf. 
 
Keywords :  axle load, design of pavement, fatigue cracking, performance testing, traffic volume. 
 
1. INTRODUCTION 
 
An important condition to be considered when designing a pavement is to verify if the multi-layered structure is capable 
to support the intensities of the loadings that will be applied during an estimated project period. 
The highway called BR-163 that links the Northern and Middle-Western Regions of Brazil, thus, comprising the central 
portion of the Amazonia, because of its importance, it has been chosen to be the case study in this paper.  
Along the stretch of this highway there are a lot of properties and industries producing soy in a large scale which is 
exported to the world market. Nowadays, the pavement conditions are precarious, and without any maintenance been 
made in many stretches, provoking the raising of the prices and consequently the loss of competitiveness with other 
countries. Lately, this highway has been integrated in a federal government project, through Brazilian National 
Department of Infrastructure Transportation (DNIT), to develop the Amazon Region and a lot of studies have been 
made to construct a definite pavement structure. 
However, the methodology of pavement design adopted in Brazil [1] is based on the conversion of the traffic volumes 
generated from different intensities of load spectra to a number of an equivalent single axle loads (ESAL) of 8.2tf, thus, 
masking the accumulation of damages caused by the real intensity of the loadings applied on the pavement structures in 
the field. 
Based on the traffic volumes concerned to trucks called in Brazil as bi-trains [2], also known as seven axle load multi-
trailers, that were estimated by the Brazilian Military Institute of Engineering (IME), the technological Section of 
Brazilian Army which has received the designation of the DNIT to form a partnership on the traffic researches related to 
the BR-163 project, two asphalt pavement structures were designed using the DNIT pavement design method [1]. The 
two pavement structures were analyzed with the use of computerized tools, such as Elsym 5 [3] and Everstress 5.0 [4]. 
The axle loads considered were five, 8.2tf (ESAL) and 17.0tf, 20.0tf, 23.0tf and 26.0tf of tandem axle. These loads were 
used to calculate the tensile microstrains at the bottom of the surface layer. 
The results of tensile microstrains calculated from the linear mechanistic analyses were inserted in the fatigue curve 
obtained in the laboratory [5], in order to establish comparisons between the traffic volumes estimated by the DNIT 
pavement design method [1] to those ones derived by the laboratory asphalt mix fatigue curve. 
 
2. PAVEMENT STRUCTURES AND ANALYSES INPUT DATA  
 
The pavement structures designed with the use of the DNIT pavement design method [1] consisted in multi-layered 
structures composed by an asphalt concrete surface layer and underlayers subdivided as shown in Table 1. 
 
 
 
 



Layer Thicknesses (cm)  Poisson’s Ratio ( ) Resilient Moduli (MPa) 

Surface Layer  
(Asphalt Concrete)  12.5 and  15.0 0.30 6000 

Coarse Grained Base 
(Granitic grains) 15.0 0.32 1000 

 Sub-base  
(non-treated granular soil) 15.0 0.40 200 

Reinforcement Layer  
(non-treated fine granular soil) 15.0 0.42 120 

Foundation Layer 
(clay soil)  semi-infinite 0.45 60 

 
Table 1 :  Structural characteristics of the pavements structures designed 
 
As can be observed in Table 1, the only one difference between the two pavement structures considered in the 
simulations, called 1 and 2, was the thickness of the surface layer. This can be explained, because the smallest thickness 
recommended by the DNIT pavement design method [1] is fixed in 12.5cm (structure 1) when the total estimated traffic 
volume is equal or up to 5.0 x 107. However, considering a better control of the surface layer during the execution 
procedures in the field and the comparison of results with another value of thickness above the minimum specified, the 
value of 15.0cm (structure 2) was also used and analyzed. 
Furthermore, these pavement structures were conceived based on an ESAL (8.2tf) traffic volume, which was estimated 
to be 1.3 x 108 at the end of the twenty second (22nd) year, estimated by the IME as the whole pavement life of BR-163 
project (from 2007 to 2029). The traffic calculations took into consideration the bi-train [2] fleet, known also as seven 
load axle multi-trailer [6] (Figure 1). The equivalency factor considered was 22.50 (3x7.50 of each tandem axle), 
according to the IME traffic research studies. 
 

 
 

Figure 1 :  Bi-train (multi-trailer) axle load configurations [2] 
 
For the linear mechanistic analyses, the computerized tools called Elsym 5 [3] and Everstress 5.0 [4] were used. The 
purpose of using both software was to compare the results obtained and to verify the accuracy of these values, during 
the analyses made.  
The materials that constitute the underlayers of asphalt pavement structures illustrated in Table 1 are typical natural 
resources exist all over the deposits nearby the highway BR-163 project. The input parameters used, such as resilient 
modulus and Poisson’s ratios, are as those considered by Huang [7] and Medina and Motta [8], see (Tables 2 and 3). 
 

Material Poisson’s Ratio 
Dense asphalt mix 0.30 to 0.40 

Non-treated granular materials 0.30 to 0.40 
Fine granular soils 0.30 to 0.50 
Saturated clay soils 0.40 to 0.50 

 
Table 2 :  Typical values of Poisson’s ratio [7] 
 

Material Resilient Modulus (MPa) 
Asphalt Mix 3000 to 6000 

Coarse Grains  400 to 5000 
Soils (sub-base, reinforcement  

and foundation layers)  50 to 300 

 
Table 3 :  Values of resilient modulus [8] 



The axle load configurations considered in the linear mechanistic analyses were as to an ESAL of 8.2tf as well as to 
ranges of 17.0tf, 20.0tf, 23.0tf and 26.0tf of tandem axle loads (see Figure 2). The load per axle together with other 
variables, such as tire flow pressure, load per wheel and radius of contact are as shown in Table 4. The values into 
parenthesis concern to the axle load per semi-axle.  
 

Load per 
axle (tf) Load per wheel (tf) Tire flow pressure (kPa) Radius of contact (cm) 

8.2 (4.1) 2.050 559.960 10.70 
17.0 (8.5) 2.125 579.573 10.70 
20.0 (10.0) 2.501 682.543 10.70 
23.0 (11.5) 2.875 784.532 10.70 
26.0 (13.0) 3.250 886.521 10.70 

 
Table 4 :  Input data concerned to the configuration of the axle loads 
 

 
 
Figure 2 :  Axle load configurations and input data referred to the horizontal quotes of evaluation 
 
The strain was calculated at three different positions, shown in Figure 2, for more accurate determination of the critical 
value of load application. 
Considering a semi-axle load, the following spacing distance and co-ordinates were used: 32.0cm (dual tire spacing),    
x = 0.0; y = 0.0 (coordinates of a loading applied under a wheel), x = 10.80cm; y = 0.0 (distance from the axle of a 
wheel to its borderline), and x = 16.0cm; y = 0.0 (distance from the axle of a wheel to the middle of the dual tire). As 
for the tandem axle an additional co-ordinate was used: x = 0.0; y = 0.60cm, in order to acquire the microstrain data 
generated in the middle of the dual tire ensembles.     
In the vertical direction, the z value was 12,5cm and 15.0cm, i.e., only at the bottom of the asphalt surface layer. 
 
3. SURFACE LAYERS MICROSTRAIN DATA  
 
The highest tensile microstrains developed at the bottom of the asphalt layer for the two pavement structures 
considered, by using Elsym 5 [3] and Everstress 5.0 [4], as shown in Table 5.  
 

Microstrain (x 10-6) Load per Axle 
(tf) Pavement Structure 1  

(12.5cm thick) 
Pavement Structure 2 

(15.0cm thick) 
8.2 85.47 76.05 

17.0 177.10 157.61 
20.0 208.42 185.47 
23.0 239.64 213.26 
26.0 270.87 241.05 

 
Table 5 :  Tensile microstrain values at the bottom of the surface layers 
 
The results exposed were collected from the most severe conditions of loading application in the bottom of the surface 
layers from both pavement structures (1 and 2) after have been analyzed all the responses provided by the linear 
mechanistic simulations considering the coordinates of the evaluation points mentioned earlier. At these vertical quotes 
(12.5cm and 15.0cm, respectively), it was observed that in all cases considered, the highest value of tensile microstrain 
obtained was at the coordinates x = 0.0; y = 0.0, i.e., immediately under the wheel of the axle loads, even for tandem 
axle loads. 



It is noted that the intension of this study is to compare the traffic volumes taken by the pavement design method, in 
which the superimposition of the loading application effects is not taken into consideration, to those resulted from 
laboratory fatigue curves. 
    
4. DEVELOPMENT OF THE ANALYSES 
 
Even having the total traffic volume datum concerned in ESAL of 8.2tf, there was the need to calculate the traffic 
volumes due to the real conditions of loading applications in the field, i.e., considering the non-equivalent loadings per 
tandem axle load of 17.0tf, 20.0tf, 23.0tf and 26.0tf. However, from the research study made by IME, the traffic volume 
for the ranges of tandem axle loads should be straightly proportional to the amount of commodities (in that case, the 
soy) transported over the highway BR-163 during the estimated project period (from 2007 to 2029). 
For acquiring these amounts of soy, the first step was to calculate the product of the one-way average daily traffic 
volume (ADTV) carried by a bi-train (multi-trailer) fleet and then by the total number of days in a year, being the one-
way annual average daily traffic volumes (AADTV).  
So, according to the considerations by IME for the highway BR-163 project, each bi-train (multi-trailer) unit would 
transport an amount of soy weighting 40.0ton (distributed all over the three tandem axle loads), is feasible to calculate 
the whole amount of soy which will be transported on the highway BR-163 until the end of the project period, just by 
multiplying the AADTV concerned to each year by 40.0ton.  
The traffic volume results as for the ranges of tandem axle loads (17.0tf, 20.0tf, 23.0tf and 26.0tf) as for the ESAL of 
8.2tf as shown in Table 6. 

 
Load per axle 

Year 
 8.2tf 17.0tf 20.0tf 23.0tf 26.0tf 

Soy 
(Millions  

of ton) 
2007 3.1x 106 4.1 x 105 3.5 x 105 3.1 x 105 2.8 x 105 5.4 
2008 6.6 x 106 4.8 x 105 4.1 x 105 3.7 x 105 3.3 x 105 6.4 
2009 1.1 x 107 5.4 x 105 4.7 x 105 4.1 x 105 3.7 x 105 7.2 
2010 1.5 x 107 5.9 x 105 5.2 x 105 4.6 x 105 4.1 x 105 7.9 
2011 2.0 x 107 6.4 x 105 5.6 x 105 5.0 x 105 4.4 x 105 8.6 
2012 2.5 x 107 6.9 x 105 6.0 x 105 5.3 x 105 4.8 x 105 9.2 
2013 3.1 x 107 7.3 x 105 6.4 x 105 5.6 x 105 5.1 x 105 9.8 
2014 3.6 x 107 7.7 x 105 6.7 x 105 6.0 x 105 5.3 x 105 10.3 
2015 4.3 x 107 8.1 x 105 7.1 x 105 6.2 x 105 5.6 x 105 10.8 
2016 4.9 x 107 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.9 
2017 5.5 x 107 8.1 x 105 7.1 x 105 6.2 x 105 5.6 x 105 10.8 
2018 6.1 x 107 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.8 
2019 6.7 x 107 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.8 
2020 7.3 x 107 8.2 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.9 
2021 7.9 x 107 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.8 
2022 8.5 x 107 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.8 
2023 9.1 x 107 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.8 
2024 9.7 x 107 8.2 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.9 
2025 1.0 x 108 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.9 
2026 1.1 x 108 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.9 
2027 1.2 x 108 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.9 
2028 1.2 x 108 8.2 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.9 
2029 
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1.3 x 108 8.1 x 105 7.1 x 105 6.3 x 105 5.6 x 105 10.9 
 

Table 6 :  Traffic volumes and amounts of soy estimated 
 

Having determined the tensile microstrains and the traffic volumes, Table 5 and 6, it is possible to compare the results 
obtained by the experimental fatigue curves derived by Momm [5]. 
For generating the traffic volumes with the laboratory asphalt mix fatigue curves that would have their data compared to 
those ones presented in Table 6, it was analyzed a universe of nine fatigue curves derived by Momm [5], in order to be 
chosen only one. For calculating these curves and consequently the representative equations, the fatigue tests followed 
the laboratory procedures of the Laboratoire Central des Ponts et Chaussées (LCPC), being standardized by the 
Association Française de Normalization [9], i.e., gotten from two point bending fatigue tests executed in continuous 
mode with sinusoidal loading sign, thus, simulating the real strain sign that is generated in the bottom of the asphalt 



pavement surface layers in the field while a vehicle is applying loadings on the pavement structure [10]. The equation 1 
was the chosen one to represent the experimental asphalt mix fatigue curves data. 

                                             
                                               1875.61875.610001779.3 msN                                                               (1) 
 
where: 
N = traffic volume, and; 
ms = microstrain value (x 10-6). 
 
Equation 1, derived by Momm [5], has presented an R2 equal to 0.88, which was determined by regression calculations, 
concerning to the most suitable function (potency) that comprised the fatigue curve traffic volume results, considering 
the tensile microstrain values (ms) shown in Table 5. The results of the traffic volumes calculated based on the equation 
1 as shown in Table 7. 
 

Load per 
Axle (tf) 

Traffic Volume for  
Pavement Structure 1 

(12.5cm thick) 

Traffic Volume for  
Pavement Structure 2 

(15.0cm thick) 
8.2 1.3 x 107 2.7 x 107 

17.0 1.4 x 105 2.9 x 105 
20.0 5.2 x 104 1.1 x 105 
23.0 2.2 x 104 4.5 x 104 
26.0 1.0 x 104 2.1 x 104 

 
Table 7 :  Traffic volumes calculated based on the laboratory asphalt mix fatigue curve 
 
5. DISCUSSION OF THE RESULTS 
 
Observing and comparing the data shown in Table 6 and 7 is perceivable how unsuitable is to evaluate the mechanical 
behavior of a pavement structure converting the different intensities of load spectra in just an ESAL of 8.2tf. It is noted 
that a lot of pavement design methods use the ESAL principle, such as, for instance, those ones provided by [1], [11] 
and [6]. This is because the accumulation of damages in the pavement structures is extremely higher than the one 
produced by an ESAL, specially in the bottom of the surface layers. 
The above is supported when comparing the traffic volumes based on the DNIT pavement design method [1] to those 
provided by the laboratory asphalt mix fatigue curve for the same ESAL of 8.2tf. The pavement structures 1 and 2 will 
resist just a little bit more than three years after have been opened to the traffic, i.e., from 2007 to the interval between 
2009 and 2010. 
The worst scenery is depicted when comparison is made between the values concerned to the ranges of tandem axle 
loads of 17.0tf, 20.0tf, 23.0tf and 26.0tf. In these cases, none of the traffic volumes calculated by the use of equation 1 
comprise the range of values exhibited in Table 6, indicating that the pavement structures 1 and 2 will not resist more 
than the first year and it will fail within the first year due to fatigue cracking of the asphalt mix surface layer. 
 
6. CONCLUSIONS 
 
The comparison of the data provided by the DNIT pavement design method [1] (Table 6), based on the traffic volume 
researches executed by the IME to those ones obtained from the laboratory asphalt mix fatigue curve (Equation 1) has 
indicated that the principle of convert a traffic volume relationed to the real load spectra to the one generated by an 
ESAL of 8.2tf (or whatever equivalent axle load) is very unsuitable as a conduct to be adopted in designing pavement 
structures. 
The difference of the intensities concerned to the loadings applied on the pavement structures, thus, straightly 
proportional to the greatness of the damage accumulations generated all over the layers, principally in the bottom of the 
surface layers, provides a dispersion between the results from the traffic volumes based on the principle of an ESAL to 
those ones which reflect the conditions of loading application that really occur in the field, becoming easy to understand 
the reason of so many pavement structures resist so little time after have been opened to the traffic loads. 
The repeatability of these analyses comprising the Equation 1 from laboratory asphalt mix fatigue curve is valid to other 
pavement structure situations, guarding, of course, the replacement of the values concerned to each case, due to be 
provided by asphalt mix fatigue tests executed under the parameters of strain and load signs that really reflects, as 
illustrated in Figure 4, the condition of load application that all pavement structures are subjected in the field. 
The design of pavement structures considering the real conditions of loading application which occur in the field, with 
the help of computerized tools, such as Elsym 5 [3] and Everstress 5.0 [4], together with the laboratory asphalt mix 
fatigue curves, seems to be the most suitable procedure for predict the mechanical behavior of pavement structures than 



the empirical, such as those ones provided by [1] and [11], or even mechanistic pavement design methods, as the one 
from [6], which adopt the principle of ESAL.   
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ABSTRACT 
 
Bitumen containing natural waxes and their effect on asphalt performance has been debated for many years. In 
determination of wax content, two European standard methods, EN 12606-1 (Method by distillation) and 12606-2 
(Method by extraction), are currently used. The methods in general are very time-consuming and the waxes measured 
may differ from those actually present in the bitumen. The objective of this paper is to develop a simple method for 
determining waxes in bitumens and in crude oils. The method is based on thin layer chromatography with flame 
ionization detection (TLC-FID). In the test, a small amount of sample solution is spotted on a quartz rod coated with a 
thin layer of sintered silica. After the separation of saturates with n-heptane at room temperature, the rod is placed 
upside down in another chamber containing methyl-ethyl ketone (MEK) at a low temperature, typically -20 C. The 
second development separates waxes that are insoluble in the cold MEK from other saturated compounds. The waxes 
are then quantified by FID. The method is verified using various model compounds, as well as commercial waxes. It has 
been satisfactorily applied to study a variety of crude oils and bitumens. Results showed that the new method for 
determining waxes is simple and quick, and has reasonable repeatability. A round robin test with three laboratory 
participants shows that there is a need to improve reproducibility of the test method. In addition, it is presumed that, by 
changing MEK temperature in the development chamber, waxes may be further characterized by TLC-FID. 
 
Keywords: wax, test method, thin-layer chromatography with flame ionization detection 
 
 
1. INTRODUCTION 
 
Wax in bitumens and in crude oils has been a subject of study for a long time. In crude oils, wax may crystallize upon 
cooling and precipitate as a solid material, causing problems in pipelines, and in production and processing equipments. 
In bitumen, the presence of natural wax was often believed to be detrimental to asphalt performance [1] [2] [3]. A 
previous study indicated that wax adversely influenced asphalt low temperature properties, but negative effects on 
wheel tracking resistance and moisture susceptibility were not shown [4]. Normally, wax is classified as paraffinic 
consisting of n-alkanes or microcrystalline wax containing isoalkanes and cycloalkanes. Paraffin waxes are highly 
crystalline materials with large crystal structures, whereas microcrystalline waxes are characterized by much finer 
crystals. In spite of the relatively simple definitions, the chemical compositions of waxes in petroleum materials are 
very complicated, and it is extremely difficult to make exact identification. Consequently, wax determination is always 
test-method related. One of the most relevant test methods is differential scanning calorimetry (DSC) which determines 
the amount of materials crystallized on cooling [5] [6] [7]. DSC measures energy change in the sample under a 
controlled heating or cooling rate. The content of crystallizing materials can be calculated providing that crystallization 
enthalpy is known. It is however dependent on molecular weight and structure and is usually not known, instead an 
average value must be estimated. 
 
There are among others also two European standard methods for determination of wax content in bitumen, namely 
method by distillation [8] and method by extraction [9]. The first method determines the paraffin wax content of 
bitumen from a distillate obtained by a specified distillation process. The distillation takes place at very high 
temperatures (up to over 500 C) at which cracking of molecules may occur [5]. Another method involves three steps: 
extraction of asphaltenes with petroleum spirit, extraction of most aromatic compounds with oleum, and finally 
crystallization of wax in ether/ethanol mixture at -20°C. Both the methods are very time-consuming. 
 
This paper presents a simple method for wax determination. It is based on thin-layer chromatography with flame 
ionization detection (TLC-FID), which is known as Iatroscan technique. The technique has traditionally been used to 
analyse bitumen generic factions, i.e. saturates, aromatics, resins, and asphaltenes [10] [11]. The new method for wax 
determination involves two-step development with two solvents, n-heptane and methyl-ethyl ketone (MEK). The 
principle of the test method is first to separate saturates from other more polar components based on good solubility of 
saturates in n-heptane and weak interaction with the adsorbent. Waxes are then separated from the saturate fraction 
using a poor solvent MEK at such a low temperature that waxes are in solid state. The separated fractions are quantified 
with FID. By the new method, waxes are defined as the hydrocarbons that are soluble in n-heptane and insoluble in cold 
MEK. The method is validated by various model compounds and commercial waxes. It has been satisfactorily applied 
to a variety of samples of crude oils, residues and bitumens. 
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2. MATERIALS 
 
Model compounds: A series of n-alkanes from n-hexadecane (n-C16) to n-hexatriacontane (n-C36) and an isoalkane 
squalane (C30H62) were selected for method validation. All the model compounds are of synthesis grade, and their 
melting points range from 18 C for n-C16 to 76.5 C for n-C36. 
 
Commercial waxes: A number of refined waxes were selected. The commercial waxes were branded either as 
microcrystalline or paraffinic by respective producers. In Table 1, information provided by the producers is shown. 
Compared with the paraffinic waxes, the microcrystalline samples have higher melting points (MP, ASTM D 127) or 
congealing points (CP, ASTM D 938), indicating their molecular weight is considerably larger than the paraffinic 
waxes. The selected samples also included slack wax, a by-product of the de-waxing process of lubricating oil.  
 

Source Brand name Type CP or MP, C 
Sasolwax 5805 Paraffin 58 60 (CP) 
Sasolwax 5604 Paraffin 55 57 (CP) 
Sasolwax 5891 Microcrystalline 70 75 (CP) 

Sasol Wax 

Sasolwax 0907 Microcrystalline 83 94 (CP) 
SP 173P Paraffin 61 (MP) 
SP 19 Microcrystalline 81 (MP) 

Strahl & Pitsch 

SP 60 Microcrystalline 82 (MP) 
Hans-Otto Schumann 
GmbH& Co 

Terhell paraffin JA 201 Slack wax 42.5 (CP) 

 
Table 1: Characteristics of commercial waxes 
 
 
Crude oils and residues: Three crude oils of Venezuelan (Boscan) or Russian source and their residue were chosen 
(Table 2). Residue is obtained as a bottom fraction in a distillation process which separates crude oils into fractions by 
selective boiling points. It consists of the least volatile components at a specific boiling point (cut point). The cut points 
used for the three residues were 400 C for Boscan, 555 C for Russian A, and 560 C for Russian B. The yields 
determined by a simulated distillation using high temperature gas chromatography (HTGC) were estimated to 80% for 
Boscan crude oil, 22% for Russian A crude oil, and 15% for Russian B crude oil. Compared with the Boscan crude oil, 
the Russian crude oils are more paraffnic and contain more light fractions. The crude oils and residues were further 
characterized using a DSC procedure described in [5], and results are shown in Table 2.  
 

Venezuelan (Boscan) Russian A Russian B DSC parameters 
Crude oil Residue Crude oil Residue Crude oil Residue 

Crystal. onset, C 26.1 27.6 22.6 36.8 28.0 48.0 
Melting out temp., C 71.3 55.0 46.5 84.5 44.0 98.3 
Wax content, % 4.1 0.4 12.2 2.1 9.4 4.8 

 
Table 2: DSC analysis of crude oils and corresponding residues 
 
 
Bitumens: Six samples of different sources and of different wax contents were selected. The bitumens are 70/100 or 
160/220 pen grade. Typical parameters of the bitumen samples are shown in Table 3. 
 

Wax content, % Bitumen Source Penetration, 
dmm 

Softening 
point, C 

Vis. 135 C, 
mm2/s EN 12606-1 DSC 

Bit-A 
Bit-B 
Bit-C 
Bit-D 
Bit-E 
Bit-F 

Venezuela 
Venezuela 

Middle East 
Russia 
Mexico 

Unknown 

192 
214 
205 
180 
101 
86 

37.8 
39.1 
39.2 
40.1 
45.1 
46.4 

199 
283 
225 
202 
325 
181 

0.4 
1.1 
1.3 
1.5 
1.2 
1.7 

0 
2.4 
4.2 
4.1 
4.1 
6.2 

 
Table 3: Bitumen samples 
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3. TLC-FID PROCEDURE 
 
The TLC/FID system used was Iatroscan TH-10 TLC/FID analyser MK-4. Quartz rods (Chromarod, 10 in a rod holder) 
coated with a thin layer of silica were used for fraction separation. FID signals were collected and amplified in an in-
house assembled amplifier. Data were analyzed using software Spectrum Viewer Basic 2.6. Peaks in the 
chromatograms were quantified by the area above a horizontal baseline drawn from one side of the peak to the other 
side or extrapolated from a distinct baseline in the chromatogram.  
 
The principle of the TLC procedure for wax separation is illustrated in Figure 1. First, a sample solution (1% w/v) is 
prepared with chloroform and 1 L of this solution is spotted near the bottom of a rod. After evaporation of chloroform 
at ambient condition, the rod in a frame is placed in a lined development chamber containing n-heptane and only the 
very bottom of the rod is in contact with the solvent (solvent should not contact the sample spot). The rod is then 
developed for 35 minutes when n-heptane slowly rises up on the rod by capillary action. Due to good solubility in n-
heptane and weak interaction with the adsorbent (silica), saturates are carried farther up, thus separated from other more 
polar components, which mainly stays at the application point. 
 
After drying, the rod is turned upside down and hung inside the second development chamber containing MEK. This 
development tank is kept in a freezer or climatic chamber at a low temperature, for example -20 C. During temperature 
equilibrium, the rod is not in contact with MEK. After ten minutes, the rod (still upside down) is lowered into contact 
with solvent MEK and elution is proceeded for 25 minutes. During this step, some saturates move with MEK front, 
while solid waxes stay and are separated because of low solubility in MEK. 
 
After the development in MEK, the rod, still in the frame, is left to dry at ambient condition for 40 minutes prior to FID 
analysis. The long drying time is necessary because water can condensate on the rod when it is transferred from the 
freezer into the ambient temperature. To remove traces of water, the rod is finally dried for about 2 minutes in an oven 
at 80°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Principle of wax separation by thin-layer chromatography (TLC) 
 
 
4. RESULTS AND DISCUSSION 
 
4.1 Verification with model compounds 
 
In the first development step with n-heptane, it is generally agreed that the saturate fraction moves with the solvent 
front. In the second step, by selecting a proper low temperature for MEK, it is assumed that solid waxes will stick to the 
rod while other saturates move with the MEK front. To verify the above hypothesis, we used various model compounds 
which are typical of materials known to crystallize if present in crude oils and bitumens. Those included a series of n-
alkanes, such as n-hexadecane (n-C16), n-eicosane (n-C20), n-tetracosane (n-C24), n-octacosane (n-C28), and n-
hexatriacontane (n-C36). As a reference for a material known not to crystallize, squalane (2,6,10,15,19,23-hexamethyl-
tetracosane) was also selected. As expected, in n-heptane at ambient temperature, all these compounds moved with the 
solvent front. 
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In MEK, experiments were made at temperatures varied in steps of 5°C from -40°C to 20°C. Examples of 
chromatogram at different temperatures are shown for n-C20 in Figure 2. This compound is practically stationary at the 
spotting site when temperature is -20 C, whereas at -5 C, it forms a large hump after the solvent front. Observations for 
other n-alkanes are summarized in Table 4. For the n-alkanes of larger size, the critical MEK temperature for 
immobilizing n-alkane is higher. In case of n-C36, such temperatures are higher than 20 C. The dependency of the 
critical MEK temperature upon n-alkanes is further illustrated by an excellent relationship to the melting point of n-
alkane in Figure 3. The critical MEK temperatures are found to be approximately 58 C lower than the melting points of 
n-alkanes. As for squalane, movement with the MEK front can be seen at temperature as low as -40 C. This substance 
has the same carbon number as n-C30, but its melting point is -38 C, which is 104 C lower than that of n-C30. If the 
correlation shown for n-alkanes also is valid for isoalkanes, we may expect a very low MEK temperature (< -95 C) to 
immobilize squalane on TLC rod. 
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Figure 2: TLC-FID chromatograms showing development of n-C20 in MEK at different temperatures 
 
 

Temperature, C Squalane n-C16 n-C20 n-C24 n-C28 n-C36 
-40 Y N N    
-35 Y N* N    
-30 Y I N    
-25  Y/I N N   
-20   N N N  
-15   I N N  
-10   I N N  
-5   Y N N  
0    N N N 
5    Y/I N N 

10    Y N N 
15    Y N* N 
20    Y I N 

N- Stationary at the spotting site;  N*- Stationary but with obvious leakage; 
Y- Movement with the solvent front; I – Intermediate between Y and N. 
 
Table 4: Behaviour of model compounds during development in MEK at different temperatures 
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Figure 3: The critical MEK temperature as function of the melting point of n-alkanes 
 
 
These results suggest that components of the wax as determined by the proposed method will depend on MEK 
temperature. If a temperature of -20°C is selected, n-alkanes with less than 20 carbon atoms will probably not be 
captured as wax. There is also an upper limit for detecting heavy n-alkanes since those substances will not move as 
saturates but rather stay at the spotting site due to limited solubility in n-heptane. Experiments with n-C40 indicated that 
the limit is around this size of n-alkane. Thus, by the TLC-FID method and at MEK temperature of -20 C, n-alkanes 
from C20 to C40 will be identified as waxes. 
 
4.2 Verification with commercial waxes 
 
In order to further validate the TLC-FID method, eight commercial waxes were studied (Table 1). Three of the waxes 
are of paraffinic type and four branded as microcrystalline by the producers. The last wax studied was a slack wax, 
which is a mixture of oil and wax and is obtained as a by-product from the de-waxing process of lubricating oil. 
 
Gas chromatography – mass spectroscopy (GC-MS) showed that the wax samples contain very small amount (< 0.2%) 
of n-alkanes smaller than C20. According to the observations made on model compounds, MEK temperature of -20°C 
is selected for testing of the commercial waxes. Examples of TLC-FID chromatograms are shown in Figures 4 and 5 for 
a paraffin wax sample (Sasolwax 5805) and a microcrystalline wax sample (Sasolwax 0907), respectively. Test results, 
together with GC-MS data, are summarized in Table 5. 
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Figure 4: TLC-FID chromatograms of a paraffin wax (Sasolwax 5805) after the first (left) and the second 

step development (right) 
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Figure 5: TLC-FID chromatograms of a microcrystalline wax (Sasolwax 0907) after the first (left) and the 

second step development (right) 
 
 

TLC-FID n-alkanes (%) by GC-MS Wax samples 
saturates, % waxes, % < C20 C20 – C40 > C40 

Sasolwax 5805 99.4 93.6 0.1 84.8 1.1 
Sasolwax 5604 98.0 97.6 0.1 91.3 0.6 
Sasolwax 5891 62.6 64.0 0.0 14.1 1.9 
Sasolwax 0907 52.9 53.3 0.1 26.1 5.8 
SP 173P 98.4 98.3 0.0 89.0 0.0 
SP 19 68.7 68.1 0.2 59.9 19.9 
SP 60 59.5 49.4 0.0 9.9 2.1 
JA 201 96.8 35.8 0.0 48.0 0.0 

 
Table 5: Test results of commercial waxes 
 
 
For the paraffin type wax samples (Sasolwax 5805, Sasolwax 5604, and SP 173P), the wax contents measured by the 
TLC-FID method are very close to the amount of n-alkanes estimated by GC-MS. Considering the microcrystalline type 
wax samples (Sasolwax 5891, Sasolwax 0907, and SP 60, except for SP 19), the wax contents are considerably higher 
than the amount of n-alkanes. This implies that other substances contribute to the wax fraction. Microcrystalline waxes 
are known to consist of saturated aliphatic hydrocarbons, particularly isoalkanes and cycloalkanes. Usually the melting 
point is lower for isoalkanes and cycloalkanes compared to n-alkanes of the same molecular weight. In this case, the 
microcrystalline waxes have higher melting points (Table 1), indicating considerably higher molecular weight. This is 
confirmed by the observation that a substantial fraction of the microcrystalline waxes are not soluble in n-heptane at 
room temperature and is thus retained at the spotting point on the rod. On the other hand, the fraction developed as 
saturates will solidify on cooling and be retained almost completely during the development with MEK and 
consequently identified as wax. We believe that the microcrystalline waxes produced from residues are more similar to 
the waxes in bitumen than paraffinic waxes. High amount of non n-alkanes in bitumen waxes has been shown in a 
previous study [5]. 
 
There is an exception observed for SP 19, which was also branded as the microcrystalline type. Unlike other 
microcrystalline waxes, the detected wax content (68.1%) in SP 19 is lower than the total amount of n-alkanes. SP 19 
contains unusually high total amount of n-alkanes (80% as measured by GC-MS) for being a microcrystalline wax. 
Careful examination of GC-MS showed that it contains about 20% n-alkanes larger than C40, which are not identified 
as waxes by the TLC-FID method (Cf. Section 3.1). In the other samples, the amounts of n-alkanes larger than C40 are 
found to be significantly low. 
 
From above investigations on the microcrystalline waxes, it is concluded that the TLC-FID method also determines 
some isoalkanes and cycloalkanes of high molecular weight as waxes. 
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4.3 Analysis of crude oils, residues and bitumens 
 
The TLC-FID method is used to determine wax contents in various crude oils, residues, and bitumens. The samples 
were selected to vary largely in wax content as shown in Tables 2 and 3. Examples of TLC-FID chromatograms of a 
waxy residue (Russian A) are shown in Figure 6. As expected, after the first step development in n-heptane at ambient 
condition, two fractions are obtained: one for saturates and another for non-saturated and large size saturate 
components. The tailing part between the two peaks indicates that some materials are partly soluble in n-heptane and 
thus move slowly with the solvent. When the rod is turned upside down for the second development in MEK at -20 C, 
saturates are separated into waxes which are not eluted by MEK, and other substances (likely smaller isoalkanes and 
cycloalkanes) that move with the solvent. There are also peaks resulted from collection of the tailing part in the first 
step development.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: TLC-FID Chromatograms of the Russian A residue after the first step development by n-heptane 

(left), and the second step development by MEK at -20 C (right) 
 
 
As already demonstrated with model substances, the temperature during the second development in MEK determines 
the size of the n-alkanes that crystallize. The n-alkanes of lower molecular weight crystallize at lower MEK 
temperature. At the same time, observations on the microcrystalline waxes samples show that, at sufficiently low 
temperature also non n-alkanes of high melting point may be solidified on the TLC rod and consequently determined as 
wax by the present method. In crude oils and residues, the temperature effect is reflected by a general increase in wax 
contents with decreasing MEK temperature (Figure 7). In some samples, discrepancy is observed at 0 and -10 C, which 
is mainly attributed to low precision of the test method for determining low wax contents. 
 
It is known that the residues selected in this study are obtained as bottom fraction in the distillation process. At the cut 
points, volatile components including majority of n-alkanes between C20 and C40 have been distillated. This is 
illustrated by a simulated distillation using HTGC in Figure 8. For this reason, one might expect lower wax contents in 
residues than in crude oils. Table 6 indicates that, for the Russian samples, wax contents of the residues are slightly 
lower than or equal to the wax contents found in the crude oils. This is surprising, since the major n-alkanes smaller 
than C40 are expected to be distilled at the indicated cut point. It seems reasonable to assume that the major part of the 
wax in the residue consist of isoalkanes and cycloalkanes. If portions of the residues in the crude oils are considered, it 
is possible to estimate amount of n-alkanes in the crude oils. For example, for the Russian A, the residue is about 22% 
of the crude oil at the cut point (555 C). At a MEK temperature of -20 C, wax contents of the crude oil and residue are 
determined to be 1.9% and 2.0%, respectively. A back calculation suggests that 23% of the waxes in the crude oil are 
retained in the residue while the major part of the waxes (77%) has gone as distillates. Thus a rough estimation for the 
Russian A crude is that 23% of the waxes are high molecular weight isoalkanes or cycloalkanes and 77% are n-alkanes 
between C20 to C40. For the Boscan samples, wax contents both in the crude oil and residue are relatively low. In this 
case, the major part of the n-alkanes between C20 and C40 will be retained in the residue due to the low cut point (< 
400 C). 
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Figure 7: Effect of MEK temperature on determination of wax content 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Examples of HTGC chromatograms for a crude oil and residue (A series of peaks reveal a 

characteristic pattern for n-alkanes, e.g. C17, C25, and C37) 
 
 
The new method is finally applied to different bitumens with known wax contents (Table 3). Of the selected samples, 
Bit-A is considered as “wax-free” bitumen in spite of the wax content determined by EN 12606-1. In this sense “wax-
free” refers to the lack of crystallizing materials during a cooling cycle in DSC. Figure 9 shows the TLC-FID 
chromatograms for Bit-A after the first and the second development. As illustrated, the non-waxy bitumen displays a 
distinct peak for saturates after the first step development in n-heptane. In the second development at -20 C, all 
saturates move with the solvent MEK, and no waxes are detected.  
 
A further confirmation was made by adding a known amount of n-alkane to the non-waxy bitumen (Bit-A) and then 
determining wax content in the mixed sample. In Figure 10, TLC-FID chromatogram is shown for the non-waxy 
bitumen added with 3% n-octacosane. As indicated, 1.6% n-octacosane is detected as wax, which is slightly over 50% 
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of the added concentration. The reason for the low yield is not known, but we might speculate that n-octacosane is 
partly soluble in the saturate fraction moving with MEK. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: TLC-FID Chromatograms of Bit-A after the first step development by n-heptane (left), and the 

second step development by MEK at -20 C (right) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: TLC-FID chromatogram for the now-waxy bitumen (Bit A) added with 3% n-octacosane after 

the first step development in n-heptane and the second step development in MEK at -20 C 
 
 
Figure 11 shows the TLC-FID results for all the bitumen samples, together with the results obtained by DSC and CEN 
methods. Again the new method shows reasonable repeatability. It is also worth mentioning that the whole procedure of 
sample preparation, wax separation and FID detection takes less than 3 hours, and in each test run at least two samples 
(five rods for each sample) can be analyzed. This implies that the test method is much quicker compared to the current 
CEN standard method, which likely does not determine microcrystalline waxes. 
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Figure 11: Wax contents of bitumens determined by the TLC-FID, DSC and CEN methods 
 
 
As already discussed, both the TLC-FID method and DSC determine the crystallized waxes in bitumens. Therefore 
correlation between the two methods would be expected. This has been confirmed by a high correlation coefficient 
between the two methods (Figure 12). In Figure 12, results obtained for three residues are included, and comparison is 
also made to the CEN standard method. It is found that correlation between the results of TLC-FID and EN 12606-1 is 
weak (R2 = 0.63). In fact, we should not expect correlation between TLC-FID and EN 12606-1, because EN 12606-1 is 
a destructive method that may artificially create small n-alkanes; at the same time it likely does not determine 
microcrystalline waxes. We believe that the new method is more relevant than EN 12606-1 in determination of the 
waxes which really exist and crystallize in crude oils and bitumens. 
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Figure 12: Comparison of TLC-FID, DSC and EN 12606-1 for determination of wax contents in bitumen 

and residue samples 
 
 
4.4 Repeatability and reproducibility 
 
Repeatability of the TLC-FID method was extensively examined. In Figure 13, standard deviation as function of 
measured wax content is shown. In this figure, results of different runs by re-preparation of sample solutions for 
Russian crude oils and Bitumen F are also included. Relative standard deviations (RSD) of at least three measurements 
(rods) were found to be about 5% for a sample containing 4% waxes, and RSD did not exceed 15% for a sample 
containing 0.5% waxes. 
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Figure 13: Standard deviation as function of wax contents measured by the TLC-FID method 
 
 
To determine reproducibility of the new method, a small round robin test was carried out in three laboratories (VTI, 
Neste, and Nynas). In Neste and Nynas, Iatroscan MK-6s was used. At VTI, two measurements (M1, M2) at different 
times were conducted with Iatroscan TH-10 TLC/FID analyser MK-4. The second measurement was made about half 
year later when FID data acquisition system was modified. The samples selected for the test were bitumen Bit-A, which 
is a wax-free based on DSC analysis, and the three pairs of crude oil and residue. Results are shown in Table 6. As 
indicated, the standard deviations between the results of different laboratories are relatively large, thus reproducibility is 
not satisfactory. Differences among the laboratories may be attributed to variations in data treatment (e.g. definition of 
base line) and in for example temperature control, sample load and elution time. The time of wax crystallization on TLC 
rods as well as age of the rods could also influence the results. 
 

Venezuelan (Boscan) Russian A Russian B Laboratory 
 

Bit-A 
 crude oil residue crude oil residue crude oil Residue 

VTI (M1) 0 0.6 0.7 1.9 2.0 5.1 4.6 
Nynas 0 0.6 0.8 1.5 1.1 3.2 4.1 
Neste 0 0.4 0.2 1.1 0.8 2.8 1.5 
VTI (M2) 0 0.3 0.3 1.9 0.6 4.6 1.6 
Average 0 0.4 0.4 1.5 0.8 3.5 2.4 
Stdv 0 0.2 0.3 0.4 0.3 0.9 1.5 

 
Table 6: Wax contents (%) determined by different laboratories 
 
 
5. CONCLUSIONS 
 

 A new method based on TLC-FID is developed to determine wax content. It has been verified by various model 
compounds, including n-alkanes, isoalkane, as well as different types of commercial wax. 

 
 The TLC-FID method detects waxes mainly composed of n-alkanes ranging from C20 to C40, and large isoalkanes 

and cycloalkanes of high melting point if those compounds are soluble in n-heptane. 
 

 The new method is applicable to a variety of samples, such as crude oils, residues and bitumens. It is simple and 
quick, and has reasonable repeatability. 

 
 Good correlation exists between wax contents determined by the TLC-FID and DSC methods. 

 
 There is a need to improve reproducibility of the test method. 
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 It is presumed that, by changing MEK temperature in the development chamber, waxes may be further 
characterized by TLC-FID. 
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ABSTRACT 
 
Since the year 2001 the deformation energy is used in Germany to evaluate the cohesive binder properties of polymer 
modified binders. Based on the test conditions of the determination of the ductility according to DIN 52013 the required 
force until fracture is recorded simultaneously during the elongation of the binder and subsequently the deformation 
energy is calculated by integration of the force-deformation curve. In the course of the European harmonisation for the 
determination procedure the EN 13589 (Determination of the tensile properties of modified bitumen by the force 
ductility method) respectively EN 13703 (Determination of deformation energy) but with differing test and analysis 
procedures were developed. 
Independent from the applied test and analysis procedures a value for the cohesion property of the binder is gained 
which however does not allow a generally accepted statement on the qualitative evaluation of the binder because 
viscosity and ageing effects influence the specific value indifferently. 
In this article an analysis procedure is presented which takes into account the influence of viscosity and the changes of 
the binder properties by thermal and oxidative ageing regarding the evaluation of the deformation energy and thus is to 
be applied as an appropriate quantitative characteristic for the evaluation of binders. By tests under variation of binder 
type and grade as well as the state of ageing in consideration of different test modalities the methodology regarding 
plausibility could be validated and the practicability of the analysis procedure could be verified. 
 
Keywords: cohesion, performance testing, standardisation, force ductility, deformation energy 
 
1. INTRODUCTION 
 
The increasing traffic loads and the resulting higher stresses lead to more deformations at high temperatures, formation 
of cracks at low temperatures and to fatigue damages due to repeated loads through road traffic in road pavements made 
of asphalt. Consequently more and more high-quality construction materials – aggregates and modified bituminous 
binders – are used to guarantee the durability of asphalt pavements.  
From this point of view the systematic influencing of the properties of binders, e. g. by modification with polymers, 
gains in importance. With increasing binder variety by various modifications not only the complexity of the specific 
properties of these binders increases but also the complexity of the testing procedures for these properties. The 
conventional binder tests, breaking point Fraaß, needle penetration and softening point ring and ball for the 
characterisation of modified bitumen in general do not lead to distinctive results. 
Based on this finding the international research focuses on performance oriented test procedures, which can distinctly 
measure the properties of modified bitumen. Besides the test procedures developed in the framework of the Strategic 
Highway Research Program (SHRP) by means of the Dynamic Shear-Rheometer (DSR) and Bending Beam-Rheometer 
(BBR) also the test force ductility increasingly gained in importance. Finally this development led to the formulation of 
required values for the deformation energy of polymer modified bitumen in the EN 14023 and serve as assessment 
criterion for the cohesion properties of these binders. 
 
2. METHODOLOGY AND PROCEDURE 
 
First comprehensive experiences concerning the testing of performance related binder properties in Germany were 
gained in the research programme set off by Arbeitsgemeinschaft der Bitumenindustrie (ARBIT) in 1997 [1]. This 
study, in which 36 standard binders – paving grade and polymer modified bitumen (PmB) – were tested with 
conventional and performance related test methods, provided a comprehensive data collection, which also included test 
results of force ductility. The tests were carried out following the ductility test according to DIN 52013. Due to the clear 
differentiation possibilities between the properties of paving grade bitumen and PmB the test method was regarded as 
indicative for future developments. This was appreciated by acceptance as additional test procedure into the national 
regulations, TL PmB - issue 2001 [2]. The contractually not relevant required values of deformation energy of unaged 
binders, that are to serve as a collection of experiences, are valid for the thread length of the minimum ductility. 
Corresponding to the ductility test according to DIN 52013 they are to be determined at the test temperatures 7°C, 13°C 
and 25°C. 
In the framework of the introduction of harmonised European standards the EN 13589 (Determination of the tensile 
properties of modified bitumen by the force ductility method) and EN 13703 (Determination of deformation energy) 
were introduced, in which the test and evaluation modalities are formulated. Differing from the practice applied in 
Germany for the test, that is not any more only limited to unaged binders, the test specimen geometry of ASTM P226 
[3] has to be applied. Furthermore the test temperature was fixed at 5°C, which in case of an occurring brittle fracture 



has to be increased in 5°C steps. Regarding the evaluation, to calculate the deformation energy not the elongation way 
of the minimum ductility but the energy in the range between 0,2 m and 0,4 m elongation is used. To evaluate the 
properties of polymer modified bitumen minimum limits for the deformation energy were defined in the EN 14023 
(Framework specification for polymer modified bitumen), as a result high values in the deformation energy have to be 
regarded as positive. The value of the deformation energy is determined by the integration of the force-deformation-
curve, i. e. great forces and good ductile properties of the binders increase the value. Thus for unaged binders a 
qualitative and quantitative evaluation of the properties can be carried out.  
 

  
 
Figure 1: Test Specimen Geometries according to DIN 52013 and EN 13589 
 
However, by thermal and oxidative ageing of the binders the ductile properties are strongly affected. The ageing process 
leads to a hardening of the binder and consequently on the one hand the required tensile strength for the elongation of 
the specimen increases and on the other hand the occurring maximum strain decreases. Especially the first force 
maximum, which by experts is assigned to the viscosity of the basic bitumen of polymer-modified bitumen, normally 
increases significantly. But also the subsequent force gradient is independent of the formation of a second force 
maximum on a higher level. Concerning the elongation after ageing invariably lower values are reached. Hence both 
features influence the value of deformation energy in fact oppositionally but are independent of the applied evaluation 
procedure – evaluation of deformation energy up to an elongation length of minimum ductility or in an elongation range 
between 0,2 m and 0,4 m – in general higher values with increasing ageing of the binder are found. Therefore the 
deformation energy determined in this way is not suited to serve as a quality criterion for binders of different ageing 
levels. 
 

  
 
Figure 2: Schematic Presentation of the evaluation of force ductility according to TL PmB and EN 13703 
 
3. THEORETICAL ASPECTS 
 
In the following an approach is described, which by standardisation of tensile forces offers a possibility for a 
comparative evaluation of deformation energy of different binder grades after different thermal and oxidative ageing 
conditions. 
By standardisation in mathematics and statistics the scaling of a range of values of a variable in a definite range, usually 
between 0 and 1 respectively between 0% and 100% is understood. It is used to realise a comparison of results of 
different bases – in this case different ageing conditions of the binders. In order to normalise determined values of 
deformation energy between minimum and maximum in a new range, the following is valid:  

 
E* : normalised value E’i : determined value 
E*min : lowest normalised value E’min : lowest determined value 
E*max : highest normalised value E’max : highest determined value 



4. EXPERIMENTAL PROCEDURE 
 
To validate and test the practicability of the evaluation methodology tests for the determination of the deformation 
energy by variation of binder types and grades as well as ageing stage were realised, taking into account different test 
modalities. The scope of the test covered the following systematic variations and variants: 
- Test procedures: Softening Point Ring and Ball according to EN 1427, Needle penetration according to EN 1426, 

Ductility according to DIN 52013 and Force ductility EN 13589 
- Binder grade: paving grade 30/45 according to EN 12591 and polymer modified Bitumen according to TL PmB 

Issue 2001 
- Binder type: PmB 45 A and PmB 40/100-65 H 
- Ageing Condition: unaged and RTFOT-aged according to EN 12607-1 
- Test temperature: 13°C and 25°C 
- Test specimen moulds: according to DIN 52013 and EN 13589 

 
The analysis of the force ductility was performed by integration of the force-ductility-deformation curve in the ranges 
0,0 m to 0,4 m, 0,2 m to 0,4 m and 0,0 m up to a maximum elongation of the specimen, which was either achieved by 
the fracture of the test specimen or by reaching the maximum elongation length of the test device of 1,00 m. 
 
5. RESULTS AND DISCUSSION 
 
Hereafter the results of the experimental tests are presented in table form. Besides the conventional properties of the 
different binder types and grades described in table 1 the results of the force ductility tests are given in table 2 to 5. The 
data sets have been combined separately in one table in each case for a temperature (13°C or 25°C) and the used test 
specimen mould (according to DIN 52013 or EN 13589). 
 

30/45 PmB 45 A PmB 40/100-65 H 
  RTFOT  RTFOT  RTFOT 

Softening Point R&B [°C] 56,4 64,8 56,8 63,2 76,2 77,2 
Needle penetration [dmm] 38 26 45 31 53 43 
Ductility DIN 13°C [cm] 8 4 45 28 58 45 
Ductility EN 13°C [cm] 74 17 > 100 95 > 100 > 100 
Ductility DIN 25°C [cm] > 100 26 > 100 61 > 100 68 
Ductility EN 25°C [cm] > 100 > 100 > 100 > 100 > 100 > 100 
 
Table 1:  Mean value of the properties in unaged and by means of RTFOT-aged condition of binders 
 

30/45 PmB 45 A PmB 40/100-65 H Test temperature 
13°C DIN DIN RTFOT DIN DIN RTFOT DIN DIN RTFOT 

E’0,2 [J/cm²] 2,053  2,431  3,464  6,564  4,206  5,654  
E’0,4 [J/cm²] 2,053  2,431  5,067  8,251  9,936  12,968  
E’0,2-0,4 [J/cm²] 0,000  0,000  1,603  1,687  5,730  7,314  
E’1,0 [J/cm²] 2,053  2,431  5,311  8,251  16,221  14,918  
E’min  [J/cm²] 2,053  2,431  5,067  8,251  15,931  14,918  
Fmax  [N] 60,40  103,25  48,60  79,80  22,25  33,90  
E*1,0  [1/cm] 3,40  2,35  10,92  10,31  72,62  44,37  
 
Table 2:  Mean Values of deformation energy E’, the maximum tensile force Fmax and the normalised 

deformation energy E*, determined by test specimen mould according to DIN 52013 at the test 
temperature 13°C in unaged and by means of RTFOT-aged condition of binders 

 
 
 
 
 
 
 
 
 



30/45 PmB 45 A PmB 40/100-65 H Test temperature 
13°C EN EN RTFOT EN EN RTFOT EN EN RTFOT 

E’0,2 [J/cm²] 3,110  4,890  2,503  4,250  2,583  3,358  
E’0,4 [J/cm²] 3,487  4,890  3,779  7,051  6,357  8,377  
E’0,2-0,4 [J/cm²] 0,377  0,000  1,277  2,801  3,774  5,019  
E’1,0 [J/cm²] 3,586  4,890  6,544  13,118  13,260  12,116  
E’min  [J/cm²] 3,487  4,890  3,779  7,051  11,436  12,116  
Fmax  [N] 39,75  75,45  30,10  62,40  14,05  19,20  
E*1,0  [1/cm] 9,02  6,49  21,74  21,02  94,55  63,10  
 
Table 3:  Mean values of deformation energy E’, the maximum tensile force Fmax and the normalised 

deformation energy E*, determined by test specimen mould according to EN 13589 at the test 
temperature 13°C in unaged and by means of RTFOT-aged condition of binders 

 
30/45 PmB 45 A PmB 40/100-65 H Test temperature 

25°C DIN DIN RTFOT DIN DIN RTFOT DIN DIN RTFOT 
E’0,2 [J/cm²] 0,246  0,698  0,283  0,798  0,694  1,043  
E’0,4 [J/cm²] 0,246  0,698  0,427  1,288  1,761  2,530  
E’0,2-0,4 [J/cm²] 0,000  0,000  0,144  0,490  1,067  1,487  
E’1,0 [J/cm²] 0,246  0,698  0,674  1,450  5,182  4,938  
E’min  [J/cm²] 0,246  0,698  0,427  1,288  3,179  4,321  
Fmax  [N] 5,05  16,90  3,60  8,75  3,65  5,85  
E*1,0  [1/cm] 4,86  4,13  18,71  16,57  141,90  84,35  
 
Table 4:  Mean values of deformation energy E’, the maximum tensile force Fmax and the normalised 

deformation energy E*, determined by test specimen moulds according to DIN 52013 at the test 
temperature 25°C in unaged and by means of RTFOT-aged condition of binders 

 
30/45 PmB 45 A PmB 40/100-65 H Test temperature 

25°C EN EN RTFOT EN EN RTFOT EN EN RTFOT 
E’0,2 [J/cm²] 0,257  0,836  0,207  0,466  0,451  0,605  
E’0,4 [J/cm²] 0,284  0,923  0,334  0,785  1,156  1,534  
E’0,2-0,4 [J/cm²] 0,028  0,087  0,128  0,319  0,705  0,929  
E’1,0 [J/cm²] 0,297  0,933  0,705  1,546  4,492  5,475  
E’min  [J/cm²] 0,284  0,923  0,334  0,785  2,186  2,810  
Fmax  [N] 3,55  11,70  2,50  5,85  2,40  3,30  
E*1,0  [1/cm] 8,36  7,97  28,20  26,43  187,15  165,91  
 
Table 5:  Mean values of deformation energy E’, the maximum tensile force Fmax and the normalised 

deformation energy E*, determined by test specimen moulds according to EN 13589 at the test 
temperature 25°C in unaged and by means of RTFOT-aged condition of binders 

 
5.1 Influence of test specimen geometries 
 
The comparative consideration of the test results of the ductility, determined at the test temperatures 13°C and 25°C in 
unaged and RTFOT-aged condition shows that by use of the test specimen moulds according to EN 13589 compared to 
the geometry of the specimen according to DIN 52013 the reachable elongation length is higher. These differences are 
especially visible after the thermally and oxidatively effected ageing in RTFOT and are to be attributed to the thicker 
binder thread during the elongation procedure.  
Furthermore it has to be stated, that the required maximum tensile forces in the tests with the EN moulds are 
significantly smaller than when using the DIN moulds. As these two properties modify the value of force ductility in 
opposed directions, the results with different specimen moulds are indifferent. 
 



 
 
Figure 3: Influence of test specimen geometries on the deformation energy 
 
5.2 Influence of ageing condition 
 
The thermal-oxidative ageing conditions causes an embrittlement of the binder, which on the one hand influences the 
extension properties in a negative way, but which on the other hand also leads to an increase of the force required for 
the extension. The effects of the deformation energy are indifferent either after analysis according to TL PmB, up to 
reaching the minimum ductility, or according to EN 13589, that is in an extension range between 0,2 and 0,4 m. 
 

 
 
Figure 4: Influence of short term ageing by means of RTFOT on the dimension of the first maximums of the 

tensile force in the force ductility test 



On the basis of the test results it can be observed that the dimension of the maximum of the tensile force and the value 
of the needle penetration show a correlation with a high certainty degree. The relation between the specific values is 
independent of the binder type and grade as well as of the ageing condition of the binder. This result can be regarded as 
proof for the fact that the first maximum of the tensile force presents a viscosity describing feature. Further analyses of 
the test results from [1] and [4] confirm the dependency of both values demonstrated by exponential correlation with a 
high certainty degree. Other tests [5], in which a good correlation between the maximum tensile force and the complex 
shear modulus determined in the dynamic shear rheometer was observed, likewise support this finding. 
 

 
 
Figure 5: Correlation of paving grade and PmB (unaged, aged by RTFOT (EN 12607-1) and RFT (EN 12607-3) 

and recovered from asphalt after mixing, silo, transport and compaction) between the values of 
needle penetration and the force ductility at the test temperature 25 °C [4] 

 
By calculating the normalised deformation energy E*, i. e. the quotient from the determined deformation energy E’ and 
the measured first maximum of the tensile force Fmax during the test, the influence of the viscosity on the feature can as 
far as possible be eliminated. From the test results of these studies on the basis of normalised deformation energy a clear 
differentiation between the binder types – paving grade and PmB – as well as between the PmB of different polymer 
content – PmB A und PmB H – can be realised. Furthermore the negative modifications of the binder properties due to 
the thermal and oxidative ageing process, here by means of RTFOT can be detected. These are described by a decrease 
of the normalised deformation energy. It is remarkable that when analysing the specific value, that independent of the 
test temperature and the used test specimen geometry the same qualitative statement is to be made. 
 

  
 
Figure 6: Normalised deformation energy E* of unaged and RTFOT-aged binders at test temperatures 13°C 

by using different specimen geometries 



  
 
Figure 7: Normalised deformation energy E* of unaged and RTFOT-aged binders at test temperatures 25 °C 

by using different specimen geometries 
 
5. CONCLUSIONS 
 
With the normalised deformation energy a specific binder value is available, that is suited to differentiate binder types 
and grades and to describe them quantitatively. Moreover this feature allows to detect and evaluate the changes of the 
binder properties. Taking into account this value not only properties of binders in their original state but also thermally 
and oxidatively agwed samples can be evaluated.  
For a comparative examination of binders of different viscosity or different ageing condition it has to be guaranteed that 
the results are based on the same test conditions. Besides it has to be considered that the evaluation of the whole 
elongation way up to the fracture of the specimen thread has to be recorded.  
In order to apply the evaluation procedure for the quantitative evaluation of the deformation energy of binders for 
requisite values in the framework of specifications, first urgent demand for research for comprehensive tests exists. 
These should not only include the binders and their ageing conditions after ageing in the lab but also in terms of a 
performance related test the properties of a binder recovered from asphalt. 
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ABSTRACT 
 
Several years ago, a research programme started to develop a family of plant-based binders that might ultimately 
provide an alternative to the different grades of road bitumen. In April 2003, it resulted in the first construction project 
for a wearing course, in close partnership with the General Council of the Department of Côtes d’Armor in the 
framework of its innovation project “The Road of the Future”.  
In-depth laboratory studies have resulted in the development of a range of plant-based binders. They are manufactured 
from renewable raw materials and fit in with the ideas of sustainable development. They may be used for maintenance 
mixes, or for surfacings which must blend harmoniously with the environment. This is because they are transparent in 
thin films and therefore take on the natural colour of the aggregate. They have specific rheological properties, in 
particular viscosity which means mixes can be manufactured at about 110 °C, or even below. They also help to reduce 
greenhouse gas emissions. 
They give the mixes the physical and mechanical performance required for wearing courses. However, the mix design 
method must be adapted in view of the binder’s changing properties. 
Three sets of works, using a very thin layer of mix made with 0/6 mm aggregate, have been conducted on county roads 
in the framework of an innovation charter signed with the respective Department General Councils and the Sétra. 
Monitoring of the surface characteristics of these projects has shown that their skid resistance is still very satisfactory 
after between 20 and 30 months of service. 
The mechanical performance is also satisfactory, without rutting or deterioration even in areas where the climate 
requires potentially damaging winter maintenance.  
The development of these plant-based binders is on-going, involving the creation of aesthetically pleasing mixes, and 
several examples are described. 
 
Keywords : mixture design, environment, best available technology, overlays 
 
1. INTRODUCTION 
 
Most French roads are either constructed and maintained with bituminous mixes or use bitumen in their surfacings. This 
bitumen is obtained by refining crude oil. 
 
To give an idea of the quantities involved, France’s annual consumption of bitumen is of the order of 3,5 million tonnes, 
90% of which is used in roads. In order to make the best possible use of oil from the point of view of sustainable 
development, it is important at the present time to find alternatives to this use of bitumen in highway engineering.  
Therefore, the development of a road binder that can be used to manufacture mixes with physicochemical 
characteristics similar to those of bitumen but which is made entirely of raw materials obtained from the agricultural 
sector is an innovative objective which is at the heart of the issues surrounding energy resources and environmental 
gains. 
On this basis, in the last four years, large resources have been committed to research to develop a family of plant-based 
binders that could eventually provide an alternative to the different grades of road bitumen. These binders are intended 
to be used to manufacture pavement construction and maintenance mixes, but also for aesthetically-pleasing surfacings 
in urban areas and other spaces where they will blend well with the architectural environment. 
In-depth laboratory studies and a large number of field trials have:  
 Established mix design rules for these plant-based binders, 
 Identified the appropriate aggregate mixture – binder compositions for producing what will be referred to in what 

follows as “plant-based binder mixes”. 
The agricultural raw materials they require are already produced on an industrial scale so there is no need to create a 
new production channel. 
Manufacture of the binder requires a special industrial unit. It is not particularly complex, but the proportioning of the 
constituents must be precise, the process of mixing must be controlled and it must be possible to store the raw materials 
and the binder produced.  
Conventional bitumen mixing plants and present-day laying equipment are perfectly satisfactory. The know-how of the 
contractors currently operating in the sector will still be valid when working with these binders. 
 



2. THE PLANT-BASED BINDER 
 
The binder is obtained by mixing a number of constituents obtained by processing raw materials of vegetable origin. 
The invention is protected by French and European patents. 
The proportions of the constituents, the temperature and the mixing time must be strictly controlled during manufacture. 
The reason for this is that the binder’s final properties depend on the progression of a polymerization reaction which 
takes place in particular between the constituents, and probably with the aggregate and the oxygen in the air too. This 
process continues during manufacture and placement of the mixes and after compaction. 
It is this polymerization mechanism which gives the mixes the cohesion and mechanical performance that road 
materials require. 
The existence of this “curing” phase explains the method chosen to evaluate binder’s properties. 
Consequently, although it is possible to use the same characterization tests as for road bitumens for these binders, the 
usual rules for selecting a binder for a given application cannot be applied to the results.  
This is because it is necessary to take account of the changes caused by the polymerization which takes place after 
aggregate coating and mix compaction.  
The binder also has specific rheological properties.  
It is therefore essential to accumulate data from laboratory tests and validate them on the basis of in-situ behaviour.  
This data is used to select a plant-based binder composition according to the intended use of the mix manufactured with 
it. A binder range has been specified in this way. It aims to match the different ways in which hydrocarbon binders are 
used - spraying and coating. 
These binders can be emulsified. As a function of the emulsion design, different types of surfacings can be produced: 
surface dressings, microsurfacing and cold mixes manufactured in a central mixing plant.  
This document will present those applications which are at a sufficiently advanced stage of development, i.e. hot mixes 
manufactured with the plant-based binder.  
This research has resulted in the design of plant-based binders whose end-use properties are suitable for surfacing or 
foundation layers. 
Table 1 presents some characteristics of the current principal classes prior to polymerization.  
 
Table 1 : Current classes and principal rheological characteristics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On the grounds of confidentiality we will not explain in greater detail the design principles used for these binders. 
 
3. SOME OF THE INTERESTING PROPERTIES OF THE PLANT-BASED BINDER  

 
The composition of the plant-based binder can be selected to make it transparent in a thin layer. It can then be used to 
manufacture mixes which take on the natural colour of the aggregate or which can be coloured as desired. So far, 
applications have primarily involved this type of plant-based binder. Photos 1 and 2 show the interesting consequences 
of this property on the appearance of mixes. 
 

 
Photo 1 : Logo without binder With and without plant-based binder With and without bitumen 

 

Class 1 2 3 
Initial viscosity (Pa.s) 

Brookfield viscosity, (SC 4-27), 70°C, 1.4 s-1 33 to 45 16 to 24 11 to 14 

Pumpability temperature (°C) 100 100 100 

Density at 25°C 0.95 to 1.05 0.95 to 1.05 0.95 to 1.05 

Cleveland flashpoint (°C) > 210 > 210 > 210 
Complex modulus G*(MPa) at 20°C; 7.8Hz >2.5 >0.8 >0.2 



 

 
 

Photo 2 : Plant-based binder mix with the natural colour of the aggregate 
 
The second very interesting characteristic to highlight is the viscosity of the plant-based binder. As has been stated 
above, the hot coating process is identical to that for bituminous mixes.  
It is performed with hot dry aggregate at a temperature that depends on the viscosity of the plant-based binder and the 
temperature at which it can be sprayed to ensure effective coating of the aggregate particles.  
Figure 1 shows that the viscosity values of the plant-based binder are considerably lower than those of the 
corresponding bitumen. It is therefore possible to manufacture the mixes at a lower temperature than bituminous mixes. 
The coating temperature can be reduced by 40 to 50°C, without any reduction in workability.  
This means that energy consumption and greenhouse gas emissions will also probably be reduced.  
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 1 - 

Comparison between the viscosity of the plant-based binder and a 35/50 pen pure bitumen. 
 
Photos 3 and 4 illustrate this property. Gas emissions are very low during the manufacture of plant-based binder mixes 
in a central mixing plant at about 110°C and when they are laid at a temperature of about 95°C. 
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Photos 3 and 4 : Loading a truck at the manufacturing plant and laying the same mix on a very highly trafficked 
county road. 

 
Another important property, the cohesion of the binder, influences the mechanical performance of the mixes. It results 
from the polymerization of the binder. 
Figure 2 shows a plot of cohesion against temperature obtained from a Vialit pendulum test.  
This plot was obtained with a class 3 binder after RTFOT aging as specified in the normalized road bitumen test (NF 
EN 12607-1). 
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Figure : Cohesion in J/cm2, Temperature in °C 
Figure 2 : Plot of the cohesion of the plant-based binder (class 3) after RTFOT aging 

according to temperature 
 

4. PHYSICOMECHANICAL PROPERTIES OF THE MIXES 
 
These were determined for mixes containing aggregate from the La Noubleau quarry, with 0/6 mm continuous grading 
and a plant-based binder content of 5.7% in relation to the dry aggregate. 
 
4.1 Compactability 

Compactability was measured using the gyratory shear press as described in the French standard NF P 98-252. The 
mixes can be compacted without difficulty, even at temperatures as low as 100°C, which explains the improved mix 
workability that results from the plant-based binder’s lower viscosity. 
 
4.2 Strength in air and after immersion in water  

To evaluate the water resistance of the mix, the Duriez test procedure (NF 98-251-1) must be modified. Before the test 
the specimens are conserved at 18°C and 50% relative humidity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 3 :  Duriez strength as a function of curing time. 
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Under these conditions, the strength of the specimens after conservation in air at 18 °C and after immersion in water at 
the same temperature continue to increase during the first 60 days of curing. Their stabilization after this period marks 
the end of the polymerization process, as can be seen in Figure 3. The physicomechanical performance is quite 
satisfactory. Immersion in water slows the curing of the mixes but does not lead to binder stripping or damage to the 
mix specimens.  
 
4.3 Rutting resistance 
 
Rutting resistance was measured using the LPC rutting machine as specified in the standard NF 98-253-1. The mixes in 
question were intended to be laid in very thin layers. The specimens were conserved for 7 days at ambient temperature 
in order for the polymerization process to have an effect. Two geometric compaction values of the test plates were 
tested. The test was conducted at 60°C. The data are set out in Table 2 and show the good rutting resistance of the plant-
based binder mixes. 
 
Table 2 :  Rutting resistance of mixes using the plant-based binder. 

 
Number of cycles Low density: 

85.2% 
High density: 

87.9% 
Specification for very 
thin asphaltic concrete 

(XP P 98-137) 
3 000 2.8 % 2.1 %  20 % 

30 000 4.0 % 2.9 %  
100 000 4.4 % 3.5 %  

 
4.4 Stiffness modulus and fatigue strength 

Table 3 presents the results of mechanical tests to establish the modulus and the flexural fatigue performance (NF P 98-
260-2 et NF P 98-261-1) performed on mixes with the same composition. The binders were, respectively, a pure 50/70 
pen bitumen, a binder with a high elastomer content (SBS) and the plant-based binder designed for the same type of use 
as the first two. The curing times of the specimens at ambient temperature were the same for all three binders, i.e. one 
month and nine months. 

 
Table 3 - A comparison between the modulus and fatigue performance of the 0/6 mixes with different binders as a 

function of age. 
These values show that the 0/6 pavement surfacing mixes exhibit particularly good stiffness modulus and fatigue 

performance, which may be even better than those obtained with modified mixes with a very high elastomer content, 
and this is even more the case after nine months of curing.  
The above values confirm that the mixes are completely suitable for their intended use. 
 

 

SBS modified 
bitumen



5. CARRYING OUT WORKS AND THE IN-SITU PERFORMANCE OF PLANT-BASED BINDER MIXES. 
 
5.1 The “Road of the Future” at the Ploufragan science park (Côtes D’ARMOR). April 2003 [1] 
This was the very first application on a trafficked road and was conducted in partnership with the General Council of 
the Département of Côtes d’Armor in the framework of its innovation project “The Road of the Future”.  
It provided COLAS an opportunity to conduct a fuIl-scale test of the new mix concept on the access road to the 
Ploufragan Science Park. 
HÉLARY, a subsidiary of COLAS Centre Ouest, laid a very thin mix wearing course with the natural colour of the 
aggregate on approximately half the carriageway and a similar white wearing course on the other half of the 
carriageway. These continuously graded 0/6 mixes with a binder content of 6% in relation to the dry aggregate proved 
effective with regard to skid resistance and acoustic comfort [2]. The aggregate was sourced from the Bégard quarry 
and met the requirements for a wearing course. The mixes were manufactured in a batch-mixing plant with a specific 
production line for adding and proportioning the plant-based binder.  
The mixes were laid in a thickness of 2.5 cm after the application of a tack coat manufactured with conventional 
bitumen emulsion with the addition of a small amount of chippings to prevent the bitumen from contaminating the 
plant-based binder (3 l/m² of 4/6 mm chippings).  
Photo 5 shows laying of the white mix which required preliminary cleaning of the manufacturing and laying equipment. 
Compaction was performed by a type VT2 smooth roll tandem compactor. 
 

 
Photo 5 :  Laying the white plant-based binder 
 
Principal surface characteristics of the mixes  
The macrotexture of the surfacing was adequate when measured by the sand patch test, with an average sand patch 
value of 0.71 mm. 
The average sideways force coefficient measured at 60 km/h with a SCRIM belonging to the Lyon CETE [3], was 0.69 
after 4 months.  
The braking force coefficient (BFC) values after 6 months and 30 months measured by the ADHERA trailer belonging 
to the Nord Picardie CETE [3], are displayed in Table 4. 
 
Table 4 : BFC at different speeds as a function of age 
 

Age 6 months 30 months 
BFC at 40 Km/H 0.65 0.61 
BFC at 60Km/H 0.53 0.45 

 
The reduction in the BFC at 40 Km/h that occurs over time is small. The reduction in BFC is more marked at 60 Km/h 
(more traffic$ on the road in question or dirt on the surfacing?), but the level is still acceptable. This second pair of 
values is, in fact, at the top end of the national range for all types of surfacing. The set of measurements demonstrate 
very satisfactory skid resistance which is similar to that measured on SBS-modified bituminous surfacings of the same 
type.  
With regard to photometric characteristics, measured by the Strasbourg Regional Public Works Laboratory (LRPC) the 
“white” section belonged to class R1 and the coloured section to class R2 as defined by the International Commission 
on Illumination (CIE) [4]. 
These values confirm the excellent performance of thes plant-based binder mixes. 



Furthermore, the surface of the mix can be easily cleaned with high pressure water (about 500-600 bars) after 12 
months of service. This practically restores its initial photometric characteristics without any deterioration of the mix 
during the cleaning process as shown in Figure 6. 
 

 
 

Photo 6 :  Appearance of surface after cleaning with high pressure water. 
 

After more four years of service, including the extremely hot summer of 2003, the wearing course still has an excellent 
surface appearance and its performance is completely satisfactory.  
This first project was carried out in a region with a temperate climate, so for the second project a more continental 
climate was chosen, with large temperature variations in the winter and potentially damaging winter maintenance. 
 
5.2 The Ligsdorf worksite (Département of  Haut Rhin) October 2003 
 
In the framework of a road maintenance contract awarded to COLAS Est’s Haut Rhin Centre in Mulhouse, the General 
Council of the Département of Haut Rhin decided to replace a wearing course at Ligsdorf.  
This project involved placing a very thin natural aggregate coloured wearing course on a pavement carrying T3 traffic 
(50-150 heavy lorries per day in each direction) with a bendy profile and a slight gradient. 
It is located in the Jura mountains in Alsace and every year is subjected to high amplitude frost-thaw cycles for a 
significant length of time. This county road also has to withstand a large amount of salting and snow removal.  
The mix with 0/6 continuous grading was manufactured using local aggregate from alluvial deposits in the Rhine. The 
proportion of plant-based binder was 6% in relation to the dry aggregate. The mix was manufactured in a batch-mixing 
plant with a special production line for adding and proportioning the plant-based binder. The manufacturing 
temperature was between 110 and 120°C and the duration of transport in tarpaulin covered lorries was about one hour. 
Placement was performed with a conventional asphalt laying machine and the mix was compacted with a type VT2 
smooth roll tandem compactor. There was light rainfall during the laying works, but this caused no problems. Once 
again, the excellent workability of the mixes was observed, even at a temperature of about 80 to 90°C. Photo 8 shows 
laying of the mix.  
 

 
 

Photo 8 :  October 2003, laying the 0/6 mix at Ligsdorf 
 



Principal surface characteristics of the mixes  
The macrotexture of the surfacing was very satisfactory when measured by the sand patch test, with an average sand 
patch value of 1 mm. 
The average sideways force coefficient measured at 60 Km/h with a SCRIM belonging to the Lyon CETE was 0.75 
after 9 months.  
The breaking force coefficient (BFC) values after 8, 20 and 48 months are set out in Table 5. 
After 48 months of trafficking, these BFC values are placed at the upper end of the national range for all types of 
surfacings. 
 
Table 5:  BFC at different speeds according to age 
 

Age 8 months 20 months 48 months 
BFC 40 Km/h 0.68 0.66 0.66 
BFC 60Km/h 0.57 0.59 0.60 
BFC 80Km/h 0.52 0.52 0.52 

 
Taken together, these values confirm that the skid resistance is both very satisfactory and durable. It is similar to that of 
surfacings of the same type manufactured with SBS elastomer-modified bitumens on a trafficked pavement exposed to 
severe weather. 
After three fairly rigorous winters with many frost-thaw cycles and temperatures as low as -15 °C, and fairly frequent 
road salting and snow removal followed by hot to very hot summers, the surface appearance of the wearing course is 
very satisfactory. 
Photo 9 shows the state of the pavement as it is now after almost 3 years of trafficking. 
 

 
 

Photo 9:  Appearance of the pavement after 3 years.  
 

5.3 Projects in 2004 -2007 

 
In view of the good overall performance of these first projects on roads that are open to traffic, other works were 
performed in 2004 permitting further refinement of the mix design rules for the plant-based binder.  
First, in May 2004, a path and a square in the Bois de Boulogne in Paris were surfaced using mixes with the natural 
colour of the aggregate (sand from the Seine).  
These mixes were laid manually. Their high workability meant laying was possible at about 80°C and the “wet sand” 
colouring requested by the project manager was obtained. 
Then in September 2004, in the framework of a Road Innovation Charter signed with the General Councils of the 
relevant Départmement, and the SETRA, two construction projects involving very thin mixes were undertaken. 
With the same type of 0/6 mm continuously graded aggregate and a binder content of 6 % of plant-based binder in 
relation to the dry aggregate, these mixes were laid on fairly heavily trafficked county roads with traffic varying 
between approximately 150 to 750 heavy lorries per day in each direction. The works were carried out in early October 
2004, in the Départements of Haut Rhin (RD 419) and Côtes d’Armor (RD 712). They were conducted under traffic and 
the skid resistance and general performance of the surfacings was closely monitored.  
In order to cover all France’s climatic zones, in 2005, in the framework of this Charter, a third and final project was 
carried out, with the same 0/6 mix for the General Council of the Département of Haute Garonne on a county road 
(RD16) with lorry traffic of between 150 and 300 vehicles per day in each direction. 
The current performance of all these surfacings is completely satisfactory and tests have confirmed their good surface 
characteristics, an absence of rutting and good durability as shown by this recent photo of the RD 419 (Photo 10).  
 



 
 

Photo 10 :  The RD 419 after 20 months of trafficking 
 
There have been many projects since 2005. These have aimed to highlight the attractive natural appearance the mixes 
obtained as a result of the transparency of the plant-based binder which allows the colour of the aggregate to show 
through and blends in with the surroundings. They have principally been used for urban streets, cycle track surfacings 
and pedestrian or leisure zones. Photos 11 show some recent projects.  
 

 
 

Photos 11 
 

6. USE IN THE FORM OF AN EMULSION 
Since 2005, emulsions that use the plant-based binder have been developed.  
 
These emulsions are used to manufacture cold mixes and provide adequate workability for the mixes to be 
manufactured and laid with normal techniques.  
An initial test strip using a cold plant-based binder emulsion mix was laid in October 2005 with a towed mixer.  
The first works using mixes of this type manufactured in a plant were performed in 2006 and 2007 for urban 
improvements and cycle tracks. Cohesion build-up in the mixes takes a matter of hours. Their current performance is 
completely satisfactory. 
This suggests interesting technological advances in the future, with the manufacture of mixes at ambient temperature, 
leading to a further reduction in energy consumption and greenhouse gas emissions. 
 
7. CONCLUSIONS AND OUTLOOK 

 
The innovative objective of  developing a plant-based binder, which is at the heart of the issues surrounding energy 
resources and environmental gains, has been attained, or even exceeded. As a result of the research programme and the 
trials with the assistance of the French Energy Conservation Agency (ADEME), hot mixes with very satisfactory 
physicomechanical performance have been produced.  
The road surfacings, the first of which was opened more than four years ago, are today performing in a very satisfactory 
manner under traffic. 
They provide surface characteristics that are at least as good as bituminous mixes of the same class, providing a safe 
comfortable ride for road users. 
COLAS has therefore decided to increase production of this range of coating binders and to date more than 5000 tonnes 
have been manufactured.  
These mixes are manufactured from renewable raw materials and fit in with the ideas of sustainable development. 



As the binders enable mixes to be manufactured at relatively low temperatures of around 110°C or even below, they 
also help reduce greenhouse gas emissions. They are recyclable and are not toxic for the environment. 
So far, it is the binder’s transparency which has most attracted our clients. This allows the natural colour of the 
aggregate to appear and make it straightforward to design pavements which integrate harmoniously with their 
architectural surroundings. The excellent workability of the mixes facilitates the manual laying which is frequently 
required for small surface areas. 
Since 2006, a new application has been developed. In a water emulsion, the plant-based binder provides excellent 
coating of aggregate, meaning mixes can be manufactured in conventional mixing plants, which facilitates laying. The 
behaviour of the first projects is satisfactory suggesting the possibility of further advances in the area of energy savings 
and reductions in greenhouse gas emissions.. 
Ultimately providing an alternative to bitumen, the range of plant-based binders illustrates commitment to innovation 
and to sustainable development and the desire to provide appropriate responses for it. 
Perhaps a new type of road? 
 
 
1. Françoise Marmier (avril 2002). Sur la Route du Futur, route, véhicule et conducteur dialoguent. RGRA N° 805. 
2. Michel Ballié (juin 2004). Rugosoft, une nouvelle conception de bétons bitumineux peu bruyants à adhérence 
élevée. RGRA N° 829. 
3. CFTR. Note d’information n°11 (mars 2005). Mesures de l’adhérence des chaussées routières. 
4. Sétra. Note d’information n° 92 (mars 1997). Caractéristiques photométriques des revêtements de chaussées. 
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ABSTRACT 
 
Over the past few years, Shell Bitumen has been actively involved in extensive testing of a wide variety of conventional 
and modified binders. Amongst the tests currently being used, a very large amount of effort has been given to assessing 
the rheological measurement of complex properties at low, intermediate and high temperatures. The final aim would be 
to extract from these tests performance related parameters. 
In particular, the Dynamic Shear Rheometer (DSR) has become a sophisticated tool used on a daily basis. In the 
European system, three different standards are based on such an apparatus: frequency sweep between 10 and 80 °C 
[EN 14770], Zero Shear Viscosity (ZSV) [prEN 15325] and Low Shear Viscosity (LSV) [prEN 15324]. These tests are 
all very informative on the intrinsic nature of the bitumen. Unfortunately, they are also all very time consuming. 
In this paper, the focus will be on DSR measurements to see if a maximum amount of information could not be gathered 
in a minimum amount of time. To do so, the obtained data are analyzed from a purely rheometrical perspective. In a 
first step, it is shown that, in the recommended range, ZSV values can be derived from frequency sweep measurements. 
In a second step, it is shown that the EVT1 and EVT2 values measured within the LSV protocol are correlated to each 
other.  
 
Keywords : CEN, Modified binders, Rheology, Standardisation, (Zero) Shear Viscosity 
 
 
1. INTRODUCTION 
 
Over the past few years, Shell Bitumen has been actively involved in extensive testing of a wide variety of conventional 
and modified binders. 
Amongst the tests currently being used, a very large amount of effort has been given to assessing the rheological 
measurements of complex properties at low, intermediate and high temperatures. The solid deformation, shear and 
elongational properties are investigated using the Bending Beam Rheometer (BBR), Dynamic Shear Rheometer (DSR) 
and Ductility test, respectively. The compilation of these data provides a full characterization of the tested bitumen, i.e. 
a fingerprint of its fundamental properties. 
The rheology of bituminous binders under shear deformation has been the subject of extensive research, notably thanks 
to the spread of dedicated equipment such as Dynamic Shear Rheometers (DSR), which were pioneered within the 
American Strategic Highway Research Program (SHRP). The pragmatic use of this apparatus is in line with the general 
interest in using dedicated lab experiments to forecast the performance of a binder when in use on the road. 
One property of particular interest is resistance to permanent deformation, which arises at high temperature under the 
repetitive action of heavy traffic loadings. A specific test, known as the “Determination of Zero Shear Viscosity (ZSV) 
using a Dynamic Shear Rheometer (DSR) in creep mode", has been developed to simulate these repetitive loading 
conditions [1]. Subsequently, another dedicated test, known as the “Determination of equiviscous temperature based on 
Low Shear Viscosity (LSV) using a Dynamic Shear Rheometer (DSR) in low frequency oscillation mode” [2], has been 
proposed to evaluate the low shear viscosity of the bituminous products at high temperatures. 
In this paper, focus will be on DSR measurements: frequency sweep between 10 and 80 °C, Zero-Shear Viscosity 
(ZSV) and Low Shear Viscosity (LSV). We will discuss the repeatability of these tests and correlations to possibly limit 
the testing time duration.  
 
 
2. EXPERIMENTAL MEANS 
 
2.1 Bituminous products 
 
Reference products used for road construction are conventional binders obtained from crude oil distillation. These can 
then be modified through air rectification, through chemical modification (multigrade bitumen) or by the introduction of 
additives or polymers (polymer-modified bitumen, PmB).  
The experiments were thus conducted on a series of 10 binders. Four were conventional bitumens with penetration 
values ranging from 15 to 42 dmm. Five were polymer-modified bitumens, with penetration values ranging from 44 to 
86 dmm. It is believed that a relatively high proportion of PmB’s is important to ensure realistic conclusions; indeed, 
the application of tests is not always straightforward for these types of bitumens. To complete this set of binders, a 
multigrade product, with a penetration of 45 dmm, was also considered. 
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In addition, each binder was tested “fresh” and after short-term ageing simulation via the Rolling Thin Film Oven Test 
(RTFOT) treatment [3]. 
 
 
2.2 Equipment 
 
In a Dynamic Shear Rheometer (DSR), the bituminous sample is sandwiched between two solid plates. One of these 
plates is static, while the other moves sinusoidally with a fixed frequency and maximum amplitude (Figure 1). This 
maximum deformation is selected within the linear viscoelastic regime of the tested material. The results are the 
measured complex modulus and phase angle for the precise frequency and temperature conditions. 
Three different rheometers were used for the characterization of the selected binders. The first two are ARES 
Rheometer from Rheometrics (controlled-strain) and an MCR501 Rheometer from Anton Paar (which can work both in 
controlled-strain and controlled-stress modes); samples and tools are enclosed in an oven and the thermal regulation of 
this chamber is ensured via pulsed air. The third one is an AR1000 Rheometer from TA Instruments operating with a 
“swimming pool” in which thermal control is ensured by circulating water. 
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Figure 1, Presentation of DSR equipment 

 
 
2.3 Procedures 
 
Three European standards using a DSR have been used: 

 EN 14770 [4]: DSR in oscillation mode & Frequency Sweeps 
 Pr EN 15324 [2]: DSR in oscillation mode & Low Shear Viscosity (LSV) 
 Pr EN 15325 [5]: DSR in creep mode & Zero Shear Viscosity (ZSV) 

In the EN 14770 procedure, frequency sweeps (between 0.1 and 10 Hz) are made at temperatures ranging from 10 to 
80°C (by steps of 10°C), providing a full characterization of the shear rheology of the binder under investigation. Such 
an evaluation lasts between 8 and 10 hours, depending on binder and thermal equilibrium. This full set of data can then 
be presented for analysis under the shape of a Black diagram or a master curve (at a pre-defined reference temperature). 
In the pr EN 15324 procedure, an equiviscous temperature is first determined (temperature for which the viscosity is 
equal to 2000 Pa.s at 0.1 rd/s); in a second step, a frequency sweep (between 10 and 0.1 rd/s) is performed at this 
temperature. An exponential trend-line can be added on the data. The viscosities at 0.1 and 0.001 rd/s are then 
calculated from this equation and an equivalent temperature variation is then computed. This evaluation of a binder (of 
any type) requires 8 hours. 
Finally, in the pr EN 15325 protocol (dating from August 2005), the sample is subjected to a series of controlled shear 
stress states (increasing from 50 Pa to 200 Pa) at high temperature. The recommended temperature is 60°C. For each 
stress applied, the resulting compliance is measured up until stabilization, and the viscosity is calculated. Such an 
evaluation requires 4 hours for a conventional binder and 4 hours minimum for a polymer-modified bitumen.  
Thus, if frequency sweeps according to EN 14770 and LSV (pr EN 15324) are performed with a DSR working in 
oscillation mode, ZSV (pr EN 15325) is using this apparatus in creep mode. 
All these experimental investigations are time-consuming. An evaluation through a range of frequency sweeps provides 
a lot of information about the binder. In contrast, LSV and ZSV are single-point values. 
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3. EXPERIMENTAL RESULTS  
 
The results obtained were analyzed keeping in mind the key characteristics of requirements for tests to be included in 
specifications. First, to set specification values according to a given test, the measurements obtained with this test had to 
be repeatable. Second, for the sake of practicality, the time needed to perform the evaluation has to be limited. 
 
Regarding repeatability, it can be said that the DSR is a fantastic tool; it can provide a huge amount of data in a limited 
amount of time. However, it is a complex apparatus performing a complex analysis, which can lead to numerous 
problems. 
In the case of bitumen, these could be: 

 Imperfect thermal stabilization of the sample 
 Bad trimming of the sample 
 Wrong value for the gap 
 Measurement in a torque / deformation range that can be performed correctly by the apparatus, etc. 

From our general experience, it can be said that: 
 For the same apparatus and with an experienced worker: repeatability ranges from 1 to 2% for a conventional 

binder up to 5% for a PmB 
 Different apparatus and / or differently experienced workers: up to 10 % for a conventional binder, and up to 

15% for a PmB. 
For a more general perspective, it should be remembered that 10% is the acceptable limit for repeatability in the 
AASHTO evaluation. 
In the present study, several experienced technicians using 3 different apparatuses performed the experiments.  
 
 
3.1 Zero Shear Viscosity (ZSV) 
 
During ZSV measurements, temperature and stress were set at the recommended values: 60°C and 50 Pa, respectively. 
Repeatability of these ZSV measurements will be described here using measurements obtained with the same operator 
and the same apparatus. For each binder, two different samples have been considered, leading to two ZSV values; the 
mean value is then calculated, as well as the coefficient of variation, according to:  

ZSV Mean Value = (ZSVsample1 + ZSVsample2) / 2 
Coefficient of variation = ZSVsample1 - ZSVsample2  / ZSV Mean Value 

In the current version of the protocol, the evaluation of two samples of conventional bitumen is obtained with a 
variation that is usually below 4% (Figure 1a). Even if not reported, the multigrade bitumen displayed similar results. 
However, when testing a polymer-modified bitumen, variations from 5 to 45% can be observed between two samples 
studied under fixed conditions of shear stress and temperature (Figure 1b).  
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2b: Polymer-modified bitumen 

Figure 1: Variation of measurements during ZSV measurements 
 
Figure 1 also indicates the recommended range of use for the ZSV method according to the Pr EN 15325 protocol (ZSV 
between 100 Pa.s and 50 000 Pa.s), and low repeatability can be observed within this range. In addition, repeatability is 
not necessarily improved after ageing (see the two arrows pointing in different directions in Figure 1b). Furthermore, 
within an enlarged set of binders, repeatability appears not to be associated with polymer content: lightly modified 
binders can display low repeatability; highly modified binders can display high repeatability. 
Consequently, while this protocol is perfectly suitable for the characterization of conventional bitumen, the variations in 
the results obtained with PmBs are too great if limiting values have to be set. 
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In a previous publication [6], we described a way to extract LSV results from DSR (frequency sweeps at different 
temperatures) measurements. The theoretical foundations of this idea were facilitated by the fact that both DSR and 
LSV evaluations are both performed in an oscillation mode, at different fixed temperatures and frequencies.  
To possibly go further, we tried to answer the question - can ZSV values also be derived from frequency sweeps 
measurements? – which from the start is more tricky as one of the test uses the DSR in creep mode while the other one 
uses it in oscillation mode, and there is no direct / theoretical relationship between these two modes. 
 
However, plenty of such super-impositions can be found in the literature on polymer rheology. All of these followed the 
empirical observation made by Cox and Merz in 1958 on two polystyrene samples [7]: the evolution of the shear 
viscosity  as a function of the shear rate  can be superimposed to the complex viscosity * as a function of the 
angular frequency w measured in oscillation mode, providing that the latter is expressed in rd/s:  

( )     *(w)     with  and * in Pa.s,  in s-1 and w in rd/s 
 
And indeed, the Cox-Merz rule happens to be applicable to bitumen, as illustrated in Figure 2, when thermal conditions 
are stable (fixed and controlled temperature). 
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Figure 2: Application of the Cox-Merz rule for a polymer modified bitumen (60°C) 

 
The shear viscosity ( ) is calculated from the shear stress ( ) and shear rate ( ) as:        ( ) =  /         (1). 
In all of our measurements, the evolution of the complex viscosity ( *) as a function of the angular frequency (w) 
follow a trend-line described with a ex power equation:       *(w) = k w-n (2). 
Which can, using the empirical Cox-Merz rule, be written:        ( ) = k -n  (3).  
When combining equations (1) and (3) and applying them to the present context (ZSV is measured at a stress value ( ) 

of 50Pa), one obtains:     ZSV  =   ( =50)  =  
)1(

1
50

50
n

k

. 

 
This analysis has been applied to the 10 binders described in 2.1, both in the fresh state and after RTFOT. According to 
pr EN 15325, ZSV is determined on two samples, providing two values for this parameter; the difference between the 
two values has to be lower than 5%. Finally, as no distinction could be made in terms of quality of the correlations 
considering fresh or RTFOT-aged binders, these ageing conditions are not detailed in the following description. 
These results are reported in Figure 3. The black diagonal indicates the line of equality. The green rectangle 
materializes the limits of the recommended range of use for the ZSV method (ZSV between 100 Pa.s and 50 000 Pa.s). 
All mid-values were plotted, even the ones for which the difference is higher than 5%; in such cases, these data points 
are enclosed in a blue circle on the graph. 
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Figure 3: Measured and extrapolated ZSV values 

 
Different points can be observed from Figure 3: 
 When within the recommended ZVS range, correlation is correct between the accepted ZSV measured values and 

the extrapolated ones 
 When out of this range (high values in fact), the extrapolation from frequency sweeps tends to over-estimate ZSV 

values of conventional bitumen and under-estimate the one of polymer-modified bitumen 
 
To understand these discrepancies, the cases represented by the data points highlighted using black arrows in Figure 3 
were further studied. Figure 4 then plots for these two bitumens the data obtained during the DSR and ZSV 
measurements, both performed at the very same temperature, 60oC. As can be seen: 
 Continuity is observed from frequency sweep to stress sweep, which indicated that Cox-Merz is applicable, 
 Stress sweep covers lower deformations than frequency sweep (orange data points are on the left of the green 

ones), 
 The ZSV value is measured out of the range of deformation covered by the frequency sweeps (purple point does 

not fall amongst the green ones), 
 In the case of the conventional bitumen (Figure 4a), the viscosity curve flattens down at lower deformation values, 

leading to a plateau, which is below the extrapolation from the limited range of frequencies: the ZSV value is 
correctly measured; frequency sweeps would need to cover lower frequency values to reach the plateau and 
possibly extrapolate ZSV value, 

 On the contrary, in the case of the PmB (Figure 4b), viscosity values reached are far too high for the measurements 
to be reliable 
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4a: Conventional bitumen 4b: Polymer modified bitumen 

Figure 4: Frequency sweeps (DSR) and stress sweep (ZSV) at 60°C 
 

This investigation confirms that the Cox-Merz rule if applicable to bitumen, whatever its type. One of the consequences 
is that ZSV values can easily be extrapolated from frequency sweep measurements made at the same temperature. If the 
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range of frequencies covered is limited as specified in EN 14770 (0.1 to 10 Hz), the recommended range of use for the 
ZSV method (ZSV between 100 Pa.s and 50 000 Pa.s) is covered. Then, measurements and extrapolation can be made 
in 2 hours. 
 
 
3.2 Low Shear Viscosity (LSV) 
 
First of all, repeatability of LSV measurements was found to be excellent, as detailed in Table 1. 

 
 EVT1, maximum error EVT2, maximum error 

Pengrade and Multigrade  0.2 °C  0.2 °C 
PmB  0.8 °C  1.3 °C 

Table 1: Maximum deviation observed during LSV measurements (mean of the values obtained on two different 
samples for each binder, fresh and after RTFOT) 

 
Such repeatability is much better than the one noticed during frequency sweeps using DSR, which is a clear advantage 
of the test if considered for quality control or possible use in specification. 
If repeatability is excellent, the test remains a bit time-consuming (4 hours). In addition, the procedure to be followed is 
quite complicated, including both measurements and calculations, which could lead to non-voluntarily mistakes. So, the 
idea investigated was to see if one could possibly remove some of these steps. 
 
As a reminded, the LSV protocol can be summarized as follow: 

1. The temperature at which the complex viscosity is equal to 2000 Pa.s at a frequency of 0.1 rd/s is determined 
(EVT1, in °C).  

2. An exponential trend-line is added on the evolution of viscosity, *, with temperature, T. It reads:  
* =  e (A T)              the value of A is recorded. 

3. A frequency sweep is performed at this temperature, EVT1, for frequencies ranging between 0.1 and 10 rd/s.  
4. A logarithmic trend-line is added on to these measurements. It reads: 

* =  ln (w) +                 with * in Pa.s and w in rd/s 
5. The viscosities at frequencies of 0.1 rd/s and 0.001 rd/s are calculated according to the obtained equation. 
6. The correction temperature ( T) is calculated from: 

T = ln ( (w=0.1rd/s) / (w=0.001rd/s) ) / A 
7. The final value (EVT2, in °C) is simply given by:       EVT2 = EVT1 + T. 

 
In a previous publication [6], we described a way to extract LSV results from DSR measurements (frequency sweeps at 
different temperatures) meaning that the 8 hours spent to fully characterize a binder can also provide the LSV “spots” 
values EVT1 and EVT2. If this can save a fair amount of time and evaluating a binder, it is still not applicable on a daily 
routine scale. 
Coming back to the LSV procedure, it can be seen that the first step (1. in the synopsis above) is extremely 
straightforward. Complication starts from step 2., which is the first step in the determination of EVT2. Thus, the 
question we faced is: is there any relation between these two values, EVT1 and EVT2? 
 
This analysis has been applied to the 10 binders described in 2.1, both in the fresh state and after RTFOT. In the LSV 
protocol, for a given bituminous sample, EVT1 and EVT2 are determined twice, thus providing two values for each of 
these parameters; in the subsequent analysis, a mid-value was used. Finally, as no distinction could be made in terms of 
quality of the correlations considering fresh or RTFOT-aged binders, these ageing conditions are not detailed in the 
following description. 
Values of EVT2 versus EVT1 are all plotted in the following figure, Figure 5. As can be seen, EVT2 is always slightly 
higher than EVT1, (EVT2 values are all above the line of equality drawn in black) as expected according to their 
respective definitions. Then, a linear trend-line seems to correlation between these two values (EVT2 = 0.963 * EVT1 + 
5.3823) with quite a good precision (R2 = 0.9707). In other words, if two binders can be distinguished via their EVT1 
values, their EVT2 values will bring a very similar ranking. 
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Figure 5: Correlation between EVT1 and EVT2 measured following LSV protocol Pr EN 15324  

 
So, when summarizing these results, the LSV protocol as described pr EN 15324 is robust in terms of repeatability, 
which makes it a suitable candidate for quality control. The drawbacks of the test, i.e. the fact that it is time consuming 
and that its second step is quite complicated, can be avoided by reducing it to its first step: the determination of EVT1. 
 
 
 
4. CONCLUSION  
 
In our work, different bituminous binders were subjected to careful rheological characterization including measurement 
of their shear responses, which were monitored via three DSR tests: frequency sweeps, LSV and ZSV. These 
evaluations were performed in accordance with the following European standards: EN 14770, prEN 15324 and prEN 
15325, respectively. The repeatability of these different tests has been determined, and an investigation has been 
conducted to assess whether LSV results could be derived from the frequency sweep data. 
This pragmatic data analysis has shown that: 

 Repeatability of frequency sweep data is better for non-modified bitumens than for modified ones.  
 Repeatability of ZSV measurements was found to be excellent for conventional and multigrade binders. It was 

found to be erratic for polymer-modified binders, and not correlated to either the polymer content or binder 
ageing state. In addition, when in the recommended range, it seems that ZSV values can be derived from DSR 
measurements at the same temperature. 

 Repeatability of LSV measurements was found to be excellent for all binders. EVT2 values seem to correlate 
with EVT1 values. 

These results can be seen as a support for discussion, before progressing to recommendation for specifications. 
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ABSTRACT 
 
The overall performance of a road can be affected by the emergence of surface cracking that affects its durability. It has 
been shown that cracks most generally propagate within the thin bituminous film and not at the bitumen / aggregate 
interface. Mimicking this thermal or fatigue-related cracking mechanism at the lab scale is extremely complex. As a 
first step, the intrinsic resistance to crack propagation of the bituminous component have been investigated through 
innovative peeling experiments. Such a fundamental approach enables the characterization of the elongational 
properties of the binders at moderate temperatures (between 10 and 30°C). 
A large range of binders has been used, and the influence of binder modification with polymers or inclusions has been 
investigated. It has been shown that (1) the elongational properties of bitumen are sensitive to these modifications and 
(2) as is the case for most complex fluids, the elongational properties of modified bituminous binders are not correlated 
to their shear properties. 
This investigation opens the window to the – thus far underestimated – analysis of the extensional properties of 
bituminous binders.  
 
Keywords : Adhesion, Cohesion, Crack propagation, Modified binders, Rheology  
 
 
1. INTRODUCTION 
 
A road is usually composed of several layers made of mixtures of solid aggregates and bituminous binders. The overall 
performance of a road can be affected by the emergence of surface cracking. Thermal or fatigue cracking is one of the 
problems encountered in the concept of durability of bituminous binders. 
Some references indicate that cracks tend to propagate within the thin bituminous film [1], but mimicking this thermal 
or fatigue-related cracking mechanism at the lab scale is extremely complex. Two steps exist in the mechanical process 
of cracking: initiation (with the idea of a deformation or stress threshold) and propagation. In addition, the way the 
binder ages will undoubtedly affect the cracking process, as ageing is directly related to macroscopic performance. The 
intrinsic binder properties are also supposed to play a major role. 
Indeed, cracking has been correlated to binder ductility [2, 3]. Ductility is a test inducing simple uniaxial stretching of 
the sample and is thus an evaluation of uniaxial elongational properties. Elongation at failure is known to be affected by 
ageing [3] and by the addition of polymers for example [4], and it also known to be temperature-dependent [3, 5]. 
The current paper focuses on how failure propagates within a binder film. The intrinsic resistance to crack propagation 
of bituminous binders have been investigated through innovative peeling experiments. 
Peeling analysis consists in forcing a given fluid film to separate in two. Results can be found in the literature mostly on 
adhesives [6, 7] and, more recently, on polymers studied at high temperatures [8]. Such a fundamental approach enables 
the characterization of the elongational properties of the complex fluid being studied [6]. 
Even though the rheology of bituminous binders has been extensively studied under shear deformation, notably thanks 
to the increasing use of dedicated apparatuses such as Dynamic Shear Rheometers (DSR) pioneered within the 
American Strategic Highway Research Program (SHRP), elongational properties have been somewhat left behind. The 
normative experiments performed during a ductility test lead to a ranking of different binders according to their 
performance in uniaxial extension. Ductile and fragile rupture can be distinguished, but not much qualitative 
information is collected during such a test. 
In contrast, with a peeling experimental set-up, the specimen displays a certain width and the entire propagation front 
can be followed. It thus corresponds to a situation of biaxial extension, and it should be mentioned that the uniaxial and 
biaxial elongational responses of a complex viscoelastic fluid can be extremely different [9, 10]. In addition, it induces 
very large deformations out of the linear domain, which is more likely to representative of what is encountered by the 
binder when in use. 
Peeling experiments were thus selected to provide an excellent set-up for a fundamental investigation of how cracks 
propagate in a bituminous film. 
During a peeling test, the crack is initiated deliberately, and it then propagates within the binder when the bituminous 
film is deliberately stretched. To be stretched in such a way, the binder has to be fairly mobile and thus fluid. Peeling 
investigations of bituminous components were thus carried out at moderate temperatures, between 0°C and 30°C [11]. 
A large range of binders has been used, including conventional bitumens, and the influence of binder modification has 
been studied through the use of inclusions of different natures. 
The following paragraphs describe the experimental means (including the set-up and the different binders considered), 
the results obtained, the discussion of those results and finally the conclusions of this study. 



2 

2. EXPERIMENTAL MEANS 
 
2.1 Rheological characterisation 
 
The rheological properties were quantified on a frequency range of 7.8 to 125 Hz using a “Metravib” apparatus with 
adapted loading modes; annular shearing at high temperatures [25°C ; 70°C] and tension-compression at low 
temperatures [-30°C ; 20°C]. Annular shearing provides a direct measurement of the complex shear modulus G*; the 
complex modulus E* measured in traction-compression mode is converted into G* using a Poisson ratio of 0.5. 
This equipment worked on a strain-controlled mode, the level of strain being defined so that measurements are made 
within the linear viscoelastic regime. 
Time-temperature superposition is then used to obtain master curves at a defined temperature. 
This in-depth characterization allows the quantification of the material response under a shear deformation, as if using a 
dynamic shear rheometer (DSR). These results will not be presented as such, but only when needed for the purpose of 
the paper (see complex viscosity and complex modulus in Section 4). 
 
 
2.2 Peeling experimental set-up & protocol 
 
Bitumen samples are prepared with the following dimensions: width of 4.4 cm, thickness of 1.2 cm and length of 11.4 
cm. Samples are obtained by pouring molten bitumen into a rectangular mould; they are then coated with a cotton strip.  
The very same type of cotton strip was used for the whole experimental programme. Its width is of 2.5 cm and thickness 
of 0.8 cm. 
One of the ends of the strip is attached to the securing clamps of a Zwick press mainframe in order to monitor its 
vertical displacement. At the same time, the horizontal bottom plate is free to move in order to ensure a constant angle 
of 90° between this plate and the stretching direction. All dimensions have been optimized to avoid any edge effects. 
This experimental set-up corresponds to that presented in Figure 1.  
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Figure 1: Schematic diagram and photograph of the peeling experimental set-up 
 
The force is measured where the film is attached to the stretching device. Because of the 90° angle and the defined 
dimensions of the bitumen film, this measured force is directly representative of the material’s peeling resistance. 
Indeed, in a 90° peeling set-up, shear forces are nil and only normal ones contribute to the fluid resistance [12].  
The whole experimental set-up is placed in a thermally controlled chamber. Tests are performed at temperatures 
between 0°C and 30°C.  
 
One binder sample is placed in the experimental set-up at a set temperature. The sample is left for 1 hour to rest at the 
chosen temperature before starting the test. Great care is taken to ensure very good control of the temperature during the 
peel testing, as the materials are very temperature-sensitive at the typical testing temperatures. 
Peeling is performed at a set velocity. Changes in the corresponding peeling resistance force are recorded over time, as 
is the fracture type. This provides a single data point at a set temperature.  
In addition, the interfaces (or surfaces) at which failure occurs can be easily observed. The nature of failure in each 
regime is safely deduced from this observation. 
The sample is replaced, and the peeling velocity or the temperature is changed. Getting a whole set of data (at several 
temperatures and peel rates) is thus time-consuming. 
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2.3 Peeling Force Evolutions 
 
During one experiment, the stretching velocity is imposed and changes in the measured force, F (in Newtons), are 
recorded over time. The obtained curves can have different shapes, corresponding to different rupture modes. 
A cohesive failure corresponds to a failure that is induced and followed within the bitumen film: bitumen remains 
present on the two substrates (top and bottom).  
An adhesive failure occurs at the bitumen / cotton cloth interface: a delamination of the bitumen from the cotton strip is 
observed.  
A semi-cohesive failure is a mixed stage with transient cohesive and adhesive failures succeeding one another. This is 
also referred to as slip-stick at the interface. 
Figure 2 contains typical transient peeling force measurements. 
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2-a: Ductile peeling (cohesive) 
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2-b: Unstable ductile peeling 
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2-c: Unstable fragile peeling (adhesive) 

 
Figure 2: Schematic diagram of the possible evolution of the measured peeling force over time as a function of the 

peeled length & possible peeling behaviors 
 
Under high temperature and low peeling velocity conditions, the measured force increases until it reaches a plateau 
value that continues through the end of test (Figure 2a): peeling behavior is stable and ductile; failure is cohesive. 
When the peeling velocity increases or the temperature decreases, the measured force increases progressively and then 
drops, displaying a “bump” before a plateau value is reached (Figure 2b): the peeling behavior of the binder is still 
ductile but unstable; failure is cohesive and then adhesive. It can be followed by periodic oscillations. 
For high peeling velocities and low temperatures, the measured force increases and suddenly decreases to zero (Figure 
2c): peeling behavior is fragile; failure is adhesive. 
Adhesive and slip-stick regimes are not characteristic of the binder any more, but rather of the layering cloth. In such 
cases, the maximum value attained by the force is recorded as the test result. 
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Final results are presented, for each temperature, by plotting changes in the peeling force as a function of the peeling 
velocity.  
When peeling is not ductile any more, the flow patterns of the binder at the strip / bottom plate interface might not be 
presenting a 90° angle any more. Calculating a stress value in such conditions would be ill-founded; so, to extract the 
maximum of the results obtained, raw data will be presented (load and speed curve). 
 
 
2.4 Binders 
 
Reference products used for road construction are conventional binders obtained from crude oil distillation. These can 
then be modified through a blowing process or through the introduction of additives or polymers. The experiments were 
thus conducted on a series of conventional and modified binders, as listed in Table 1. We can distinguish two 
conventional binders (B1 & B2), three binders containing solid inclusions of two different types (B3, B4 & B5) and two 
polymer-modified binders (B7 & B8). For confidentiality reasons, Type 1 and Type 2 inclusions will not be further 
described. 
 

Binder Inclusion Pen@25°C 
(1/10 mm) 

R&B 
(°C) 

IP Fraass 
point 
(°C) 

B1 None 74 45 -1.6 -14 
B2 None 46 48 -1.9 -6 
B3 Type 1 38 61 0.6 -15 
B4 Type 2 5% 31 83.5 3.6 -5 
B5 Type 2 10% 20 97.5 4.3 -4 
B7 Polymer SBS, 4% 63 77.8 4.7 -12 
B8 Polymer EVA, 7% 33 67 1.3 -11 

Table 1: Details of the bituminous binders studied 
 
The organization of the different species within the binder will condition its rheological behavior and consequently its 
fracture behavior. It is thus believed that an experimental programme of this type will lead to a better understanding of 
the elongational rheology and of the intimate cohesion properties of bituminous binders. 
The presentation of results is organized in three sections: general information collected during a session of peeling tests, 
then comparison of the results obtained with the different binders at a set temperature and, finally, comparison of shear 
and elongational rheological properties for these binders. 
 
 
3. DETAILED PRESENTATION OF PEELING RESULTS 
 
For each binder, several series of experiments have been conducted by varying the peeling velocity and the temperature. 
The associated series of data points are plotted on a data chart presented in Figure 3a. The various rupture modes 
obtained during this full-scale characterization are also noted: ductile stable (DS), ductile unstable (DI) and then fragile 
unstable (FI).  
 

 
3a: Detailed data chart 

 
3b: Associated master curve at 10°C 

 
Figure 3: Presentation of the raw results and final master curves (Binder B1) 
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These data series can then all be moved horizontally to collapse on a single master curve that is representative of the 
binder peeling behavior at a selected reference temperature (Figure 3b). As can be seen, these transition zones from one 
regime to another can be quite wide, particularly when changing from a cohesive regime to an adhesive one. This 
illustrates the fact that instabilities are influenced by a lot of parameters or local heterogeneities, and are thus not always 
perfectly well-controlled. 
Interestingly, the shift factors used to form the master curves for peeling results are in excellent agreement with the ones 
from the small-amplitude shear data. 
For reasons of simplicity, master curves will be presented in the following discussion without mention of the different 
modes and transitions. 
 
 
4. EFFECT OF BINDER COMPOSITION ON PEELING AT MODERATE TEMPERATURE 
 
In this section, we are going to analyze the peeling behavior of the different binders at a set temperature close to 
ambient, i.e. conditions under which fatigue cracking is likely to be generated. A temperature of 15°C has been chosen. 
We will proceed step-by-step, starting with conventional bitumen and then describing the effect of each inclusion. 
Conventional binder B2 will be used as a reference for comparison. On each graph, the binder penetration value is 
indicated in brackets. 
These peeling curves are presented in Figures 4 to 7. In each of these graphs, the force value of 50N is shown by a 
dotted line as a reference for discussion. Along this line, the more the curve is on the right, the higher the peeling 
velocity is (failure propagates faster) when this force value is applied. In other words, the easier it is to stretch the 
binder. 
Figure 4 illustrates the comparative behavior of two conventional binders with penetration values of 74 and 46 1/10 
mm, respectively. As can be seen, the higher the binder penetration is, the faster failure propagates. In other words, the 
softer the binder is, the easier it is to stretch it, which sounds logical. A difference of 30 1/10 mm in penetration 
between these two binders is associated with a shift of 5 in peeling velocity. The two curves are nearly parallel. The 
harder bitumen, B2, will be kept for reference in the other graph in order to guide the discussion. 
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Figure 4: Peeling of conventional binders at 15°C  Figure 5: Peeling of a binder containing Type 1 

inclusions at 15°C 
 
Figure 5 illustrates the comparative behavior of the conventional binder B2 and a binder containing Type 1 inclusions, 
B3. This time, the two curves are not parallel, and the slope for the B2 binder is more pronounced. For most of the 
regimes tested, failure tends to propagate faster in B3 than in B2, as if B3 were softer than B2. When looking at their 
respective penetration values, one can see that this is not the case. 
 
Figure 6 illustrates the comparative behavior of the conventional binder B2 and two binders containing Type 2 
inclusions in different proportions, B4 and B5. This time, the three curves are parallel. Failure tends to propagate faster 
in B2 than in the modified binders, as if B2 were softer than B4 and B5. And indeed, the penetration values for the 
binders containing Type 2 inclusions are lower than that for B2. 
However, the curves obtained with the two binders containing different levels of inclusions are superimposed on each 
other, whereas their penetration values are quite different (by 11 1/10 mm). 
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Figure 6: Peeling of binders containing Type 2 inclusions at 15°C 

 
The last type of modification tested is polymer modification. Two types of polymers have been used: a plastomer 
(EVA) and an elastomer (SBS). 
The first observation is that peeling a PmB is not always straightforward and is sometimes quite far from being nicely 
conveyed (see Figure 7). Incidentally, Figure 7 also illustrates the very large deformations than can be induced onto the 
binder, and the not straight-forward response that can be obtained. 
 

      

   
Figure 7: Photograph of some peeling behaviors observed with binders containing polymeric inclusions 

 
In the situations illustrated in Figure 7, the peeling front is thick and, locally, the peeling angle is higher than 90°. 
Failure is not fully cohesive, as a certain amount of bitumen remains attached to the moving vertical part via filaments 
that are progressively created. 
This was particularly the case for the B7 binder, for which no real cohesive regimes were obtained, and numerous 
filaments linking the horizontal bottom film and the vertical stretched part were created. This response is likely a 
consequence of the elastomeric nature of the added polymer. 
In addition (the two observations are undoubtedly linked), it was impossible to obtain consistent peeling force 
measurements with this binder. As illustrated in Figure 8 where two examples are given, the stretching resistance 
increases until very high force values are reached (levels not observed with any other binder) without reaching a 
plateau; it can start decreasing in a strange way, i.e. conditions in which failure is unstable. 

B2 (46 1/10mm)
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Figure 8: Different evolution patterns of the stretching force for B7 containing elastomeric inclusions 

 
For binder B7, which contains elastomeric inclusions (4%), none of the peeling results were exploitable quantitatively. 
In contrast, for binder B8, which contains plastomeric inclusions (at a much higher content, 7%), most of the results 
were exploitable, even though repeatability was very low in some cases and even though failure propagation was nearly 
always unstable. 
This clearly illustrates the differences in elongational properties when bitumen is modified by polymers with 
plastomeric or elastomeric natures. 
Peeling master curves at 15°C for binders B2 and B8 are compared in Figure 9.  
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Figure 9: Peeling of binders containing plastomeric inclusions at 15°C 

 
The peeling resistance is found to be greater for the polymer-modified binder than for the conventional one, which 
again is consistent with their respective penetration values.  
To summarize this first set of comparisons made at 15°C, when a given force is applied to stretch these binders (e.g. 
50N), peeling velocities are affected by the presence of inclusions, in ways that depend on their nature and properties. 
With Type 2 and polymeric inclusions, peeling velocities decrease, as if the bitumen were harder, which seems 
consistent with the ranking provided by penetration values, except that the two binders modified with Type 1 inclusions 
would not be superimposed on each other if this logic was followed. 
With Type 1 inclusions, peeling velocities increase, as if the bitumen were softer, which this time is not consistent with 
the ranking provided by penetration values. 
The first remark is that peeling behaviors are compared at 15°C, while penetration values are measured at 25°C. As 
bitumen properties are temperature-sensitive, comparison has to be made at the exact same temperature. 
Penetration is an empirical test for evaluating binder consistency under a kind of shear deformation, and indeed the 
notions of “soft” and “hard” are associated with the viscosity level. The complex shear viscosity (= G* / w) of these 
binders at 15°C has thus been determined using a rheometer and is reported in Figure 10 for some of them.  
 

B2 (46 1/10mm)
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Figure 10: Shear rheology of the different binders at 15°C 

 
As can be seen in Figure 10, all binders appear to be very similar at high frequencies, whereas at low frequencies, B1 is 
softer than B2, and B5 is harder than B2. However, B3 is found to be harder than B2, even though their respective 
peeling behaviors indicate it to be “softer”. Binders are still ranked according to their penetration values. 
This is a clear illustration that peeling properties are not directly / systematically related to shear ones. Bitumen 
modification is thus found to have an impact on both shear and elongational properties. More precisely, at a set 
moderate temperature, Type 1 and polymeric inclusions increase the resistance to shear deformations but also the 
resistance to elongational deformations, whereas Type 2 inclusions increase the resistance to shear deformations but 
also improve the ability to follow elongational deformations. 
 
This comparison has been made at a set moderate temperature, 15°C. However, results are temperature-dependent. 
Indeed, as illustrated in Figure 11 for a PmB, when comparing the behavior of the different binders at 0°C, the ranking 
is not necessarily the same.  
While it sounds logical that the lower the temperature is, the more viscous the binder will be, and thus the more difficult 
it will be to stretch it, this progressive evolution towards more resistance to elongational deformation appears to be 
linked to the thermal sensitivity of the binders. 
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Figure 11: Peeling behavior of B2 and B8 at 15 and 0 °C 

 
Thus, it can be concluded that modification of bituminous binders through the addition of inclusions influences both 
their shear and elongational properties. This phenomenon is made even more complex by the temperature sensitivity of 
the different components. This can be quantified when looking at the Penetration Index of these bitumens, as, for 
example, B2 and B8 respectively display PI of –1.9 and +1.3 (cf. Table 1). 

B2 (46 1/10mm) 
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5. SHEAR AND ELONGATIONAL RHEOLOGY OF CONVENTIONAL AND MODIFIED BINDERS 
 
In the previous section, it was noted that, for most of the considered binders, peeling curves at 15°C are parallel. This 
means that temperature conditions can be varied so that peeling master curves are superimposed. This has been 
investigated by using as a reference the stretching resistance measurements obtained for binder B2 at 15°C. 
When these specific temperature conditions are found, they are then selected to plot results for shear rheometry 
characterization. 
Figure 12 presents the conditions obtained for the two conventional binders: as B1 is softer than B2, it has to be 
considered at a lower temperature (10°C) in order to display extensional properties that are quantitatively close to 
identical. It is then important to note that, when temperature conditions are chosen so that extensional measurements are 
superimposed, shear measurements are also superimposed. 
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Figure 12: Extensional and shear rheology of conventional binders 

 
Progressing in this direction, temperature conditions have been determined for binders B4, B5 and B8, so that their 
respective peeling curves are superimposed on the ones obtained with binder B2 at 15°C. For binder B5, a reference 
temperature of 19.3°C was found, as illustrated in Figure 13. Then, when temperature conditions are chosen so that 
peeling curves superimpose, shear rheology curves do not superimpose. A similar observation was made with binders 
B4 and B8. 
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Figure 13: Extensional and shear rheology of modified binders 

 
For binder B3 containing Type 1 inclusions, the superimposition of peeling curves with binder B2 was simply not 
possible, since the slopes of the two master curves were too different. 
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Thus, when inclusions are added to bitumen, the rheology of the binders is affected to such an extent that shear 
rheometry curves cannot be superimposed overall. In addition, for some particular inclusions, extensional rheology can 
also be modified to such a level that peeling curves cannot be superimposed overall. 
 
 
6. CONCLUSION 
 
In our work, different bituminous binders have been subjected to careful rheological characterization, including 
measurement of their shear responses and evaluation of their extensional flow responses monitored with a 90° peel test. 
Peel experiments have been run at several temperatures and peel velocities, and the results have been shifted by time-
temperature superposition to obtain a master curve of peel force versus peel velocity. This fundamental experimental 
programme is a unique illustration and quantification of the elongational properties of bituminous binders. 
It has been shown that the ultimate cohesive properties of a bituminous material can be determined using a stretching 
programme as obtained in a peel test: 

 Except for conventional bitumens, “equivalent peeling behavior” is not related to “equivalent shear rheology”. 
 When inclusions are added to bitumen, the rheology of the binders is affected to such an extent that shear 

rheometry curves cannot be superimposed overall when peeling curves superimpose.  
 For some particular inclusions, extensional rheology can also be modified to such a level that peeling curves 

cannot be superimposed overall. 
 When polymer modification is applied to bitumen, the elastomeric or plastomeric nature of the polymer 

determines its elongational properties.  
This last point is consistent with analysis displayed in the polymer field, where molecular weight, molecular weight 
distribution and the polymer structure itself are known to be equally important in the peeling application, as they 
influence the rheological viscoelastic response [6, 8, 13]. In particular, slip-stick regimes in peeling experiments have 
been observed with linear molten polymers, and not with branched ones [8]. We illustrate here the fact that elongational 
properties of bituminous binders are more complex, as slip-stick regimes were noticed with bituminous products that 
cannot be considered as linear.  
In road applications, both “soft” binders and polymer-modified binders are known to improve cracking resistance. Here, 
it is shown that: 

 The higher the penetration of a conventional binder is, the faster cracks propagate; high propagation velocities 
can be obtained with low-penetration binders using Type 1 inclusions. 

 In contrast, with polymer modification, cracks propagate slower. 
This seems to indicate that different parameters govern cracking resistance: being able to follow the imposed stretching 
deformation, but also to induce cracking under higher stress values and, finally, possibly to recover from the induced 
crack (self-healing). Perfect cracking resistance would be obtained by combining these three performances. 
While high-penetration binders or Type 1 inclusions tend to favor the first aspect, polymer modification seems to play a 
role in the last one [14]. How the maximum stress level sustained by a given binder can be affected by the presence of 
inclusions still has to be studied. 
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ABSTRACT 
 
On the eve of the introduction of new specifications for Polymer Modified Bitumen (PMB) in Europe, the current 
specifications in many countries still include ductility. This test, of which the relevance is already uncertain for the 
performance of unmodified bitumen in asphalt mixes, leads to results for PMBs that cannot be compared to the results 
obtained on unmodified bitumen, which obscures its relevance even further. Ductility is in general terms a measure for 
ease of coherent deformation. However, with a polymer like Styrene-Butadiene-Styrene (SBS), one tries to build a 
polymer network that will not allow free movement of molecules and hence one measures rather different properties in 
the same test and one should thus be very careful setting the specification limits. Excellent performing binders can thus 
be excluded from being used due to erroneous specifications, or, alternatively, one may be forced to use less of a 
performance improving additive simply to meet specifications. 
This paper deals with an analysis of (the outcome of) the ductility test for PMBs and discusses its relevance for polymer 
modified asphalt performance. 
 
Keywords: SBS, PMB, Polymer Asphalt, Ductility 
 
1. INTRODUCTION 
 
The substantial and still rapidly growing use of Polymer Modified Bitumen (PMB) in the road building industry has 
intensified the debate around the use of the traditional, empirical test methods in setting specifications for modified 
asphalt pavement binders. Although the empirical test methods have been abandoned in the US, ironically there is a 
gradual reappearance of some of those in the so-called Superpave ‘Plus’ specifications, in particular to distinguish 
PMBs from ‘upgraded’ binders based on questionable processing techniques. In Europe the CEN has initiated another 
round of evaluations and validations to lead to better characterization of PMBs, but until such time the old test methods 
are still widely used. 
One of the specifications raising specific concern is ‘Ductility’ for PMBs. Ductility itself is already a test that is 
difficult to correlate to bitumen or asphalt performance, but for PMBs its relevance has hardly been investigated and 
looks like being a ‘it’s not relevant but the best we have’ left-over from the existing specification schemes. Illustrative 
for this is the fact, that in some of the current schemes, where binders with different polymers are specified for one type 
of application, different ductility requirements are set.  
In this paper some theoretical considerations and experimental examples with (poly)Styrene-(poly)Butadiene-
(poly)Styrene (SBS) and related polymers will be dealt with. 
 
2. CHANGES IN BITUMEN AS A RESULT OF POLYMER MODIFICATION 
 
Upon the addition of polymer to hot bitumen, it absorbs (non-asphaltene) bitumen components and dissociates from its 
three-dimensional structure to be fully dissolved. The hot blend with the fully dissolved polymer may be completely 
homogeneous, but can also have a two-phase morphology. Upon cooling, a two-phase system will develop even in the 
case of a single phase blend at high temperatures. The homogeneity of the cold blend is determined by quite a large 
number of factors such as bitumen composition, polymer molecular parameters, cooling rate, shear and others. In the 
two phases, one phase is extended polymer + maltenes (Polymer Rich Phase) and the other phase is the asphaltenes + 
the remainder of the maltenes (Asphaltene Rich Phase).  
Besides the level of homogeneity and the morphology, the phase continuity strongly determines the test results. Phase 
co-continuity can exist in a bitumen polymer blend and phase inversion may take place at low levels of polymer 
modification. This is why a number of standard bitumen tests show a non-linear relation with polymer content as is 
shown in Figure 1 for Softening Point R&B.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: The correlation between the softening point R&B and the SBS-content of a binder (base bitumen 
same as presented in Figures 3 and 5: 100pen low PI) 

 
3. DUCTILITY 
 
3.1 Mechanistic 
 
The definition of ductility is the plastic deformation before fracture. On micro scale this means that molecules are free 
to move, but have sufficient interaction (cohesion) to prevent fracture. In the traditional bitumen test, the results are 
only reported as the elongation at a certain temperature. However, with the Stress/strain curve (reading taken from 
Force ductility measurement except for pure polymer (ASTM D-113), the following analysis can be made (Figure 2): 
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Figure 2: Typical stress/strain curves as determined in ductility testing for bitumen (solid), elastomer (square 

dotted) and bitumen/elastomer blend (dashed). Stresses as recorded in force ductility test. 
 

 The solid line represents typical unmodified bitumen; in the first few percent of elongation there is build-up of 
stress and after yielding the stress declines to an almost zero level. This means that in the first instance 
molecules are stretched and the bonding length between molecules increases. After the yield stress has been 
reached, bonding between molecules is lost and they start to move with just enough interaction to have no 
fracture. One characteristic is that nearly 100% of the deformation is irreversible. 

 The square dotted line represents the stress/strain curve of  SBS (not determined in ductility test and curve 
sized to match the boundaries of this graph); upon initial elongation there is little stress build-up during the 
uncoiling of the poly-butadiene part of the molecules. Then gradually the molecules are stretched and there is 
a gradual build-up of stress, but the Van der Waals forces keep the polystyrene domains together. Upon the 
stress exceeding the Van der Waals forces, the domains will break up and thus maximum stress and maximum 
strain coincide. This behaviour does not change dramatically when oil is added to the SBS, but in case there is 
excess oil (for instance in modified bitumen), there may be some reduction in stress before fracture due to 
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gradual slip in the polystyrene domains, which would be the only true element of ductile behaviour. Contrary 
to ductile deformation, there will be a close to 100% elastic recovery of the sample. 

 The dashed line represents a typical SBS-modified bitumen binder; the yield stress is somewhat higher and 
achieved at a lower elongation due to maltenes absorption by the polymer stiffening the Asphaltene Rich 
Phase. There is a secondary maximum from the heavily extended polymer. After the test an elastic recovery of 
60-99% is reached depending on the polymer concentration and the internal resistance of the bitumen (the 
harder the bitumen, the slower the recovery). It was established that with these binders we achieved a accuracy 
of =/- 5% on the maximum elongation. 

 
3.2  Temperature dependence 
 
Ductility is strongly dependent on temperature. However, there is a restricted range at which it can be measured with 
some level of accuracy. Figure 3 shows three lines that represent the ductility/temperature relationship for three 
different bitumens: two of different hardness (60 and 100 pen) and similar temperature susceptibility (PI) and one of 
intermediate hardness (80 pen) and a higher PI. These relationships reflect the different properties of the three base 
bitumens.  
Figure 3 illustrates one of the odd things about specifying ductility: should there be a specification for bitumen to fulfill 
a minimum ductility at 8°C of 100 cm, the low PI bitumen would pass, while the intrinsically better bitumen of medium 
PI would not. 
 
4. EFFECT OF DIFFERENT POLYMERS ON DUCTILITY 
 
The stress/strain curve can be greatly changed if polymer is added to bitumen, however, not all polymers have the same 
effect. Moreover, polymers can alter the ductility/temperature relationship. Three polymers will be compared: SBS 
(Kraton® Polymers D-1101), SBR (Roadex® ex. JSR) and EVA (Polybilt® 100 ex. Exxon Chemicals).  
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Figure 3: Typical ductility/temperature profiles for three unmodified bitumens 
 
The SBR is based on the same base monomers as SBS, but instead of having these as segregated interconnected blocks, 
the monomers are randomly distributed over the polymer chain. EVA is EthyleneVinyl Acetate, which is also a block 
co-polymer and also used in the bitumen (roads) industry. 
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Figure 4: The effect of various polymers at 5% modification level on the ductility/temperature profile of a 
bitumen 

 
Non cross-linked SBR has few applications. Most people know SBR after it has been vulcanised (cross-linked), 
creating a three-dimensional network as the one present in SBS polymers. However, the vulcanized SBR network is 
permanent, while the SBS network is reversible. SBR can only be used in this bitumen application, in its non-
vulcanised form, where it consists of high molecular weight linear molecules and as such is even more ductile than 
bitumen. They can easily de-coil upon extension and have a minute interaction by which there is no stress build-up, but 
an enormous elongation before fracture.  
When added to bitumen, the ductility/temperature relationship typically shows a shift of 1 – 2°C to the lower 
temperature end (Figure 4). The stress/strain curve remains virtually unchanged, compared to the base bitumen. This 
has been presented in the past as an improvement of the bitumen binder, but without quantitative performance data to 
support that statement.  
With EVA the opposite occurs. EVA is a plastomer (hence shows plastic and no elastic behaviour) and generally 
increases the stiffness of bitumen. The results obtained in terms of elongation before break, are thus disappointing. 
Furthermore, with this particular polymer there is an increased yield stress, but hardly a secondary maximum, which is 
as expected given the polymer’s structure and properties. 
With the SBS-modified blend the ductility/temperature relationship is completely changed: at the lower temperature 
end the maximum elongation is higher and at the higher temperature end the maximum elongation is lower than that of 
the base bitumen and hence also compared to SBR-modified binder.  
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5. EFFECT OF SBS CONCENTRATION 
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Figure 5: Effect of increasing amounts of SBS on ductility/temperature profile of a more compatible bitumen 
 
Given the strong effect of SBS on maximum elongation, it was interesting to establish the effect of SBS concentration. 
The harder of the two low PI bitumens and the medium PI bitumen were modified with 3, 5 and 7% SBS . The 
‘ductility’ results are presented in figures 5 and 6. With the low PI bitumen, there is a gradually growing effect. The 
low PI bitumen is highly compatible and a Polymer Rich Phase continuous system will even be possible at such low 
polymer concentrations of 3%.  
With the medium PI bitumen, results at low temperatures are better than the base bitumen, while at higher temperatures 
results are worse; there is even a cross-over, which may relate to phase inversion. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Effect of increasing amounts of SBS on ductility/temperature profile of a medium compatible bitumen 
 



6. DISCUSSION 
 
6.1  Relevance 
 
Among all traditional empirical bitumen tests, the relevance of the ductility test for asphalt mix performance is least 
understood. Based on test results, it is generally accepted that good ductility relates to good bitumen homogeneity. 
Blown bitumen has lower ductility values than straight bitumen of the same grade at the same temperature. In the early 
days of bitumen improvement, (conventional) high PI bitumen was used to successfully combat rutting, but ultimately 
this development was discontinued due to severe cracking problems. As these bitumens also had poor ductility values, 
the link between poor ductility and poor cracking resistance was easily made. On the other hand, bitumens with low 
asphaltenes content, generally have an excellent homogeneity and thus ductility. They also tend to have low PIs and are 
therefore less attractive. Comparing the low PI 100 pen with the medium PI 80 pen bitumen in Figure 3, the former has 
a ductility at 6°C above 150cm and the latter at the same temperature a ductility of less than 20cm. However, their 
respective Fraass breaking points, are -7°C and -15°C, so in terms of low temperature performance, for which low T 
ductility is sometimes used as a surrogate test, the ductility result may suggest the wrong bitumen to be selected. 
Data obtained on polymer modified systems can also be rather misleading. As early as 1964, Hoiberg in his well-
known trilogy on Bituminous Materials 1), wrote that “asphalt falling short of meeting the usual 150cm specification 
could be modified with SBR to exceed that specification”. It was thus suggested that huge improvements in 
performance could be obtained. Figure 4 could be used for the following statements that both are true: 

 At 4°C the ductility of a 100 pen bitumen is ‘improved’ from less than 20 to over 150cm through SBR 
modification!! 

 The improvement in ductility by the use of SBR is only in the order of 2 – 3°C. 
If we then also take into account that the addition of SBS would have given an increase in ductility to about 60cm and 
when challenged on making a binder choice on the basis of this test result one would choose for the SBR modification. 
However, when a road test section was laid with straight, SBR-modified and SBS-modified asphalt in the Californian 
dessert, only the SBS system was able to resist the reflective cracking, while the SBR site cracked as rapidly as the 
straight asphalt section 2). Another illustration of the small significance of ductility results for polymer modified 
systems. 
Over the many years that SBS has now been used in this industry it has been clearly demonstrated that there is an 
obvious correlation between polymer content of the binder and the performance of an asphalt mix. Economics and the 
demands that are imposed on the binders determine the ultimate polymer content, but for instance in Japan there are 
binders with up to 10 – 11% of SBS to comply with the most severe traffic and climatic conditions. In other words and 
given that processing is adequate, the performance in asphalt mixes improves with a gradual change from bitumen 
properties to elastomer properties. Reference can be made to other industries where such significant changes have also 
changed the testing procedures: although SBR is very ductile, no one will ever characterize vulcanized rubber with a 
ductility test. 
 
6.2  Useful in QA? 
 
When looking at Figures 5 and 6 one would be tempted to promote low temperature ductility as a QA test to secure the 
use of SBS in a modified binder. However, it is also quite obvious that for a certain bitumen there should be a careful 
selection of the actual test temperature: in the case of the blends in Figure 6 a temperature of 7°C is favourable and a 
test temperature of 9°C is unfavourable for SBS-modified binders. Any test temperature of 4°C or above would be 
unfavourable for binders based on bitumen softer than about 130 pen.  
One thing that makes some sense is using ductility equipment to perform elastic recovery tests. Although elastic 
recovery as such has no direct relation to the performance of asphalt mixes, the test can be used to distinguish 
chemically modified bitumen from polymer modified bitumen. 
 
6.3  Prediction for low temperature asphalt mix performance? 
 
Let’s consider low temperature ductility as a surrogate test for low temperature asphalt mix performance. Thermal 
cracking of asphalt mixes normally results from either of two mechanisms: thermal fatigue or a single event of thermal 
stress exceeding the breaking strength of the mixture (also affected by traffic loading). In either of the two processes 
stress build-up and stress relaxation play dominant roles. Stress build-up is obviously closely related to binder stiffness. 
As long as the stiffness is low enough, stress build-up as a result of contraction forces upon cooling will be 
counteracted by the ability to deform leading to stress relaxation. However, at a certain stiffness, under the prevailing 
rate of temperature decrease, stress build-up will increase more than the deformation allows stress relaxation and upon 
continuous temperature decrease the stress will build up exponentially. 
Stress build-up continues until such time that another form of stress relaxation will start to come into play: cracking. 
Cracking can be distinguished in two different steps: crack initiation and crack propagation. In asphalt mixes, however, 
there are so many flaws in the homogeneity of the mix that these will act as notches, so the most relevant parameter 



would be the resistance to crack propagation: fracture toughness. With low fracture toughness, crack growth can easily 
develop into a catastrophic crack growth, in which the stress is completely relieved to the level that the entire asphalt 
layer is cracked. However, the higher the fracture toughness, the more the crack growth will be step-wise: upon crack-
growth there will be stress relief up to the level that the stress is no further capable of growing the crack further. Hence, 
stress relaxation will take place even if flow is absent through a mechanism of micro-cracking. In this process the 
asphalt mix will remain largely in tact and gets the chance to heal when temperatures are rising. 
So the most relevant material characteristics that will determine under what thermal conditions an asphalt mix will 
crack are stiffness, fracture toughness and breaking energy. Unless one measures force ductility, from which energy can 
be deduced –albeit at much higher temperatures-, none of the relevant parameters can be determined with a simple 
ductility test.  
 
7. CONCLUDING REMARKS 
 
Ductility of bitumen indicates the ease with which it flows under elongation forces. It tells something about the 
homogeneity and is sometimes erroneously associated with crack resistance. On the other hand there is experimental 
evidence that plain bitumen with poor ductility can lead to poor cracking performance of the asphalt mix it is used in. 
Adding polymer to bitumen will lead to a behaviour that is completely different from what is normally observed with 
bitumen, unless the polymer itself is ductile. With SBS, for instance, the ductility can be improved below a certain 
temperature, while above that temperature ductility may be worse than that of the base bitumen. No correlation 
between standard ductility data and asphalt mix performance is available in the open literature. It is an irrelevant test 
from a performance point of view, as minimum ductility specifications may disqualify better performing binders. 
From a Quality perspective, for instance to assure a minimum polymer content, ductility is an irrelevant test for the 
same reasons. 
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ABSTRACT 
 
Increasing traffic and axle load on roads necessitates the use of binders modified with polymers. High quality is 
guaranteed by using elastomers that create homogenous systems with the bitumen in different stage of use. However, 
when assessing the properties of polymer modified bitumen, one must additionally take into consideration the behaviour 
of bitumen and polymers as well as changes taking place in the dispersed polymer-bitumen system. 
In this paper the morphology of polymer modified bitumen is analysed. Quantitative analysis of polymer modified 
bitumen microstructure is based on fluorescent microscope photomicrographs and computer image analysis. The study 
tries to quantitatively describe the microstructure of polymer modified bitumen and connect it with rheological 
properties.  
The results show that it is essential to describe the microstructure of polymer modified bitumen in its evaluation. This 
quantitative method allows us to more accurately determine the level of compatibility of bitumen and polymer, which 
enables the efficient modelling of properties of polymer modified bitumen in relation to the base bitumen and influences 
its durability. 
 
Keywords: polymer modified bitumen, microstructure, rheology, computer image analysis. 
 
1. INTRODUCTION 
 
Polymer modification of bitumens is not a new technology to improve the viscoelastic range of binders. When used as 
bitumen modifiers, polymers should be compatible with bitumen, resist degradation at asphalt mixing temperatures and 
be cost effective [2,12]. To determine the properties of polymer modified bitumen, one must allow for the behaviour of 
bitumen, polymer and for interaction taking place in the dispersed polymer-bitumen system [6]. Methods of visual 
assessment of the microstructure of polymer modified bitumen using fluorescence microscopy and image analysis tools 
allow us to find relations between the microstructure and rheological properties [7]. 
The aim of this study was to establish the relationship between the microstructure and rheological properties of PmB’s 
at a wide range of temperature. The description of morphology was based on UV microscope and computer image 
analysis. Rheological properties were determined using a bending beam rheometer (BBR), a dynamic shear rheometer 
(DSR) and standard tests. 
 
2. MATERIALS AND TESTING METHOD 
 
Nine bitumens in two grade classes (25/55 and 45/80) and three classes of softening point (55, 60 and 65) were 
investigated in this study. These kinds of bitumen called A, B and C were produced for the Polish market by three 
producers: Orlen (1), BP (2) and Lotos (3). Table 1 shows the kinds of binders used for testing. 
 

Class of PmB: PmB 25/55-60 PmB 45/80-55 PmB 45/80-65 
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Producer 1 PmB-1 A PmB-1 B PmB-1 C 
Producer 2 PmB-2 A PmB-2 B PmB-2 C 
Producer 3 PmB-3 A PmB-3 B PmB-3 C 

Table 1 Kinds of binders used for testing 
 
For all tested bitumens artificial ageing was performed using the Rolling Thin Film Oven Test (RTFOT) and Pressure 
Ageing Vessel (PAV). The RTFOT method, short-term aging, simulates aging during the production and laying of 
asphalt mixtures. PAV method, long-term aging, simulates aging for the first 10 years of service [4,8]. 
In this study conventional parameters were measured for original and aged binders, e.g. softening point (R&B, EN 
1427), penetration (at 5°C, 15°C and 25 C, EN 1426), elastic recovery test (EN 13398) and dynamic viscosity test 
(rotational viscometer, ASTM D 4402-02). 
Rheological properties at low temperatures were determined using a bending beam rheometer (BBR). Creep tests were 
made by the SHRP method according to AASHTO TP5. Tests were performed at -12°C, -18°C and -24 °C. Based on 



the plots of creep stiffness and creep rate (m-value) versus loading time, stiffness and m-value at a loading time of 60 s 
were determined. 
Viscoelastic properties were assessed on polymer modified bitumen using a dynamic shear rheometer (DSR) type 
MCR-101 equipped with 25 mm diameter parallel plate geometry. The DSR tests reported in this paper were performed 
under strain controlled loading conditions using constant angular frequency 10 rad/s at temperatures between 46°C  82 
°C. The tests were done for all temperatures with a 25 mm diameter plate and a 1 mm gap. The strain amplitude for all 
tests was confined within the linear viscoelastic response of the binders. Parameters obtained from DSR were the 
complex shear modulus G*, damping factor tg  and G*/sin . The Value of G*/sin  according to the SHRP was used to 
determine the susceptibility of flexible pavement on rutting. 
The morphology of polymer modified bitumen was observed using a fluorescence microscope (Nikon Eclipse). A drop 
of heated and homogenised sample was placed between microscope slides [3]. Samples were observed at room 
temperature under a fluorescence microscope with a magnification of 200. Photomicrographs were taken using a digital 
camera. The recorded image of tested samples was subjected to quantitative image analysis using the ImageJ v1.38 
computer programme. 
 
3. VISUAL ASSESSMENT OF POLYMER MODIFIED BITUMEN MICROSTRUCTURE 
 
Visual assessment of polymer dispersion in bitumen binders can be performed using a microscope by illuminating the 
samples with ultraviolet light. This method utilises the phenomena of different fluorescent induction (illumination) of 
materials illuminated with ultraviolet light. 
When illuminating a sample of modified bitumen with UV light there is a visible difference in the luminescence of the 
polymer phase and the bitumen phase. Using a filter we can observe the polymer phase in light-yellow or gold and the 
bitumen phase in black or dark brown [7,10]. 
The European Standard EN 13632 “Visualisation of polymer dispersion in polymer modified bitumen” unifies methods 
of visualising polymer distribution in polymer modified bitumen based on fluorescent microscopy and qualitative 
description. This standard specifies ten model pictures which give information about the continuous phase and a 
description of the phase, the size and the shape. An example of qualitative description of PmB-1 A bitumen before 
aging is shown in Figure 1. 
 

 

continuous phase: B 
description of the phase: H 
description of the size: S 
description of the shape: r 
 
B: continuous bitumen phase 
H: homogeneous 
S: small (< 10 m) 
r: roundish 

Figure 1 Example of qualitative description of PmB-1 A bitumen before aging. 
 
The description of the sample shown in Figure 1, in accordance with EN 13632, allows us to asses the morphology of 
polymer-bitumen dispersion based on model pictures. It is connected with a very subjective evaluation of 
microstructure and does not allow the microstructure to be connected with properties of analysed material. 
The study tries to quantitatively describe the microstructure of polymer modified bitumen and connect it with 
rheological properties. This is possible thanks to a limited number of strictly defined values describing the spatial 
structure of the solid, the estimators of which can be relatively easily defined on plane sections. This estimation does 
not require assumptions regarding the shape of the solid or only assumes their convexity [11]. 
In order to quantitatively characterize the microstructure of polymer modified bitumen, microscope images were 
recorded and transformed to binary images. Before the transformation to binary image, colour image was reduced to 
256 grey values. The grey image was filtered using median filter in order to remove unnecessary details and noise. In 
order to unify conditions of binarisation, shadow correction and normalisation of histogram were done. Figure 2 shows 
the images of microstructure subject to transformation to binary image. Photomicrographs were taken for all types of 
polymer modified bitumen analysed in the study; the pictures were subject to transformation to binary image and 
quantitative analysis. 
From amongst possible values describing microstructure the following values in the whole population were considered: 
 Polymer area – average area of polymer contained in the bitumen, in percent. 
 Average particle area – average area of separate particles in square micrometers. 
 Average perimeter – average length of the outside boundary of separate particles. 



 Average major diameter – average major diameter of fitted ellipse on polymer particles. 
 Average minor diameter – average minor diameter of fitted ellipse on polymer particles. 
 Lengthen of particles – ratio of average minor diameter and average major diameter of optimal circumscribed 

ellipse on particle. A value of 1.0 indicates no lengthening of particles. 
 Average circularity – 4 (area/perimeter²). A value of 1.0 indicates a perfect circle. 
 Polymer area fraction – number of particles in square millimetres. 
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a) 256 grey value microscope image recorded by digital camera of PmB-1 A bitumen 
b) binary image of PmB-1 A bitumen 
c) 256 grey value microscope image recorded by digital camera of PmB-1 B bitumen 
d) binary image of PmB-1 B bitumen 
e) 256 grey value microscope image recorded by digital camera of PmB-1 C bitumen 
f) binary image of PmB-1 C bitumen 

Figure 2 Examples of image binary transformation of different kinds of polymer modified bitumen 
 
Rheological behaviour of polymer modified bitumen in relation to microstructure was based on variance analysis. The 
ranges of microstructural characteristics were empirically determined to estimate rheological changes in the function of 
microstructure. In this study rheological properties dependent on microstructure were specified below 0.05 value of 
level of significance. 
 
4. ANALYSIS OF MICROSTRUCTURE CHANGES VERSUS RHEOLOGICAL PROPERTIES 
 
Basic properties of bituminous binders like penetration were characterised by increase in consistency, with enlargement 
of the polymer particle area and particle perimeter as shown in Figure 3. This behaviour seems logical for of binders 
with harder larger particles of polymer in a softer bituminous matrix. There is an interdependence between area and 
perimeters of polymer particles and the influence of penetration at 5°C and 15°C. This is not true for penetration at 
25°C. 
The remaining standard properties, like softening point and elastic recovery, do not show microstructure dependence. 
Differences in average values were statistically insignificant. 
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Figure 3 Influence of area (a) and perimeter (b) of polymer particles on penetration. 
  
Penetration index (PI) is a measure of the temperature susceptibility of bitumen [5,9]. For polymer modified bitumen 
the value of PI is often higher than for neat bitumen. This is connected with a wider viscoelastic range of modified 
bitumen both at high and low temperatures. Polymer modified bitumen is a compound of polymer and bitumen and its 
temperature susceptibility depends on polymer and bitumen behaviour and their interaction. Figure 4 shows an 
interdependence of penetration index and microstructural properties connected with shape. Both lengthen and 
circularity of particles are a measure of shape. As shown penetration index for round particles is higher. If particles are 
less homogeneous or lengthily, the temperature susceptibility of polymer modified bitumen decreases. In both cases a 
value of 1.0 indicates no lengthening of particles and a perfect circle. 
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Figure 4 Influence of circularity (a) and lengthen (b) of polymer particles on penetration index. 
 
Dynamic viscosity is a fundamental characteristic of bitumen, as it determines how the material will behave at 
technological temperatures and over a temperature viscoelastic range. Polymer modified bitumen is characterised by a 
higher softening point and consistency at ambient temperatures than neat bitumen. This cause on increase in stiffness of 
polymer modified bitumen at high temperatures but at the same time results in an increase of mixing and laying 
temperatures. The technology of asphalt mixing requires a reduction of high temperatures to be cost effective process. 
Figure 5a shows the influence of the perimeter of polymer particles on dynamic viscosity at 135°C. The study shows 
that it is also true for polymer modified bitumen viscous properties at 110°C and 150°C. Binders of low dynamic 
viscosity were characterised by small particles with a perimeter of less then 4 m and particles with a perimeter over 6 

m. There are several reasons for this behaviour of polymer modified bitumen. In the first case friction is lower 
between small polymer particles in bitumen matrix. In the second case the quantity of particles decreases with growth. 
Complex modulus (G*) obtained from DSR is defined as the ratio of maximum shear stress to maximum strain and 
provides a measure of the total resistance to deformation when bitumen is subjected to shear loading [1]. It contains an 
elastic component which is designated as the storage modulus (G’) and a viscous component which is designated as loss 
modulus (G”). Measure of the viscoelastic balance of the material behaviour is phase angle . If tg  pursues infinity, 
then the bituminous material is characterised by viscous behaviour, while when tg  amounts to 0 the bituminous 
material is characterised by elastic behaviour. Between these two states the material viscoelastic behaviour depends on 
viscous or elastic predominance. 
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In Figure 5b the interdependence between damping factor and circularity is illustrated for test at 82°C. At this 
temperature the advantageous value of tg  is less then infinity. When bitumen maintains a low level of tg  at high 
temperatures, it will be stiff and resistant to permanent deformation. There are two ranges of optimal value of tg  for 
circularity: between 0.3 - 0.5 and above 0.8. Circularity of 0.3-0.5 is characteristic for high polymer modified bitumen 
with very small striped particles (Figure 2e,f). This type of bitumen is often called a network system. For medium 
polymer modified bitumen, a homogenous system of roundish particles (circularity >0.8) is better as arises from this 
study. 
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Figure 5 Influence of circularity and perimeter of polymer particles on rheological properties: a) dynamic 
viscosity, b) dumping factor tg , c) complex modulus G*, d) SHRP rutting parameter G*/sin . 
 
Complex modulus G* and SHRP rutting parameter G*/sin  in function of polymer particle perimeter is shown in Figure 
5c and Figure 5d respectively. Binders with medium-sized perimeter particles (4-6 m) are characterised by a 
maximum value of stiffness and rutting parameter. Binders maintain sufficient elastic properties at this temperature. The 
study shows similar relations for complex modulus and rutting parameter G*/sin  at different temperatures eg. 46°C, 
58°C and 70°C. 
 
5. CONCLUSIONS 
 
Increasing traffic and axle load requires the use of polymer modified binders. Viscoelastic properties of road bitumens 
can by improved by polymer modification. A high quality of modified binders is guaranteed by stable polymer systems 
dispersed in bitumen matrix. The nature of a polymer swelled system and its influence on polymer modification is a 
function of the base bitumen properties, content and characteristic of the polymer and bitumen–polymer compatibility. 
Quantitative analysis of polymer modified bitumen microstructure on the basis of microscope images is a good method 
for identifying the changes of viscoelastic properties taking place in modified binders during modification and 
application. It can be used to make deductions regarding the homogeneity of polymer-bitumen systems in time, 
properties of polymer modified bitumen and pavement durability. 
Polymer modified bitumen microstructure can be described by the area, perimeter, lengthen and circularity of polymer 
particles. These are correlated with rheological properties in the wide range of viscoelastic and viscous properties of 
bitumen. Our study shows that a considerable quantity of small and big particles is not optimal from the rheological 
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point of view. Regularly shaped polymer particles create a more stable homogenous system in bitumen than long, 
striped particles. 
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ABSTRACT 
 
The underlying work concerns the effectiveness estimate of a modification based on linear SBS and applied to two 
chemically different bitumens (PS 40/175 – industrial and 160/220 – for road works), which is achieved using the flow 
curves measured in a Brookfield apparatus at a temperatures of 120oC and 130oC. Conduction of viscosity 
measurements at heightened temperatures was aimed at replicating real-life conditions in which polymer-bitumen 
mixtures are made, with two decoupled SBS components (soft but elastic polybutadiene and liquid polystyrene) taking 
part in this process together with various amounts of bitumen chemical ingredients (asphaltenes, resins, aromatic 
compounds, paraffins). As a result of conducted viscosity measurements represented by flow curves and time-based 
elastic recovery (acc. to PN-EN standards), a mutual relation between structural viscosity of modified bitumen and the 
elastic recovery rate was found for the first phase of testing (up to 200 s) as well as for longer time. No influence of 
melted polystyrene and the ratio between paraffin and aromatic compounds on rheological properties of polymer-
bitumens was however observed. 
 
Keywords: SBS-modified bitumen, dynamic viscosity, coating compound 
 
1. INTRODUCTION 
 
Ever broader applications of bitumens modified by rubber-like additives in various branches of building industry (roads, 
industrial) unfortunately do not reduce the difficulties occurring in the application phase, which are mostly due to 
uncontrolled changes of viscosity. These difficulties in most cases seem to be caused by unfortunate selection of 
materials (bitumens and polymers), thus failing the requirements regarding physical and chemical compatibility 
between the ingredients. 
Experiences gathered in this process indicate that such compatibility testing as „tube test” may prove ineffective, same 
as the usage of special additives for the reduction of surface tension at the phase boundary between bitumen and rubber-
like resin (so-called compatibilisers, being the aromatic hydrocarbons, naphthenes and paraffins). Apart from eventual 
additives, the factors having substantial influence on the forming of homogeneous and durable dispersed systems are 
chemical character and structure of the polymer and the chemical group composition of bitumen. Bitumen 
characteristics in this regard are represented by a colloidal stability index Ic expressed by a formula (1): 
 

CS
NAIC  (1)

where: 
A – asphaltenes, %; 
N – saturated hydrocarbons, %; 
S – resins, %, 
C – cyclic (aromatic) hydrocarbons, %; 

 
Resins are absorbed on asphaltenes and allow their dispersion in the mixture of aromatic compounds and saturated 
hydrocarbons (peptisation). Aromatic compounds have a role of a solvent and the saturated compounds the role of a 
coagulant or flocculant [1]. Bitumens made of various crudes having various asphaltene content and various group 
composition, with Ic values ranging from 0,08 to 0,36, turned out to be compatible with SBS polymer. 
The structure of polymer has a significant impact on the forming of a homogeneous system. According to views [2] 
linear (block-type) variants of SBS fuse better with bitumens than other types. 
As far as a beneficial influence of aromatic hydrocarbons (resins + cyclic compounds) on the homogenisation of 
thermoplastic polymers in a dispersing environment is beyond any discussion, the role played in this process by 
asphaltenes and aromatic hydrocarbons as well as polystyrene which at 120oC -130oC becomes a Newtonian liquid, 
remains to be determined. 
 
2. MATERIALS SELECTED FOR RESEARCH 
 
Two binders have been selected for the estimate of the impact that chemical group composition of bitumens has on the 
effectiveness of modifying them with a thermoplastic SBS polymer. The first one was a coating compound used for 
thermally bonded tar board, produced from PS 40/175 industrial bitumen. Block SBS polymer of linear structure 
(commercial name Kraton 1101) was used for its modification, in a quantity amounting to 9% of weight in relation to 



bitumen. During the tar board production process (polyester-based) it was hardened with a lime filler additive, with 
10% of pure bitumen weight being added to improve the resistance of coating mass to down flow. 
The other binder selected for testing was a 160/220 road bitumen having physical and chemical parameters highly 
similar to those of industrial bitumen. The binder was used for the preparation of three batches of laboratory samples 
containing various amounts of modifier: 160/220+3% SBS, 160/220+6% SBS and 160/220+9% SBS. Samples for 
testing have been prepared in laboratory conditions at 160°C-180°C by mixing until full homogeneity was achieved. 
 
3. RESEARCH METHODS AND THE ANALYSIS OF RESULTS 
 
In case of bitumens the main focus was placed mostly on chemical group analysis, using the Latroscan chromatographic 
method whose results are presented in table 1. 
 

Lp. Constituent groups PS 40/175 160/220 

1 Saturated hydrocarbons, %   7,0   6,5 

2 Aromatic hydrocarbons, % 20,5 56,6 

3 Resins, % 46,5 24,9 

4 Asphaltenes, % 17,0 10,2 

5 Colloidal instability index, Ic    0,36   0,2 

 
Table 1. Chemical group composition of bitumens 
 
The main focus of research into SBS elastomere modified bitumens was placed on relatively high temperature range 
(110-130°C), to conduct the analysis at the instant of actual forming of polymer-bitumen structure. In these 
temperatures the following constituents of polymer-bitumen are in the phase of Newtonian or non-Newtonian 
(structural) liquid: saturated hydrocarbons, aromatic compounds, resins and the polystyrene copolymer decoupled from 
SBS block. The asphaltenes and SBS-originated polybutadiene remain in solid and soft-elastic state in this temperature 
range. Due to a liquid consistence of samples formed in laboratory conditions (samples of 160/220+polymere and 
industrial PS 40/175+polymere), a Brookfield DV-II+ viscometer was used for their testing. Used in connection with a 
spindle (SC4-27) it allowed a measurement of dynamic viscosity in the range of  25-25000000 mPas, with spindle 
rotational speeds  varying from 0,01 rpm to 200 rpm. The maintenance of constant temperature during testing was 
ensured by Thermosel Model 75 System. 
The testing of binder samples has been done after a period of thermal stabilisation, starting from the lowest shearing 
speeds. The testing temperatures were stepped up by 10°C steps in 110-130°C range, recording the shearing speeds and 
their accompanying stresses which were then used for the calculation of dynamic viscosity. This latter parameter has 
been presented in a two-dimensional system: dynamic viscosity against shearing speed. The results of measurements 
given as arithmetic averages of three measurements at significance level  = 0,05 were used for the drafting of flow 
curves. The highest level of trustworthiness for the curves obtained in this way has been reached at temperatures 
120°Cand 130°C. The samples made in laboratory conditions (160/220 bitumen samples modified with increasing 
quantities of SBS – 3%, 6%and 9%) were tested without particular difficulties. Serious difficulties occurred however in 
the testing of coating mass used for tar board, which was predictable as the composition of this compound included a 
mineral filler distorting the results of viscosity measurements carried out using Brookfield apparatus. In order to get rid 
of the filler from the coating compound,  a method based on extraction of bitumen using carbon tetrachloride was 
initially used, and after the binder had been routinely prepared, it was subjected to viscosity testing in a viscometer. As 
the results obtained in this way were a number of times lower than the result for „pure” bitumen, this method was 
abandoned. 
In the end, the samples of polymer-bitumen based on tar board coating compound were obtained as a result of heating it 
at a temperature of 160°C for two hours. This time was necessary for the mineral particles of the filler to settle on the 
bottom of the vessel. The average purity of the upper layer of polymer-bitumen, verified by extraction, was about 0.6% 
by weight. 
The results of dynamic viscosity testing in function of shearing speed, for 160/220 road bitumen modified with various 
amounts of SBS copolymer and PS 40/175 industrial asphalt with 9% SBS content coming from thermally bonded 
coating mass used for tar board, carried out using a Brookfield viscometer at temperatures of  120°C and 130°C, are 
presented in fig. 1 and 2. 
 



 
 
Figure 1. Relation between viscosity and shearing speed at a temperature of 120°C 
 

 
Figure 2. Relation between viscosity  and shearing speed at a temperature of 130°C 
 
The shapes of flow curves for various samples presented in fig. 1 and 2 clearly show that the value of structural 
viscosity (a difference between the no-shear viscosity and the viscosity of marginally disturbed structure) depends on 
the type of bitumen, and especially its content of asphaltenes as well as chemical character of bitumen environment, 
consisting mostly of aromatic hydrocarbons. The highest structural viscosity is shown by tar board coating mass, which 
can be explained by relatively high content of asphaltenes and the aromatic character of dispersing phase (resins + 
cyclic hydrocarbons). In this case, apart from structurising effect of asphaltenes, the influence of polybutadiene 
molecules arising from SBS at high temperatures cannot be omitted as they show structurising properties with regard to 
bitumen environment, opposite to those of polystyrene. These two components (asphaltenes + polybutadiene) have a 
highest impact on high structural viscosity of coating compound. Undoubtedly, a negligible content of mineral filler 
also has some impact on the structural viscosity of this material, in spite of filtering process having been applied to it in 
high temperatures.  
Structural viscosity of 160/220 road bitumen, even with 9% content of SBS, is lower than the viscosity of coating 
compound. This state of affairs can be quite plausibly explained by a relatively low content of asphaltenes and a much 
higher content of dispersing environment than in case of coating mass (colloidal instability index for bitumen 160/220 is 
0,2). Therefore, it can be surmised that this type of bitumen is able to absorb more than 9% of SBS into its environment, 
and then its structural viscosity would be higher.  



Fig. 1 and 2 also illustrate that structural viscosities of all polymer-bitumen variants fall proportionately to the reducing 
values of SBS content in 160/220 bitumen. As is well known, above 120°C all the bitumens modified with rubber-like 
materials, including linear (block-type) SBS, are in the state of non-Newtonian liquid independently from whether SBS 
copolymer underwent a decomposition into polybutadiene and polystyrene or not. It is also known that following the 
reduction of temperature below 90-110°C a reconstruction of SBS copolymer takes place, and polymer-bitumen obtains 
entropic elasticity characteristics. This property can be explained in the simplest way using an example of stretching a 
sample of „pure” rubber in room temperature (e.g. 20°C), while noting the results of the test  – (Fig. 3) [5]. 
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Figure 3. Relation  –  for pure rubber at room temperature 
 
Fig.3 shows that during the stretching of rubber sample there is a significant resistance to stretching in the first phase 
(I), in the second phase (II) this resistance is lower, and in the third phase (III) the resistance values are the highest. At 
the beginning the sample of rubber-like material has the highest internal misalignment (chains are entangled) and its 
entropy is at the highest level. In the second phase long chains of rubber become aligned in parallel (arranged in order), 
and due to their closeness there are weak Van der Waals forces interacting between them. In the final phase of 
stretching strong covalent bonds between carbon atoms appear. 
Therefore, after a sample of rubber-like material is stretched to very high lengths (even 500-1000%) and then released, 
there is an immediate post-load recovery to an end form. The elastic deformation created in the third phase of loading is 
the first one to disappear. The speed of post-load recovery depends mostly on the amount of rubber-like polymer in 
bitumen, the degree of its dissolution and therefore the type of bitumen. These relations are best represented by the 
testing of elastic recovery (fig.4). The variability coefficient for the results of elastic recovery testing on analysed binder 
samples was 2,68 % on average and with the probability of 95% did not exceed the value of 7,21 %. 
 

 
 
Figure 4. Elastic recovery in time at a temperature of 20º C 



 
Fig. 4 shows that the quickest post-load recovery takes place in the samples with highest SBS content, i.e. in the coating 
mass and 160/220 bitumen modified with 9% SBS. 
Out of two samples displaying the fastest elastic recovery, more pronounced entropic elasticity was shown in the 
sample made of coating mass, which may be explained by the influence of asphaltenes found in the PS 45/175 bitumen 
which is a base component of the coating compound. 
Comparing Fig.1 and Fig.2 against Fig.4 one can see that there is an interrelation between structural viscosity at 120-
130°C and the values of entropic elasticity, measured by the elastic recovery during first 200 s at the temperature of 
20°C. The higher the structural viscosity, the faster the  elastic recovery. Also the time-based curve of elastic recovery 
for the samples of bitumen with a large content of SBS (6%, 9%) is worth emphasizing. A slower but always rising 
elastic recovery confirms the existence of delayed elasticity which is caused by the presence of SBS in bitumen. 
 
4. CONCLUSIONS 
 
The following final conclusions may be formulated on the basis of analysis of research results: 
— Conduction of experimental structural viscosity testing for the polymer-bitumens above 120°C in order to estimate 

the effectiveness of block-type SBS based modification of soft bitumens increases the chances to gain insight into 
the polymer-bitumen dispersion structure, when the dispersing (continuous) environment of bitumen is enriched 
by polystyrene separated from SBS blocks. 

— The testing of elastic recovery at the temperature of 20°C supports the effectiveness estimation of soft bitumen 
modification with linear SBS, carried out in high temperatures using flow curves. The former test is highly 
effective especially in the first minute of testing conducted on this property. 

— The selection of bitumen and polymer types as a result of more or less detailed determination of the structure and 
chemical content of mixed materials, and then the flow curves at high temperatures, is one of the ways to 
determine the compatibility of components, because it represents the real-life conditions in which SBS-bitumen 
systems are formed, in case the dispersing environment of bitumen (resins, aromatic compounds and paraffins) is 
additionally enriched with styrene polymer. 

— The results of conducted rheological testing do not indicate that the appearance of liquid polystyrene as a 
constituent of bitumen environment should influence the ratio of saturated compounds to aromatic compounds as 
determined in the work [3]. This becomes fully understandable in the light of paraffin-aromatic character of 
polystyrene. 

— It follows from structural viscosity  values of the samples of coating compound and the 160/220 bitumen with 9% 
SBS content (Fig. 1 and Fig. 2), that apart from SBS content also the content of asphaltenes plays a role in the 
forming of polymer-bitumen. 
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ABSTRACT 
 
In hot mix asphalt, binder extraction in combination with a recovery method is commonly used to evaluate the 
properties of a binder embedded in an existing pavement structure. In some countries, like Germany, specifications on 
the softening point and elastic recovery are legally required on polymer modified binders (PmBs), after recovery from a 
pavement. But there are legitimate doubts whether PmBs can be completely recovered.  Especially, for highly modified 
binders (PmB-Hs) there are more and more indications that part of the polymer fraction is lost in the recovery 
procedure. As expected this can lead to legal problems when specifications are required on the recovered binders.  
The purpose of this paper is to evaluate the effect of the recovery method on the properties of PmB-Hs. Three different 
highly modified binders, prepared with linear and radial SBS polymers, are recovered using three different solvents. 
Two extraction methods are used: centrifuge and soxhlet extraction. In addition to a recovery from hot mix asphalt, the 
PmB-H binder as such, and the non-modified base binder were submitted to the same extraction / recovery process. 
Several tests including penetration, softening point, elastic recovery, force ductility, gel permeation chromatography 
and fluorescence microscopy were performed on the fresh, short term aged and recovered binders. The overall purpose 
of the paper is to determine if, why and to what extend, the properties of highly polymer modified bitumen change in the 
recovery process. 
 
Keywords:  asphalt extraction, binder recovery, aging, polymer modified bitumen, linear and radial SBS,  
 
1.  INTRODUCTION  
 
In hot mix asphalt, binder extraction in combination with a recovery method is commonly used to evaluate the 
properties of a binder embedded in an existing pavement structure. In some countries, like Germany, a specification on 
the softening point is legally required on polymer modified binders (PmBs), after recovery from a pavement.  But there 
are legitimate doubts whether PmBs can be completely recovered, especially, for highly modified binders (PmB-Hs).  If 
the recovery is not complete a legal requirement on the recovered binder will of course lead to problems.  
PmB-Hs are specified within the German binder specification and are mainly used for open graded asphalt (OPA) 
mixtures. By using PmB-Hs it is secured that the necessary thick binder is not dropping off before paving the mixture. 
Because of the high void contents of more than 20 vol.-%, the binder requirements on aging, adhesion and cohesion are 
rather high. The binder course and the surface course of an OPA are made of the same PmB-H. Also the underneath the 
binder course laid Stress Absorbing Membrane Interlayer (SAMI) is made with the same PmB-H. 
The binder used for the OPA mixtures has to be recovered after production, transportation and paving, while the PmB-
H for the SAMI layer does not need to be recovered because this binder is not treated by a mixing process; the SAMI is 
sprayed hot on top of the wearing course. For the SAMI binder, only the values on the fresh delivered binder have to be 
measured for contractual reasons.  The contractual requirement for R&B on the recovered PmB-H is the same as the 
lowest requirement for the softening point on the fresh binder, which is in most cases 65°C. 
Several OPA mixtures have been laid on different Motorways in Germany. The experience from these past OPA 
projects has shown that there are problems because the softening points of the recovered PmB-Hs are not constant – and 
very often are also too low.  In contrary to the softening points measured after recovery, the elastic recovery tests 
performed on extracted binders shows a more constant and high value. On the German Motorway A7 project, for 
example PmB-Hs were used in an OPA 0/8 mixture. The length of this site was below 10 km, and the recovered 
softening points between highest and lowest value had a range of 10°C. Under respect of the minimum value of 65°C, 
26 of 30 values were under the contractual legal requirement! [1]  
The observation of not constant and too low softening points of recovered PmB-Hs does not depend on the bitumen 
supplier, the OPA mixture (0/8 or 0/16) nor the paving system, mixing plant, etc. The phenomenon is probably not only 
related to the used materials and machinery for asphalt paving, it could be also related to the used test methods to 
recover the binder (PmB-H) out of the asphalt mixture (OPA).  
The recovery procedures and technology used today, including the rotated distillation to separate the solvent, have been 
developed many years ago, when the asphalt industry was only using paving grade bitumen. Nowadays we are using 
polymer modified binders and in some cases highly modified binders which show more elastic properties at service 
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temperatures and also a very different viscosity profile at paving temperatures compared to standard paving bitumen. 
The question is if the current used recovery methods are fit for purpose for these PmB-Hs?  
To evaluate this question, the authors have started an investigation to determine the effect of the recovery method on the 
properties of PmB-Hs. The properties that are investigated include conventional tests like penetration, softening point 
and elastic recovery, as well as mechanical tests like rheology, and force ductility. In addition, molecular weights are 
investigated using gel permeation chromatography and the morphology is investigated by fluorescence microscopy.  For 
each sample tests are performed on the fresh (before mixing) and on the recovered binders. Some tests are also 
conducted after RTFOT, in order to check if properties after recovery can be evaluated by a commonly used aging 
procedure like RTFOT. The overall purpose of the paper is to determine where, why and to what extend, the properties 
of highly polymer modified bitumen are changing in the recovery process. 
 
2.  EXPERIMENTAL  
 
2.1. Parameters of the project 
 
To evaluate the effect of a recovery on the properties of highly modified PmBs (PmB-Hs), different parameters were 
varied: 

o The type of polymer; three different highly modified binders were prepared, compared to the German PMB40-
100/65-H specification: two times using a linear SBS and one sample was made with a radial SBS polymer. 
These are marked as LIN1, LIN2 and RAD respectively. The base binder and the polymer concentration (5%) 
was the same in all three PmB-Hs. These polymers are commercially available. The Nypol 50/100 is not 
included in this study. 

o The recovery procedure, three different procedures are used: Soxhlet extraction is used with the solvent 
methylenechloride (MCL), and the extraction method by centrifuge is used with trichloroethylene (TCE), and 
toluene respectively. These solvents are still commonly used in Europe for extraction purposes: e.g. 
methylenechloride in the Netherlands, France; Trichloroethylene in Germany, although they are toxic.  

o In addition to a recovery of these binders from hot mix asphalt, the PmB-H binders as such, and the non-
modified base binder are also submitted to one of the extraction / recovery methods, more specific to the 
method using centrifuge with trichloroethylene .   

 
2.2. Experimental Procedures 
 
The PmB-Hs are prepared in the lab, by mixing the corresponding amounts of bitumen and SBS at 180°C for 1 hour 
with a Silverson high shear mixer, and then matured for 2 hours in an oven at 185°C.  These ‘fresh’ binders are denoted 
as ‘O’ (Original). In a second step asphalt is made with these 3 PmB-Hs.  The mix type is a dense asphalt concrete 0/10 
with 6.2 % binder on aggregates mix. Each time 15 kg was made and divided equally in 3 parts for the 3 different 
recovery methods.  All mixes were tested at the same time in the different extraction methods (same age of asphalt).  
In this study, the soxhlet method is performed with the solvent methylenechloride. First, the asphalt is heated to 150°C 
in an oven for a fixed time of 2.5 h.  The heated asphalt is then transferred into the soxhlet cartridges. 6 Cartridges were 
filled with 1300 g of material. Fresh methylenechloride is used for the recovery. Then the extraction continues for 2 
days at 80°C until all binder is removed from the aggregates and the methylene chloride is clear. This is checked by 
closing the valves and verifying that the lower part of the cartridge is releasing solvent which isn’t coloured by bitumen 
anymore.. Aggregates and main part of the fines remain in the cartridge. The bulb contains the solvent, the bitumen and 
some part of the fines. Therefore the content of the bulb is centrifuged to remove all the fines. At last, the solvent is 
evaporated with the rotary evaporator method according to method EN 12697-3 [2]. This recovered binder is then 
tested. The result is denoted as S-M (soxhlet - methylene chloride) 
The fast extraction method (centrifuge - Strassentest) is performed once with trichloroethylene, and once with toluene. 
These two recoveries were performed by external laboratories. In this procedure, the asphalt is heated to 160°C and 
homogenised. Then an amount of mix is brought into the centrifuge and left to cool to 80°C before starting the 
extraction. Extractions are continued until aggregates are clear and no binder is remaining in the wash drum.  The 
binder is finally also recovered in the same way with the rotary evaporator according to EN 12697-3 [2]. This recovered 
binder is then tested. This result is denoted as E-TC (extraction – trichloroethylene) and E-T (extraction – toluene) 
In addition to a recovery from the asphalt mix, the PmB-H as such, without mixing, was also recovered with the 
extraction method using trichloroethylene. For these samples it was noted that there was still rest solvent ETC in the 
samples which was easily detected from the smell. Therefore, these samples were submitted a second time to the rotary 
evaporator.  The respective results will be denoted as O-D-P (original – dissolved, but with rest solvent), and as O-D 
(original – dissolved- 2x evaporated).  Finally, to complete the data, RTFOT was also performed on the 3 PmB-Hs 
(denoted as RT) and compared to recovered binders.  An overview of the different test symbols is given in table 1.   
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Table 1: Description to the legends used in the graphs  
 

Original PmB-H O 
PmB-H after RTFOT RT 
Pmb-H recovered via Soxhlet with Methylenechloride (MCL) S-M 
PmB-H recovered via fast Extraction with Trichloroethylene (TCE) E-TC 
PmB-H recovered via fast Extraction with Toluene E-T 
Fresh PMB-H dissolved in TCE and not sufficiently recovered via rotary evaporator  O-D-P 
Fresh PMB-H dissolved in TCE and recovered two times via rotary evaporator   O-D 

 
 
2.3 Materials  
 
In table 2 the properties of the polymers according to the manufacturers are represented.  In addition, gel permeation 
chromatography (GPC) was conducted to have an idea of the molecular weights of the polymers and on the coupling 
efficiency.  These tests confirm that the sample LIN2 is mainly a diblock copolymer, while sample LIN1 is mainly a 
triblock and the radial sample has as expected the highest molecular weight.   
The base binder was the same for the three PmB-Hs.  
 
Table 2: Polymer description according to the manufacturer  
 

Polymer 
structure SBS 

Styrene 
content 

Coupling 
efficiency 

Hardness  
Shore A 

Mp Mw Poly-
dispersity 

RAD 20 N.A. 60 339177 288074 1.199 
LIN1 31 81 72 217810 218589 1.13 
LIN2 (diblock) 25 N.A.  N.A.  140999 157741 1.08 
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Figure 1: Gel permeation chromatography (GPC) of the pure polymers  
 
 
3.  RESULTS 
 
3.1. Conventional properties 
 
Results of conventional tests for the original and the RTFOT aged binders are given in table 2.  One can already observe  
a difference in performance of the original binders. The 3 different polymers in the PmB-H blend, give properties that 
are not comparable:   
o PmB-H RAD is just inside the specifications 
o PmB-H LIN1 is within specification but fails for R&B after RTFOT 
o PmB-H LIN2 is not fulfilling the specification for a PmB40-100/65 on softening point.   
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LIN2 behaves in general very poor for a high modified binder.  Conventional test results like penetration at 25°C, R&B 
temperature and elastic recovery after the various procedures are given graphically in figure 2, 3 and 4 respectively.   
 
Table 3: Conventional test results of the original and RTFOT aged PmB-Hs.  
 

RESULT  
   

RAD 
 

LIN1 
 

LIN2 
 

Specifications TL-PmB 2001 
PMB40-100/65H 

Pen @25 °C dmm 73 65 90 40-100 
R&B °C 65.5 72.5 52.2 > 65 
Elastic recovery % 95 97 67 > 50 
After RTFOT 
Pen @ 25°C dmm  52 52 66  
Retained Pen @ 25°C % 71  80 73 60 % (or 10% increase) 
R&B  °C 61.5 65.1 55.7  
 Delta R&B °C - 4 - 7.4  + 3.5  + 8°C / -5°C  
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Figure 2: Penetration of the three PmB-Hs after several procedures (procedures are explained in table 1)  
 
In figure 2, penetration levels after the different recovery procedures are presented. If we assume that the type of 
recovery process does not influence the binder properties, then all the physical test results for a given binder type, 
performed with the three recovery methods, should give the same test result, since the asphalt mixture used for the three 
recovery methods was the same and was performed at about the same time after mix preparation.  For RAD and LIN2, 
the extraction method or the solvent does indeed not have a large influence, the results are almost the same, independent 
of the method; penetration levels are reduced by half. For the sample LIN1 the extraction with trichloroethylene gives 
penetration values that are higher compared to the extraction with MCL or toluene. So in this case there is an influence 
which is not expected.  
Dissolving the PmB-H in the solvent trichloroethylene, O-D samples, should, if the recovery procedure as such has no 
influence, give the same properties as for the original binders.  In figure 2, we can observe that the O-D procedure 
indeed results in only a small decrease in penetration.  But, it should be noted that this were the tests results obtained 
after having the samples two times in the rotary evaporator  equipment. And finally, the decrease in penetration 
observed after RTFOT, the RT samples, is less pronounced compared to the decrease after extraction, and this is 
observed for the three binders.   
The observations for the R&B temperature, from figure 3, show also that the results after mixing and extraction are 
rather independent of the solvent or extraction procedure, and again LIN1 with TCE seems to be an exception, with a 
lower softening point temperature then the other two extraction methods for this binder.  But the results for R&B are 
strongly dependent on the binder type; for the radial sample there is a decrease in softening point, after aging and also 
after mixing and recovery, the decrease is limited to less than 5°C. For the sample Pmb-H LIN1, the decreases in R&B 
temperature are much larger. And for the sample LIN2 the effects are opposite, there is an increase in R&B 
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temperature.  In figure 3, the recovery of the binder as such, the samples O-D, has influenced the R&B softening points 
for two binder types RAD and LIN1, with respectively about 4°C and about 8°C.  For the LIN2 sample there is no 
effect, and again it should be noted that this was tested on samples that were dried in the rotary evaporator  test twice.  
After RTFOT there is also an effect on the R&B softening points; for RAD and LIN1 the R&B temperature decreases 
while it increases for RAD.   
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Figure 3: Softening points of the three PmB-Hs after several procedures (procedures are explained in table 1) 
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Figure 4: Elastic recovery of the three PmB-Hs after several procedures (procedures are explained in table 1) 
 
Finally, elastic recovery was investigated, this property is a measure for the elasticity of the PmB-H, at large 
elongations.  The original PmB-H with RAD and LIN1 SBS have a very high elastic recovery; while LIN2 original 
already starts with a low elastic recovery. This can be expected since LIN2 is mainly a diblock copolymer. After 
RTFOT (RT), there is a slight decrease in elastic recovery for all 3 PmB-Hs, but the values for RAD and LIN1 are still 
high, while LIN2 stays at a much lower level.  After extraction, there is clearly a drop in elastic recovery in all cases (all 
extractions and solvents): the largest drop is for the radial SBS (RAD), the lowest drop is for LIN2, which is the sample 
that started with a poor initial elastic recovery. The loss in elastic recovery is rather independent of the recovery method 
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for the 3 PmB-Hs, except for the sample LIN2 recovered with toluene which shows a somewhat larger drop compared 
to the other two recoveries.  The value for LIN2 extracted with toluene would be out of the specification if one follows 
the same limits for recovery as for RTFOT (min 50%)  Dissolving and recovering the PmB-Hs without performing the 
mixing, has some influence but the decreases are limited to a maximum of 11% of the initial values.  
 
Based on only these 3 conventional properties, some observations can be made: 
o The original PmB-Hs have different properties, due to the different types of polymers (see table 2 and figure 1).  
o Dissolving a PmB-H and recovering this binder, without performing the mixing process with aggregates, should if 

the methods are perfect have no influence on the properties.  In fact there are some influences on all three 
properties, there is a slight decrease in penetration and in elastic recovery and there is also a decrease in the R&B 
temperature, but the changes are within or very close to 10% of the original binder.  However if this just happens 
on a sample that is borderline on R&B, this sample would after the recovery treatment be out of specification.  

o After the recovery process from the asphalt mixtures, conventional properties have changed, and the changes are 
quite independent of the recovery method or solvent used, this is also what is expected. But it is not clear what has 
caused the changes, since the PmB-Hs have undergone multiple steps and each step may contribute to the observed 
changes: the changes may have happened because of aging during the mixing with aggregates, or because of aging 
in the extraction / recovery process, or due to an incomplete recovery, polymer is left on the aggregates, or because 
of an incomplete evaporation of the solvent, rest solvent that is still present in the samples.  Since these questions 
could not be answered it was necessary to use other measurement techniques.   

 
3.2.  The influence of solvent remaining in the binder: 
 
As discussed before, the PmB-H O-D samples, which are recovered without the mixing step, using trichloroethylene 
still contained solvent, when they were received from the external laboratory where the tests were done. It was 
necessary to submit these samples again to the rotary evaporator test. In table 4, the tests performed before and after the 
second rotary evaporator treatment are shown.  It is quite clear that there is a large effect of this second rotary 
evaporator treatment on the penetration level and also on the R&B temperature.   
 
Table 4:  Comparison of penetration and R&B of samples before and after the second rotary evaporation test. 
   
 RAD LIN1 LIN2 
 O-D-P O-D O-D-P O-D O-D-P O-D 
Pen @ 25°C (dmm) 122 67 145 65 170 84 
R&B (°C) 55.8 61.7 57.7 64.4 46.3 52.6 
 
In order to quantify these effects some additional tests were performed: The concentration of trichloroethylene was 
determined for some selected samples using ASTM method D 5808-03 [3], these results are shown in table 5 
 
Table 5:  The rest concentration of TCE in various samples after extraction with TCE and drying through the 
                  rotary vapour procedure, the O-D samples were dried twice in the rotary vapour procedure. 
 
Sample Base O-D  RAD E-TC LIN1 E-TC LIN2 E-TC RAD O-D LIN1 O-D  LIN2 O-D
w% TCE ASTM 
D 5808-03 0.40 0.32 0.91 0.34 0.21 0.13 0.10 
 
From table 5 we can clearly see that there is a rest concentration of TCE present in all the samples that have been in 
contact with this solvent.  The sample LIN1 E-TC has the highest rest concentration of TCE, which is nearly 1 %.  This 
explains why this sample showed a much lower R&B softening point compared to the other recovered samples, and also 
showed a higher penetration value, in the previous section.  Since we can assume that all the recovered binders from 
one mix type, should have the same value of R&B, this would mean that the R&B temperature of LIN1 has decreased 
by 6°C because of the presence of 0.9% rest solvent.   
The samples that have been through the rotary evaporator twice have in general lower concentration of TCE, with one 
exception, the recovered base binder.  It is not clear why this sample is deviating, this was also not further investigated.   
 
In general, the data indicate that recovering the binder is not so easy. Removing all the solvent to a low level is very 
important in order to get correct results on the recovered binders and is certainly a prerequisite if one wants to put 
specifications on some of these values.  
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3.3 Other binder tests 
 
Rheology: 
 
Rheological tests were performed, over a large temperature range (-10°C to +90°C) to evaluate the properties of PMB-
Hs before and after recovery.  In figure 5, black curves of the 3 original PmB-Hs are visualized. As was already 
observed in section 3.1, the original samples are very different: LIN1 shows a very elastic typical “PmB” behaviour, for 
RAD this is somewhat less pronounced, while LIN2 is not really demonstrating the elastic behaviour of a PmB-H.  
The behaviour after recovery gives a completely different picture. In figure 6 and 7 black curves after recovery with 
respectively methylenechloride and trichloroethylene are shown for the 3 mixes, the black curves after recovery with 
toluene are not shown but they are very similar to the graphs in figure 6 and 7.  All the samples behave now in the same 
way irrespective of the recovery method but also irrespective of the original binder!  After recovery, the PmB (RAD 
and LIN1) have lost their elasticity, and have become similar to the PmB-H LIN2, which was already not very elastic 
from the beginning.  For one binder type, LIN1, all the steps are summarized in figure 8. This PmB was originally the 
best, and therefore changed more than the others.  
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Figure 5:  Black curves of the three original PMB-Hs. 
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Figure 6:  Black curves of the three PMB-Hs after recovery with soxhlet and methylenechloride. 
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Figure 7:  Black curves for the three PMB-Hs after extraction with trichloroethylene  
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Figure 8:  Black curves for the PmB-H LIN1 after several procedures.   
 
Figure 8 also includes the sample after RTFOT and the sample recovered as such, without asphalt mix.  The behaviour 
after RTFOT is still showing more elasticity than the samples recovered from the mix, which corresponds to the 
conventional properties.  However, the sample recovered from the binder, without mix, also shows a reduction in 
elasticity, and is rather similar to the binders recovered from the mixture.  This is not expected since this sample was 
still good with regard to elastic recovery and penetration in section 3.1.  It is at this moment not clear why this 
happened.  It seems that rheology is not able to discriminate between the different binder types, at least not after 
recovery, and that the extraction as such without mixture has a large effect on the rheological low-strain behaviour.   
 
Microscopy: 
 
The morphology and compatibility of the polymer modified binders, before and after recovery, was investigated with a 
UV-microscope. Some selected photographs are shown in figure 9.  These binders were investigated by taking a drop of 
sample at a temperature of 180°C, and by looking at this drop through the bottom plate. Since the drop cools very 
quickly this is in fact almost an instantaneous record of the morphology as it is at 180°C. An overview of different 
sample preparation techniques for microscopy investigations is given in ref 4. The magnification is the same for all the 
graphs.  
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From figure 9 we can see that in the original sample, polymer and bitumen phases can still be distinguished from each 
other, while this distinction is less after RTFOT, and no distinction can be made for the recovered samples.  The sample 
that is recovered without mixing (LIN1 O-D) shows a morphology in between the one after RTFOT and that seen in the 
original sample.  There can be several reasons why the interconnectivity between polymer and bitumen phases changes:  
o A decrease in the molecular weight of the polymer will improve its compatibility; shorter chains are easier to blend 

than larger molecules. 
o A decrease in the polymer content will also improve its compatibility (at least in the concentrations used in these 

binders). 
o A change in the bitumen phase for example through aging can also change the compatibility with the polymer (5). 
o And the presence of rest solvent will most likely also have an influence on the compatibility.  
Further tests will show which of these possibilities applies.   
 

LIN 1 original LIN1 RTFOT LIN1 E-M LIN1 E-TC LIN1 E-T LIN1 O-D 
 
Figure 9:  Morphology of PmB-H LIN1 by UV-microscopy after different recovery procedures (a drop is poured 
on a glass plate taken from 180°C) 
 
Force ductility: 
 
Another property that was investigated was force ductility. This test was used since it can demonstrate very clearly if 
there is a polymer network present in the sample, and also how this reacts at high elongations.  On all binders and at the 
different stages, force ductility tests were performed at 10 and 25°C. In figure 10A, B and C, force ductility curves at 
10°C are shown.  The binders recovered with toluene are not shown but the results were very similar to the tests done 
with methylene chloride, results of the binders that still contained a lot of rest solvent are also shown (O-D-P samples).  
As an illustration of the effect of the polymer, a force ductility curve of the unmodified base binder is included in figure 
10A.  
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Figure 10A:  Force ductility curves at 10°C, binder RAD 
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Figure 10B:  Force ductility curves at 10°C, binder LIN1 
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Figure 10C:  Force ductility curves at 10°C Binder LIN2 
 
From Figure 10 we can see that the original binders are distinguished in this test, for the LIN1 the force increases with 
elongation, for RAD it is more or less constant and for LIN2 the force decreases to a very low value.  After recovery 
from the mix, shown for two procedures S-M and E-TC, we see that the initial force is much larger, due to the increased 
stiffness, with one exception, LIN1 extracted with E-TC.  But as we saw in section 3.2 this sample still contained rest 
solvent (0.9%) and therefore it was not as stiff as the other recovered binders.  There are, in the tests after recovery from 
the mix, differences between the different binder types, but these differences are small.  For the RAD and the LIN2 
sample the recovery without mixing (O-D) does not have a large influence on the properties, but there is some effect for 
the LIN1 sample, although the difference is only observed at large elongations.  For all the samples, the presence of 
solvent, (O-D-P) samples, has a large effect on the initial force but even in the samples with solvent the evolution of 
force with elongation is similar to the samples dried further (O-D).   
 
Gel Permeation chromatography (GPC) 
 
In order to look directly at the molecular weights of the polymer before and after recovery GPC curves were taken after 
several procedures and the graphs are shown for the sample LIN1 in figure 11.  In this figure the part where the polymer 
molecular weights are detected is enlarged, the bitumen signal is not completely on the graph. 
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Figure 11:  GPC curves for LIN1 after several recovery procedures 
 
In figure 11 there is a clear change for the samples after recovery from the mix. Only the original binder, the dissolved 
PmB, and the sample after RTFOT show two separate polymer peaks followed by a bitumen peak.  But even by just 
dissolving and recovering the PmB-H, some slight changes have occurred in the molecular weight of the polymer, also 
after RTFOT, polymer peaks are present, but smaller. However, after the extractions from the mix, these peaks 
disappear and the curves show a bigger bump in the bitumen peak. These GPC results confirm the trends found in the 
force ductility tests, in the conventional properties and in rheology, that after extraction the typical PMB properties have 
decreased.   
 
Infra Red spectroscopy 
 
Finally, FT-IR measurements were performed in order to have an idea whether the polymer concentration was the same 
in all the samples.  FT-IR was measured in attenuated reflectance mode on the bitumen samples directly.  Two IR 
absorption bands were followed: the absorption band at 699cm-1 which corresponds to the C-H out of plane bending in 
monoalkylated aromatics (styrene), and a band at 966cm-1 corresponding to the C-H out of plane bending of trans-
alkene (butadiene).  For the IR measurement it appears that all samples have approximately the same content of 
polystyrene and polybutadiene.  In this project there was no time to work via a calibration curve, so these tests should 
be used as a semi-quantitative indication.  Some data are shown in table 6.  
 
Table 6: IR measurements for the binder LIN1 
 

  LIN1 O LIN1 RT LIN1 O-D LIN1 E-T LIN1 E-TC LIN1 S-M 
Height (A) 1.83 1.8 1.94 1.84 1.79 1.83 Peak at 699cm-1 

Area (cm-1) 0.119 0.119 0.127 0.124 0.122 0.125 
Height (A) 1.43 1.46 1.5 1.48 1.49 1.53 Peak at 966cm-1 

Area (cm-1) 0.167 0.173 0.177 0.173 0.173 0.179 
 

 
4.  DISCUSSION  
 
The FT-IR method and the GPC method give some clear answers, it seems that for the 3 binders investigated in this 
project, the SBS polymers could be extracted almost completely and it is also clear from the GPC test that in the 
extracted samples from the mixture the polymer chains have degraded to a large extend.  This degradation, to this 
extend, is not because of the recovery process itself since the samples O-D do not show this effect, so the degradation 
must have occurred in the mixing step.  And we also see that a short term aging test (like RTFOT) does not simulate the 
observed polymer degradation. Since the polymer chains are degraded after recovery this also explains why the 
interconnectivity of the polymer bitumen phases has improved, seen in UV-microscopy.  The trends seen in force 
ductility tests and in elastic recovery are similar to the ones observed from GPC combined with FT-IR.  The samples O-
D keep their good properties, they show a behaviour that is similar to the behaviour of the original binders, with a slight 
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deterioration in properties, while the binders recovered from the mix show a clear deterioration in the capability to resist 
large elongations, which is expected if the polymer chains are reduced in molecular weight.  If we look at the 
penetration levels, they are also in agreement with these findings, the O-D samples do not change much, the RTFOT 
samples are in between and the samples after recovery from the mix have changed most.  There was one sample 
however that formed an exception, but it was shown that this sample contained about 1% of rest solvent and penetration 
data are strongly influenced by the presence of rest solvent. Rheology tests show that the low strain visco-elastic 
properties are changing a lot after recovery, but these tests also show that the recovery as such changes these properties, 
it is still not clear why this is, maybe rheology is very sensitive to the presence of small amounts of solvent.   
Regarding the R&B softening points, the trends found correspond to the observations made with other techniques, but 
also in these tests dissolution and recovery of the binder as such has an influence, more specifically, two of the three 
binders lost respectively about 4°C and about 8°C on the R&B softening point.  And these numbers can make a large 
difference if they are set by a specification.  It has also been shown that there is always some rest solvent present in the 
binders after a recovery procedure, at least for the solvent E-TC.  And that the concentration of rest solvent varies and 
can have a large effect on some test results.  
Regarding the polymer degradation observed in this study, it is not clear yet if and how this degradation is dependent on 
the type of laboratory mixer used, and if it would also occur, to the same extend, if the samples were to be mixed in an 
asphalt plant.   
 
5.  CONCLUSIONS 
 
The conclusions from this study are listed below:  
o The tests indicate that there is always some rest solvent present in the samples after recovery; this was shown for 

the solvent trichloroethylene, according to ASTM D 5808-03 [3]. The presence of rest solvent has a lot of 
consequences; it decreases the R&B temperature, it increases penetration, and it influences the force ductility.   

o It seems that different recovery methods can give comparable results, but only when care is taken to decrease the 
solvent content to a very low level. In particular, those tests for which the presence of rest solvent has an influence 
should be treated carefully. Even without smell, chlorines are still detectable in the recovered samples. 

o The action of dissolving and recovering the PmB-H as such (without prior mixing process with aggregate material) 
has only a slight impact on the polymer molecular weight, and on most other physical properties, but even though 
the influences are small they can become important when there is a specification limit. 

o The PmB-Hs, in this particular study, degraded to a large extend during the mixing with aggregates, this was 
observed as a decrease in molecular weight of the polymer part, but still the properties of these PmBs were much 
better compared to unmodified base bitumen. Future tests will have to show if this polymer degradation is related 
to a particular laboratory mixing device and if it would also occur in samples mixed in an asphalt plant.  

o The results indicate that in this particular study, the RTFOT aging is not suited to simulate the degradation of the 
polymer chains during mixing, but as noted before it is at this moment not clear if the polymer degradation 
observed in this study is representative for an asphalt mixing process, as it takes place in an asphalt plant.  

o Demanding legal requirements for the softening point on a recovered binder becomes rather problematic since 
these tests have demonstrated that there is always according to ASTM D 5808-03 rest solvent in the sample, and 
that sometimes the concentration of rest solvent can be around 1.0w% and even more. In addition, it was shown 
that the presence of rest solvent has a large impact on the R&B softening point (0.9w% corresponded to 6°C 
decrease). The presence of rest solvent and the variation in its concentration are certainly, at least already two 
causes for the often large fluctuations in softening points found on job sites.   
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ABSTRACT 
 
The bending beam rheometer (BBR) provides a more accurate quantification and assessment of the low-temperature 
behaviour of bitumen and polymer-modified bitumen than currently obtained with the Fraass breaking point test which 
has a low precision. Up to now this performance orientated test method has been applied in the USA and in several 
European countries. EN 14771 requires a testing load of 980 mN and a measurement of stiffness and m-value after 60 
seconds loading time. These parameters and the testing temperature of -16 °C used in Germany do not allow a 
comprehensive assessment of the tested bitumen. At present a research project on 19 bitumens and polymer-modified 
bitumens is being carried out for the German ministry of roads. The tests are performed at four temperatures (-12 °C, -
16 °C, - 20 °C and -24 °C) and with three different loads (780 mN, 980 mN, 1230 mN) to optimize the testing 
parameters of EN 14771. The chosen temperatures enable the investigation of temperature behaviour over a wide 
range. The variation of the load enables the coverage of the range of deformation experienced in practice. The 
evaluation of values for stiffness and m-value were calculated over the whole loading time. This procedure enables a 
more comprehensive assessment of different bitumen. The procedure used in the SHRP Program to find the temperature 
corresponding to a stiffness of 300 MPa was also carried out.  
 
Keywords: stiffness, thermal cracking, low-temperature, viscosity, modified binders 
 
1. INTRODUCTION 
 
Different national and international test procedures have been developed to enable better assessment of the low-
temperature behaviour of bitumen and polymer-modified bitumen as determined by the Fraass breaking point test. 
Essentially, the test procedures differ in the manner of load application. They are divided into:  

- Tensile tests, e.g. tensile test according to EN 13587 [1] or the direct tensile test [2] 

- Tensile retardation test [3]  

- Bending tests, e.g. BBR [4]. 

The tensile retardation test enables better resolution of differences in low-temperature behaviour between bitumen and 
polymer-modified bitumen, even within the same class of penetration, and is a good example of the high degree of 
experimental resolution of such tests. The bending beam rheometer developed in the American SHRP program has 
established itself in Europe. Research work has revealed a correlation (r² = 0.86) between both the parameters S 
(stiffness) and m (slope of the deformation curve), determined using the BBR, and the formation of cracks in asphalt 
pavement. Moreover, in an ARBIT study performed in 1998/99, the correlation between the low-temperature behaviour 
of 36 different bitumens including polymer-modified bitumens with the BBR parameters was found to be better than 
with the Fraass breaking point. 
 
In the meantime a European standard for testing with the BBR [4] has been developed. The testing conditions and the 
method of evaluation were adopted directly from the American standard, although there is a fundamental difference 
between the European and the American way of testing. In Europe, the conditions of testing are specified whereas in 
USA performance grades fixed requirements for different test conditions are laid down. 
 
The specific testing conditions in the European standard do not enable an extensive assessment of bitumen because the 
actual testing conditions are not able to reveal certain bitumen properties, e.g. temperature dependence. Therefore this 
paper focuses on the modification of the BBR test procedure to investigate the behaviour of bitumen and polymer-
modified bitumen at low temperatures and enable a better assessment of bitumen. 
 
2. EXPERIMENTAL INVESTIGATIONS  
 
The investigations were carried out with a total of 19 bitumen specimens (4 different manufacturers and 6 different 
grades), as summarised in Figure 1.  
 
 
 
 



 
 Manufacturer 
 1 2 3 4 

50/70         

30/45         

20/30         

25/55-55 A         

10/40-65 A         

40/100-65 A         
Figure 1:  Overview of the bitumen specimens used in the investigations 
 
The tests were performed according to EN 14771 (TL PmB) at a temperature of -16°C and a load of 980±50 mN. In 
addition, temperatures of -12, -20 and -24°C as well as loads of 780 and 1230 mN were used yielding a total of 12 
combinations of temperature and load. 
 
Values of temperature, load and deformation were recorded every 0.5 seconds. 
 
According to EN 14771 stiffness and m-value are required after 8, 15, 30, 60, 120 and 240 seconds. 
 
3. RESULTS 
 
Figures 2a and 2b show the results obtained for stiffness and m-value at -16°C. The values are compared with 
maximum, minimum and mean values compiled at the Technical University of Munich (TUM) for a larger number of 
measurements using these types of bitumen. The data is based on 2, 287, 7 and 26 individual measurements with 
bitumens 10/40-65 A, 25/55-55 A, 45/80-50 A and 40/100-65 A, respectively. 
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Figure 2a:  Comparison of measured stiffness values with the range of compiled values  
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Figure 2b:  Comparison of m-values with the range of compiled values 
 
The green area corresponds to the span between the maximal and minimal value of the TUM data base, the blue symbol 
designates the appropriate mean value. The red symbols show the results of the present investigation and are in good 
agreement with the compiled values. The results for bitumen 10/40-65 A are very close to the values previously 
obtained for bitumen 10/40-65 A and the results for bitumen 25/55-55 A are within the range of the compiled values 
too. Only the results of bitumen 40/100-65 A are somewhat outside the range of the compiled values. All in all, it is 
evident that the scatter of the results, especially for bitumen 25/55-55 A, is large or strongly dependent on the origin of 
the bitumen used. The stiffness varies by a factor of almost seven. 
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Figure 3:  Stiffness: paving grade bitumen (left), polymer-modified bitumen (middle), highly polymer-
modified bitumen (right) 

 
Figure 3 shows the stiffness determined at the four different temperatures where each point is the mean value taken over 
the three different loads (780, 980 and 1230 mN). The values were recorded after a loading time of 60 s. The stiffness 
for the different grades of bitumen is shown separately. One of the paving grade bitumen 20/30 has the highest stiffness. 
The other paving grade bitumens and the polymer-modified bitumens have the same level of stiffness. The highly 
polymer-modified bitumens possess the lowest stiffness. For all investigated specimens, the gain in stiffness of the 
different bitumens on lowering the temperature is similar and is more rapid for the paving grade bitumens and the 
polymer-modified bitumens than for the highly polymer-modified bitumens. Harder paving grade bitumen grades have 
a higher stiffness with the exception of B08-20/30. The highly polymer-modified bitumens are lower in stiffness than 
the polymer-modified bitumens, but the both sorts have almost the same stiffness at -12°C which then spreads out at 
lower temperatures. On account of this spread, more precise differentiation between bitumen grades may be achieved 
by using low temperatures. At each temperature, there is no dependence on the degree of load. The curves can be 
accurately described with an exponential function where the goodness of fit lies between r²= 0.98 and r²= 0.99. 
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Figure 4:  m-value: paving grade bitumen (left), polymer-modified bitumen (middle), highly polymer-
modified bitumen (right) 

 
Figure 4 shows the measured m-values for the four temperatures where each point is the mean value taken over the 
three different loads (780, 980 and 1230 mN). The values were recorded after a loading time of 60 s. The m-values 
determined for the different bitumens are shown separately. The gradients in m-value for the paving grade bitumens are 
similar, as are also the gradients of the polymer-modified bitumens - although the curves cross over. The differences in 
m-values for each group of bitumens remain essentially constant as the testing temperature is varied. The bitumen 
40/100-65 possesses the highest m-values and lowest stiffness. Most of the unmodified bitumens as well as the 
polymer-modified bitumens are in the central range of m-value and overlap. The bitumen B07-20/30 has the lowest m-
value and the highest stiffness. As opposed to stiffness, no spreading of the m-values occurs and thus no improved 
differentiation is possible at lower temperatures. The two highly polymer-modified bitumens with the same stiffness 
curve (Figure 3) have the same m-values at -20°C and -24°C. Due to high m-values and low stiffness, the low-
temperature behaviour of the highly polymer-modified bitumens is good. The curves are linear with r²= 0.99. 
 
3.1. Validity of the results 
 
According to the standard EN 14771 the measured and calculated stiffness values may differ by at most ±2 %. 
Otherwise the results are questionable. 
 
Analysis of the present data shows deviations of more than 2%: 

– at low loads, 780 mN 
– at low temperatures, -24°C 
– at the beginning of measurement (up to as 20 s) 
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Figure 5:  Frequency distributions for questionable results (difference over ±2%) after 8.5 s  



 
Figure 5 shows the number of test results out of a total of six which did not fulfil the requirements of EN 14771 and 
consequently have at least one questionable value in the stiffness curve. For six tested beams, this can be at most six 
deviations for each individual combination of bitumen grade, temperature and load. Since larger inaccuracies occur at 
the beginning of measurement, data in the first 8 s of loading are, as in EN 14771, discarded.  
 
If the first 20 s are ignored and only questionable results from stiffness curves after 20.5 s until the end of the recording 
at 240 s are considered, only a few columns remain in the frequency distribution, including a small group at -24°C and 
the low load of 780 mN. 
 
 
3.2. Evaluation of the results 
 
The individual results remaining after the above procedure are checked to ascertain whether they are within the range of 
repetition precision. Unlikely values are discarded before proceeding with the analysis of the remaining data. As well as 
the obligatory, standardized evaluation, the experimental data are evaluated with regard to the improvement of the 
assessment criteria. This includes for example: 

- the work of deformation necessary to achieve a specified strain  

- the gradient of the linear viscous region of the deformation-time curve  
 
In addition, the conformity of the low-temperature behaviour of bitumen according to AASHTO TP1 (superpave) is 
checked. This is fulfilled by a stiffness below 300 MPa and an m-value above 0.3. Up to now, different ranges of (low) 
temperature exist for different bitumen grades. The test values are easily determined by two measurements with the 
BBR. The temperature range can be specified for every bitumen grade. 
 
 
4. OPTIMIZATION 
 
Figure 6 shows that linear viscous behaviour is, in fact, reached well after 60 s, the time at which stiffness and m-value 
are determined according to the standard. This means there is room to optimize the evaluation of test results and 
increase the significance and precision of the BBR results. 
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Figure 6:  Deformation curve in the BBR 
 
Figure 6 shows deformation curves measured for bitumens 20/30, 25/55-55 A and 40/100-65 A. It is evident that ideal 
viscous behaviour occurs after 120 s. Thus the determination of stiffness at times longer than 60 s should lead to more 
precise values. 
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Figure 7:  Graphical determination of the testing value for low-temperature requirements on a 50/70 
bitumen 

 
Regarding the recommendations on low temperature performance according to the SHRP-program, two temperature 
ranges can be specified for each grade of bitumen with which it is easy to measure test values. In the case of highly 
polymer-modified bitumen this temperature range will be approximately 10°C lower than for paving grade bitumen. 
 
Figure 7 shows the dependence of stiffness and the m-value on temperature after a loading time of 60 s for a 50/70 
bitumen. In order to test the requirements on low-temperature behaviour according AASHTO, m-values above 0.3 or 
stiffness values below 300 MPa are relevant. Thus a temperature of -18°C is found for the 50/70 bitumen shown in 
Figure 7 at which the stiffness is 300 MPa and the m-value is still above 0.3. Based on the parameters evaluated for 
later loading times 120 or 240 s, the temperature will move towards lower values. 
 
5. CONCLUSIONS 
 
The bending beam rheometer (BBR) provides better evaluation of the low-temperature behaviour of bitumen and 
polymer-modified bitumen than currently obtained with the Fraass breaking point test. To enable a more extensive 
assessment of bitumen behaviour as currently provided by the standardized evaluation according to EN 14771, the 
parameters stiffness and m-value were determined and evaluated for 19 different bitumens and polymer-modified 
bitumens using additional loads and an extended temperature range. 
 
For better differentiation of stiffness values between different bitumens, the temperature should be as low as possible. 
Loads of, for example, 780 mN are too low and adversely affect the quality of the results. Better results are obtained 
using higher loads. Since ideal viscous behaviour of bitumen was observed to set in after a loading time of at least 120 
s, a testing time of 60 s should not be used. Test values determined after longer times are more accurate. 
 
It is suggested that future tests are performed at -20°C or lower and with a load of at least 980 mN. The time after which 
stiffness and m-value are determined should be at least 120 s. 
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ABSTRACT 
 
A two theoretical models for anisotropic elastic road meshes (grids) together with their isotropic approximations were 
proposed. In considered models some elements of mechanics for fibrous composite materials and optimization theory 
were used. Grids approximation models can be used in any standard road pavement design software where the model of 
layered elastic or visco-elastic half space is a theoretical basis. 
 
Keywords: mechanical properties, road mesh, constitutive modeling, composite, effective properties 
 
1. INTRODUCTION 

 
Models for fibrous composite materials presented in this paper are a starting point for consistent elaboration of 
theoretical models for road pavement construction layer (with some conventional and representative thickness) 
reinforced with regular grid. Primary objective of this work is formulation of the most simple constitutive models for 
elastic and anisotropic materials. The second objective is formulation of approximation isotropic models which can be 
easy used in standard software for computer-aided pavement construction design, such as e.g.: BISAR, NOAH, 
ELSYM 5M, JULEA, VEROAD. 
 
2. ANISOTROPIC MODELS FOR GRIDS 

 
2.1 Composite model 

 
Modeled composite consist of isotropic matrix and two fiber families which produce regular reinforcement grid, 
Figure 1. Let 1,01p  and 1,02p  respectively be volume ratios (with assumption that 121 pp ) of first and 
second fiber family in representative volume element (RVE). Attention was focused on the situation in which fibers are 
perfectly bonded with matrix. Let fibers of one family  ( 1 or 2 ) “work” in one dimension, i.e. along 
m vector, which is a unit vector tangential to given fiber family. Then, strain energy stored in composite  fiber 
family as a function of composite strain tensor is as follows:  

22 tr
2
1.

2
1 Mmm ZZZ E.EW  Equation 1 

where  is strain tensor. Equation 1 is expressed in J/m³ = N/m² = Pa. In Equation (1) ZE  denote average Young’s 
modulus of -fiber family. The dot denote scalar product and “tr” symbol is for tensor trace, however M is a inner 
product of  and M  tensors. Tensor mmM  (there is no summation), where „ ” denotes tensor product, 

can be interpreted as structure (fabric) tensor, ( 1tr mmM , MM2 , so tensor norm has a unit value, i.e. 
1M , compare e.g. [1] and extensive literature cited there for theory of invariants and tensor functions and 

applications in continuum mechanics).  
 

 
Figure 1: Schematic view of matrix and two fiber families in considered composite. The special fiber 

arrangement is shown-fiber families create orthogonal grid 
 

Composite stored energy function because of made assumptions is as follows: 
2211211 ZZM WpWpWppW  Equation 2 
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where MW  is a energy stored in isotropic matrix and can be expressed as: 

22 trtr
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W  Equation 3 

In Equation 3 ME  and M  denote respectively Young’s modulus and Poisson’s ratio of matrix material. It is worth 
emphasizing, that in expression for composite stored energy in Equation 2 there is a conjunction between deviator and 
spherical part of strain tensor what is a characteristic feature of anisotropic materials. 
It is possible to obtain constitutive relationship of considered composite through differentiation of Equation 2 with 
respect to strain tensor after previous substitution of Equations 1 and 3. Then we obtain: 
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where 211 pppM  is a matrix volume ratio (remark: if we take porosity pp  into consideration then 

pM pppp 211  and consequently modification of equation given in this section is needed). Stress tensors in 
Equation 4 can be interpreted as follows:  is an average stress tensor in composite material, M  is a stress tensor in 
matrix material and MMtrZZ E are stress tensors in  fiber family. It can be noticed that constitutive 
relationship (Equation 4) is a special case of Hook’s relationship for orthotropic materials (also in situation when fiber 
families are not orthogonal, that is 021 mm ). 
Constitutive relationship (Equation 4) can be rearranged into equivalent form with fourth order tensor C  called 
material stiffness tensor [2]. 

.C  Equation 5 
because of linearity of: tensor trace, tensor inner product, tensor outer product. In Equation 5 tensor C  has a following 
interpretation: 
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Tensor MC is an isotropic fourth order tensor. Anisotropy of C  is a result of tensor products 11 MM  and 22 MM  
appearing in Equation 6. 
Relationship inverse to Equation 5 has a following form: 

..1 SC  Equation 7 
where S  is a compliance tensor. 
Double-symmetrical fourth order tensors C  and S  are said to be Hook’s tensors [2]. It can be written 1CSSC :: , 
where 1  is a fourth order identity tensor and “:” denotes summation over two adjoining indices. 
Information about compliance tensor (components in set coordinate system) is necessary for interpretation of 
relationship between components of compliance tensor and so called ”technical elasticity constants”. Having in mind, 
that vectors m  and n  are unit vectors, these relationships can be showed in following form:  
Young’s modulus in direction n : 
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 Equation 8 

Poisson’s ratios: 

0,..,, nmnnmm
m

nm
n
mn S

EE
 Equation 9 

shearing modules: 
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Equations 8 to 10 are valid for all anisotropic materials. Technical elasticity constants (in chosen directions and planes) 
can be used for orthotropy and for materials with higher symmetry, because then there is unique definition of 
compliance tensor components. 
 
2.2 Orthotropic continuum model 

 
For orthotropic continuum model we establish, that grid parameters for elasticity we obtain with plane stress 
assumption. In plane stress case and for any orthotropic material there is following inverse Hook relationship in 
orthonormal tensor basis (main directions of orthotropy coincide with coordinate system axis):  
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where: 
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Geosynthetics Technical constants for elasticity 

Geogrid Geotextile 
1E  [MPa] 645 960 

2E  [MPa] 600 239 

12G [MPa] 30 1 

12  0,03225 0,5 

21  0,03 0,1245 
NOTE: In Perkins work 1 direction is denoted as XM (cross machine direction), while 2 direction as DM (machine 
direction). Constant 12G  was determined from tension test (the tension direction was rotated about 4/ to XM 
direction). Tests were carried on samples 750 mm long and 280 mm wide, with reference base 240x250 mm 
Table 1: Technical elasticity constants, according to [3] [4] 
 
3. OPTIMAL APPROXIMATIONS OF ANISOTROPIC MODELS USING ISOTROPIC MODELS 

 
3.1 Formulation of optimization problem 

 
The following optimization problem was formulated: assuming, that the stiffness tensor AC  for anisotropic material is 
determined, purpose was to find such isotropic tensor IC  to achieve minimum of distance function between these two 
tensors: 

IA,d
I

CC
C

min  Equation 13 

where: IAIA,d CCCC , while 2Tr: CCCC . 
In each case there is only one solution of problem formulated in Equation 13 in following form: 
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3.2 Approximation of composite model 

 
Using Equation 6 in conjunction with Equations 14 and 15 the following approximate relationships for elasticity 
constants were formulated in case of composite model: 
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where: 
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It was noticed that approximation models not always give increase of relative composite stiffness with reference to 
matrix material. 
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3.3 Approximation of orthotropic model 
 

Stated problem was to find such stiffness matrix of isotropic material: 
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that in stored energy sense (or in the sense of distance in plane stiffness tensor space) is an optimal approximation of 
stiffness matrix for orthotropic material in Equation 11. Proceeding similarly like it was shown in section 3.1 the 
following result was achieved: 
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From discussion presented above, result that three dimensional composite model with isotropic matrix and grid, in 
which elasticity constants are approximated by Equations 20 and 21, has a following constitutive relationship: 
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where in Equation 22 we put Equations 20 and 21. Stress tensor  is an average of stress tensors: in matrix M  and in 
a grid S , which result from approximation model. It is possible to formulate optimization problem in sense of distance 
minimization in plane compliance tensor space. Then we get a result: 
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Approximation model with constants expressed by Equations 23 and 24 can be interpreted as a model in which stresses 
are adjusted according to minimum complementary “energy” criteria (more precisely a minimum of complementary to 
stored energy function). 
 

Geosynthetics Technical elasticity constants 
Geogrid Geotextile 

E~  [MPa] 437,66 384,88 
~  0,319 0,498 

E  [MPa] 186,55 7,88 
 0,709 0,984 

Table 2: Technical elasticity constants for geosynthetics - data for evaluation were taken from Table 1 
 
4. APPLICATION EXAMPLES 

 
4.1 Model parameters evaluation 

 
The three types of grids were analyzed: two grids made of glass fibers and the third of polyester fibers. Estimated 
parameters are show in Table 3. 
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Figure 2: Evaluation of fiber families matrix volume ratios 
 

Volume ratio of one fiber family related to 
composite volume 

Volume ratio of matrix related to composite 
volume, with assumption 0pp  

Grid type 

1p  2p  Mp  
G1 0,1151 0,0873 0,7975 
G2 0,1867 0,3661 0,4472 
PS 0,1040 0,2086 0,6874 

Table 3: Results of 1p , 2p  i Mp  parameters obtained from geosynthetics measurements 
 
Example evaluations of approximation model parameters were made for asphalt, with three groups of parameters for 
summer, spring-autumn and winter season. Results achieved from calculation are presented in Table 4.  
 

Asphalt properties Composite of asphalt reinforced with grid Grid type Poisson ratio Stiffness module, MPa , ratio Poisson ratio Stiffness module, MPa 
Strengthening 

effect, % 
0,40 3 000 1,5962 0,38 3 241 +8,0 
0,30 10 100 0,4741 0,30 8 859 -12,3 G1 
0,25 18 800 0,2547 0,25 15 791 -16,0 

G2 0,40 3 000 4,1133 0,34 3 486 +16,2 
Table 4: Calculation results of mechanical parameters for asphalt- glass grid (G1, G2) composites with 

strengthening effect 
 
On the basis of achieved results it is possible to tell that strengthening effect of asphalt matrix with G1 grid (with a 
lesser extent) or G2 (with a lesser extent) is visible only when asphalt has mechanical properties characteristic for 
summer season (Young’s modulus near 3 000 MPa and 40,0 ). 
 
4.2 Asphalt pavement calculation examples 

 
Computer aided pavement designing software is available for road engineers since many years. The software, e.g. 
BISAR, NOAH, ELSYM 5M, JULEA, PRADO, ALIZE, VEROAD, enables the linear calculation of stresses and 
strains in elastic and/or viscous systems consisted of isotropic materials. Thus it is not possible to include in 
calculations, macroscopically orthotropic, reinforcing grid. Methodology described in this paper allows to analyze 
pavement construction including reinforcing grid layer. In order to make possible analysis of pavements with 
orthotropic grids in standard (taking into account only isotropic properties), abovementioned software, approximation 
models were formulated within the confines of linear elasticity theory. 
In this paper calculations were performed using VEROAD software [5] [6]. Load was defined as quasi-static, moving 
with a specified speed. Load value was typical according to polish pavement repair catalogue KWRNPP-2001 [7]. 
Typical construction according to polish pavement catalogue (KTKNPP-1997 [8], type A, table 10, traffic category 
KR6) was chosen to perform the calculations. There were performed calculations of typical construction and after that 
the same construction with equivalent reinforcing interlayer, without change of the thickness. Equivalent reinforcement 
layer was placed at the bottom of layer in which the reinforcement was meant to be built in. Also typical, coarse graded 
asphalts were chosen according to polish standards. These asphalts have been already tested some years ago. The 
parameters of aggregate sub-base, as well as subgrade were chosen according to polish typical construction catalogue 
(KTKNPP-1997 [8]). Input data for the VEROAD software were taken from recent IBDiM research. Arrangement, 
thickness and types of layers are shown in Table 5. 
Burger’s model parameters for individual asphalt mixes are shown in Table 6, and Huet-Sayegh’s model parameters are 
shown in Table 7. 
 

1p Mp

2p
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Layer Thickness, cm Material 
wearing course 5 asphalt concrete AC16 
binder course 8 asphalt concrete AC20 

upper sub-base 18 asphalt concrete AC25 
lower sub-base 20 mechanical stabilization 

subgrade - - 
Table 5: Typical pavement construction according to catalogue [8] – thicknesses and materials 
 

Temperature Weight factor 1  2  1  2  Mixture type 
°C - MPa MPa MPa.s MPa.s 

AC16 40 10 352 40 1996 515 
AC20 40 10 406 45 2136 609 
AC25 40 10 1573 1223 118 59 

Table 6: Burger’s model parameters for VEROAD analysis [6] 
 

Mixture type p , MPa pEinf , MPa k h  a b c 1  2  
AC16 130 44 870 0,20 0,57 3,3000 0,2475 -0,3437 0,0020 0,46 1,52 
AC20 170 43 980 0,19 0,55 2,8464 0,1058 -0,2980 0,0003 0,19 0,54 
AC25 80 45 580 0,18 0,58 3,3875 1,2235 -0,3758 0,0025 0,73 2,46 

Table 7: Huet-Sayegh’s model parameters for VEROAD analysis [6] 
 
Calculation assumptions: 
- assumed temperature 40 °C, 
- asphalt layers Poisson’s ratio at 40 °C: 0,35, 
- lower sub-base and subgrade Poisson’s ratio: 0,30, 
- lower sub-base Young’s modulus: 400 MPa, 
- subgrade Young’s modulus: 100 MPa, 
- single wheel load: 50 kN, 
- contact pressure: 0,65 MPa, with contact zone radius: 0,1565 m, 
- no horizontal load, 
- vehicle speed: 60 km/h (16,7 m/s), 
- full friction between layers (VEROAD doesn’t offer friction control between layers), 
- G2 grid parameters according to Table 4. 
In this chapter there are plots containing calculation results of strains, stresses and displacements in reinforced and 
unreinforced constructions. Only results showing significant differences are presented. Blue plot is for unreinforced 
construction and red plot is for reinforced construction. Y-axis represents width in cross section. 
Stress tensor components along Z-axis (along depth) with constant values of X and Y are shown in the Figure 3. 
Figure 3 presents plots in section placed directly under load axis, where the values are close to extreme. It is clear, that 
reinforcement layer inserting didn’t change the plot characteristics comparing to unreinforced system. Effects of 
introducing reinforcement are becoming visible in other stress compound. Normal stress Syy plots are shown in the 
Figure 4, where stress peak can be observed above and below the reinforcement. Absolute value of the peak above the 
reinforcement amounts to 0,46 MPa, and below the reinforcement 0,33 MPa. Stresses in reinforced layer are practically 
the same, close to 0,16 MPa. Reinforcement layer is tensioned along Y-axis. Absolute peak value in unreinforced layer 
is 0,13 MPa and is equal to 0,46 – 0,33 = 0,13 MPa. Syy stresses in the layer above the reinforcement are negative, 
similarly to stresses in layer below the reinforcement, what may be observed in reinforced and unreinforced 
construction. Reinforcement layer is tensioned and it has almost no influence on horizontal, Syy stresses in pavement 
layers. Compression stresses, -0,11 MPa and -0,19 MPa, occur near the load axis and a little further from it. Although 
there is no significant difference in stress plots between reinforced and unreinforced construction. Similar interpretation 
applies to normal, Sxx stresses. Sxz and Syz stress components are almost the same in reinforced and unreinforced 
construction. In the Sxy stresses plots difference between constructions is visible. However it has no major influence on 
shear stresses in construction layers. Despite inserting reinforcing layer, no significant change in displacement values 
occurred. 
Calculations were repeated assuming 10 times multiplication of reinforcement stiffness, comparing to actual stiffness of 
tested grids. Also in this case reinforcement had no significant influence on results. 
It was characteristic, that in described example of reinforcement application it was placed between binder course and 
sub-base and it turned out that it was a compression zone (Syy compression stresses). Construction was modeled once 
again with reinforcement placed on the bottom of sub-base, in tension zone. The conclusions were the same as while 
placing the reinforcement between binder course and sub-base. 
It can be concluded, that placing of grid between asphalt layers has no reinforcing effect in first stage of pavement work 
(before cracking occurs). 
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Figure 3: Plots of vertical normal stresses in typical reinforced and unreinforced construction, in load axis 

section, X = 0 mm, Y = 0 mm 
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Figure 4: Plots of horizontal, normal stresses in typical reinforced and unreinforced construction, in load axis 

section, X = 0 mm, Y = 0 mm 
 
5. CONCLUSIONS AND REMARKS 

 
In sections 2 and 3 idealized theoretical models of asphalt reinforcing grid, as well as constitutive models of pavement 
reinforced with grid were presented. With the purpose of identify effective elastic properties of layers reinforced with 
grid some fundamental concepts of composite mechanics as well as tensor analysis theory were utilized. Two 
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fundamental constitutive models for composites were proposed, in which isotropic matrix is reinforced with regular 
grid. In first model isotropic matrix is reinforced with two orthogonal fiber families. In second model isotropic matrix is 
reinforced with grid, which is interpreted as an elastic, orthotropic layer. This way two different orthotropic models 
were obtained. The way of model parameters identification was also proposed. These models can be utilized in e.g. 
ABAQUS FEM software. 
Approximation models of layers containing reinforcement were formulated (within linear elasticity theory), which are 
isotropic relationships ready for use in standard pavement designing software, e.g. BISAR, NOAH, ELSYM 5M, 
JULEA, VEROAD. 
Section 4.1 contains reinforcing grids strength tests detailed analysis. Three idealized models of reinforcing grid were 
analyzed. It turned out that standard test are insufficient to determine parameters of grids theoretical models. Thus there 
was chosen a model which requires only standard test results. All needed parameters were determined and qualitative 
analysis was performed. Evaluated effective properties of reinforcing grids are not indicating that pavement reinforcing 
function is fulfilled. In spite of incomplete results, full conclusions can be obtained from other grid models. Effective 
stiffness modulus determined in this research are higher than presented in other publications, see e.g. [5]. It applies to 
grid model, defined as continuum orthotropic model. 
VEROAD software [3] [4] calculations were made (according to visco-elastic layers theory) using typical asphalt 
pavement construction appropriate for heavy traffic with and without reinforcement. It was proved that in analyzed 
pavement constructions and types of reinforcement no reinforcing effect was observed, what confirmed earlier 
conclusions. It should be emphasized, that this type of calculations do not take into account fatigue effects. Fatigue 
parameters could be affected by application of reinforcement. Proper interpretation of conducted calculations acquires 
only to the first stage of pavement work. It is also confirmed on experimental test sections, where effectiveness of 
introducing grids reveal after some time of road operation. 
At the end it is worth underlining that presented models and results are only a part of a wider research project, realized 
in IBDiM. More graphs and calculation results, especially including FEM analysis in ABAQUS, will be shown during 
presentation. 
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ABSTRACT 

During these last years the test procedures to characterize bitumens have been based on the evaluation of their 
rheological behavior. Nevertheless, there are properties that are also fundamental in the bitumen response and that 
should be evaluated. The objective of this work is to investigate the relation between the complex shear modulus (G*), 
the phase angle ( ), and fatigue cracking resistance obtained by means of dynamic rheometer and two fundamental 
properties that the bitumen provides to the mixture: cohesion and tenacity. In order to evaluate these two properties, 
UCL Method and BTD Test developed in the Road Research Laboratory of the Technical University of Catalonia will 
be used. This work is based on the analysis of different binders: conventional, polymer modified and crumb rubber 
bitumen. 

Keywords: Cohesion, Fracture-toughness, Rheology 

1. INTRODUCTION 

The mechanical behavior of the bituminous mixtures, its resistance to the plastic deformations and its fisuration by 
thermal tensions or under repeated loads (fatigue), are directly related to the mechanical and rheological properties of 
the bitumen used in their manufacture. That’s why, for several years, procedures of test (essays) are developing to 
evaluate which is the behavior of the bitumen’s under load (rheological behavior) and to relate its response to the 
mechanical behavior of the mixture in the road surface [1]. 

In 1987, the SHRP (Strategic Highway Research Program) developed a new procedure of characterization known as the 
SUPERPAVE (Superior Performing Asphalt Pavement), that included the development of new equipments, testing 
methods and criteria of selection. This new procedure includes specifications based on the bitumen performance on the 
basis of the weather and the temperature foreseen in the pavement. One of the developed equipments is the Dynamic 
Shear Rheometer (DSR), which is used to characterize the visco-elastic properties of the bitumen. On having submitted 
a sample of bitumen to tensions of oscillating cut, the complex module measures up in cut (G *), the phase angle ( ) 
and its deformation (g) between other properties. 

It is important to indicate that these tests only analyze the bitumen in a range of small deformations, and they do not 
analyze it in the whole range of behavior of the material, also it is necessary to remark that they analyze the bitumen of 
isolated form and do not allow to evaluate the cohesion that can provide the set of samples [2]. 

 

Fig. 1. Visco-elastic Rheological model 

It is for it, that the Laboratory of Highways of the Polytechnic University of Catalonia (UPC) has completed a series of 
simpler tests than they look for a functional characterization of the bitumen, from the properties that these provide to the 
mixtures, like cohesion and tenacity that the bitumen provides to the mixtures. Perez and Miró [6] developed two 
specific tests to evaluate these two properties, the UCL Method and BTD Test respectively. In this type of tests, unlike 
those of the SHRP, the performance of the bitumen is analyzed in all its range of deformation up to the cracking 
deformation.   



In first one of them, the UCL Method (Universal Method of Characterization of bitumen) based on the Cantabro test of 
losses for damage, surrenders a Marshall sample, elaborated with a specific mix, without filler, to damage in the Los 
Angeles Test (without abrasive load). During the test the aggregate most superficial are becoming detached for impact 
and abrasion, deciding after a number of revolutions, the loss of weight of the sample. The behavior of the mixture is 
represented by means of a curve of condition, where it is possible to observe the variation of the percentage of losses 
with regard to the temperature [7]. 

The second one of the tests developed by the same authors BTD Test -is a direct tension test -, which consists of 
submitting a cylindrical sample, in whose base has created a slot, to an effort of tension parallel to this base and 
perpendicularly to the slot of the sample. During the test realized to constant displacement, the opening of the sample 
provokes the fissure of the sample [3] [4]. 

In both procedures, a mixture made of a specific particle size of aggregate (granite), which composition is the following 
one. 

Particle size 2,5 - 5 mm 80 % 
Particle size 0,63 - 2,5 mm  20 % 
Bitumen weight on particle size  4,5 % 
Mixture voids 27 ± 1 % 

 

On having treated itself about a mixture without filler, always with the same content of bitumen, it is possible to 
evaluate the response on having changed the type of bitumen, for what treats itself about a test of characterization of 
bitumen’s. 

 

Fig. 2. Scheme of test (cross-sectional section) and curve load-displacement 

Also the response of the bitumen has been analyzed by means of the application of the DSR, on the basis of the critical 
deformation to different temperatures. 

2. EXPERIMENTAL 

In several works of investigation and doctoral theses carried out in the Highways Laboratory of the UPC, based on UCL 
Method and the BTD Test that allow to analyze asphalt to greater deformations, has been observed that the fatigue 
failure of the mixture takes place when this one reaches a critical deformation, which is related to the cracking 
deformation of the mixture in a static test. The module of the mixture influences the speed which it comes near to this 
critical deformation, if the module is major more cycles are needed to come to the critical deformation of breaking. It is 
to say, mixtures that present a high module and a high deformation in cracking, which they are those who need also a 
major cracking energy they are those who better behave to fatigue present. 

Since it has been exposed in the previous point, the resistance to tension of the mixture, the energy necessary for its 
break and the deformation that we have in break they will be evaluated and related by means of tests UCL, BTD and 
DSR, to different temperatures, on different types from bitumen: the conventional bitumen’s of different penetration, B-
13/22 and B-60/70, and an bitumen modified with polymer, denominated BM-3b according to Spanish regulation. 

 

Load (Kg)

Displacement (mm) 



2.1 Procedure of test. 

2.1.1 UCL Method 

The Universal Method of Characterization of bitumen is based on the Cantabro test of loss for damage; this test consists 
of introducing in the Los Angeles Test a sample and of submitting it to the damage test without any type of abrasive 
load. During the test the aggregate most superficial of the sample are becoming detached for impact and graze, deciding 
after a number of revolutions, the loss of weight of the above-mentioned sample, while per cent, to the initial weight. 
(Equation n. 1) 
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P            Equation n.1 

Being: 

Pc = Cantabro losses (%) 
Pi, Pf = Initial and final weight, respectively (g) 
 
If the values of losses are represented with regard to the temperature there is obtained the curve of thermal 
susceptibility, curve of condition, which gives a clear idea of the capacity of the bitumen to keep the aggregate joined in 
the mixture. When these unions are ductile and tenacious, the losses are low, and when they turn out to be fragile or 
slightly consistent, the losses increase [8].   

 

Fig. 3. Influence of the temperature in the behavior of the bitumen: curve of condition (state) 

The losses to a certain temperature, owe to a loss of intergranular cohesion that produces the detachment of the 
aggregates. This loss of cohesion begins when the tensions in the sample generated by the impact inside the equipment 
overcome the threshold of cohesion between bitumen-aggregate. In the figure 3 it is possible to observe as the 
temperature determines the union bitumen-aggregate and influences considerably in its behavior. 

2.1.2 BTD Test 

The procedure of test BTD, consist of submitting a cylindrical sample, with one slot in the base, to an effort of tension 
parallel to this one base and perpendicular to the sample [5].  

During the direct tension test, the bituminous mixture presents three phases of behavior differing [fig. 4], which can be 
observed in the graphical force-displacement. 

Zone I: Up to values of minor tension to 60 % of the maximum force, it is possible to despise the phenomenon of 
formation (of new fissures, supporting an elastic - linear behavior). The end of this period marks the elastic limit. 



Zone II: Over The elastic limit a growth of the micro fissures begins, under a process of stable load that is kept up to 
reaching 75 % of the tension, where the spread of some micro fissures becomes unstable, exhibiting in the curved 
tension-deformation a behavior lightly non-linearly up to reaching the tension peak. 

Zone III: The development of the fissures is located in a very small zone of the solid one and a process of instability 
begins with rapid spread of fissures. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Curve of test uniaxial to direct tension BTD 

During the application of the force of tension, there develops a work that is stored in the shape of energy of 
deformation. When this energy reaches the magnitude of the density of energy of superficial fracture of the material, the 
fracture happens and the piece separates in two parts liberating the energy in the shape of fracture, such that each of the 
parts relaxes immediately its tensions.   

The density of energy of superficial fracture of the material 0 forms a part of the total removed energy Gf and is 
obtained with the following equation: 

          Equation N. 2 

Gf – Fracture Energy 
 – Plastic dissipation per unit area  
 – Density of energy of superficial fracture of the material 

th- Design tension load  
u – Displacement range 
 – Fracture Length 

 
From this equation, it is possible to obtain the total dissipate energy Gf; above mentioned energy comes from two 
phenomena, one that demonstrates for the development of plastic mechanisms p, and other one of fracture 0, which 
one spends in separating two atomic planes.  Knowing the total dissipate energy it is possible to obtain the total realized 
work Wf to develop a surface of fracture Af.    

                Equation N. 3
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Wf – Total work 
Af - Fracture area 
 
In summary, the displacement of total break (dR) is the point in which a load has zero in the sample and is considered to 
be the end of the test. This value is indicative of the ductility of the bituminous mixture, since, for ductile mixtures 
values are had of dR big (major of 7 mm) and for fragile mixtures values are had of dR small (minors of 4 mm). It is an 
important value, provided that two mixtures with equal fracture energy can present different, ductile and fragile 
behaviors, and the displacement of total break can separate a mixture from other one. The speed of application of the 
displacement can be changed to be able to obtain completes the part of the curve later to the point of fracture or the part 
of easing; with this, the slow opening of the crack is simulated by effect of the temperature. 

2.1.3 DSR 

The procedure of test in the equipment DSR consists of applying a deformation or tension controlled to cylindrical 
samples of changeable dimensions depending on his elastic properties and viscosity. To realize the test the sample of 
bitumen is placed in the middle of two parallel plates; that of the low part will remain static and the Superior allows to 
apply a deformation or controlled tension, Figure 5. The dimensions of the sample change depending on the visco-
elastic properties of the bitumen, being 8 mm of diameter per 2 mm of high place for asphalts with low penetration or 
tests to low temperatures and 25 mm of diameter and 1 mm of high place, for bitumen’s with high penetration and high 
temperatures.  

 

Figura 5. Dynamic Shear Rheometer Test 

The behavior of the bitumen tests in the DSR to tension or controlled deformation is given by equation N. 4. 

*G      Equation N. 4 

Being, 

=  Stress 
G* = Complex modulus 
= Sample deformation 

 
To obtain the law of fatigue of the bitumen, different tests realize to tension or deformation and controlled temperature, 
determining the number of cycles of load up to obtaining the failure. In case of this investigation, the analysis will be 
done by means of the study of the initial deformation of the bitumen and the number of cycles that it supports up to the 
failure. 

The cycle of failure decides when there is reached the maximum value of the relation of removed energy, according to 
the equation N. 5  
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Being: 

DER= Dissipate energy ratio 
i = Deformation in the cycle i 
i = Tension in the cycle i 
i = Angle phase in the cycle i 

 

2.2 Materials 

Three different bitumen’s have been selected: two of penetration (B-13/22 and B-60/70) and one modified bitumen with 
polymer (BM-3b, according to Spanish regulation). The characteristics of the bitumen appear in the table 1. 

Type of Bitumen 
Characteristics Unit 

Norm 

NLT B13/22 B-60/70 

 

BM-3b 

Penetration to 25ºC, 100g. 0,1 mm 124/84 17 64 

Index of penetration   181/88 0,1 -0,5 

Point of Softening A and B ºC 125/84 67,3 50,6 

Point of Fragility Fraass ºC 182/84 5º -13 

Density gr/cm3 122/91 ------ 1.034 

60 

2,4 

 

64,4 

 

 
Table 1. Characteristics of different used bitumen’s 

3. RESULTS AND DISCUSSION 

3.1 Method UCL  

By means of the test UCL were obtained for every type of bitumen, the damage losses for different temperatures, 
“curves of condition ". In the fig. 6 there have been represented the average values obtained from three individual 
results.  

 

Fig. 6. Curves of state, variation of the percentage of losses with respect to the temperature 

As it’s observed, to low temperatures (-30°C) the modified bitumen BM-3b is the one that presents minor losses for 
damage, almost 50 % minor that the correspondents to the conventional bitumen B-60/70 and the bitumen B-13/22 it is 



the one that worse behavior has since it turns the more fragile hardest being. As the temperature is increasing, the 
percentage of losses is diminishing for three bitumen’s, of slighter form in the bitumen modified and more accused in 
the conventional bitumen, up to coming to minimal values in the range of temperatures of 30 to 40°C. If from this point 
the temperature increases, the losses increase rapidly for the asphalt B-60/70, which reaches his point of softening and 
becomes weak, whereas in the modified bitumen and the B-13/22, of major point of softening, the losses almost do not 
increase.   

3.2 BTD Test 

After the application of the test to direct tension to the same bitumen’s previously studied, there has been obtained the 
energy of fracture Gf and its variation by the temperature represented in the fig. 7. 

 

Fig. 7. Variation of the Energy of fracture with respect to the temperature 

As it’s observed, the energy of fracture changes depending on the type of bitumen and temperature; to low temperature 
(-10°C), the bitumen of penetration present an energy of fracture 0,14 and 0,27KN/m for the bitumen B-13/22 and B-
60/70, respectively, lower than the one that presents the modified bitumen with polymer BM-3b of 0,90 KN/m. On 
having increased the temperature, the energy increases for three bitumen’s, presenting a maximum value of tenacity the 
modified bitumen BM-3b (1,8 KN/m) to the temperature 1,5ºC, later the asphalt B-60/70 to 8ºC with a value of energy 
0.94 KN/m and finally the bitumen B-13/22 (0,77 KN/m) at 20 ºC of temperature. From these temperatures, the tenacity 
descends sharply in all the bitumen’s showing similar values three bitumen’s. 

3.3 DSR Test 

To the same asphalts used in the UCL Method and BTD tests were used in the DSR to temperatures of 10 and 20ºC, 
applying a tension controlled that different between 1000 and 9000 Pa, up to obtaining the failure; in the following 
figure 8 are showed the results obtained for the bitumen’s B-13/22, B-60/70 and BM-3b. 

 

Fig 8. Evolution of the deformation with the cycles of load 



In the figure 8, we observe that all the samples brake at the same level of deformation, in the case of modified bitumen 
is 0,20 and in the case of the conventional bitumen’s 0,10 for bitumen B-60/70 and 0,05 for the bitumen B-13/22. 

Comparing these results with the obtained ones of the BTD Test, the same response is observed in the bitumen’s, that is 
to say, the modified bitumen that has a major critical deformation also has a major tenacity, the same thing happens 
with other asphalts. Additional, it is possible to observe in the UCL Method, that the bitumen’s follows the same 
behavior, as what, the bitumen that has a major critical deformation, has also a major tenacity and a minor percentage of 
losses of damage. 

If now these results are compared with the laws of fatigue obtained, Fig. 9, it is observed as the law of fatigue of the 
modified bitumen that is in the top part of the figure, show that for the same initial deformation, it supports major 
number of applications of load, needing more number of applications of load to come to his level of deterioration. On 
the contrary, the asphalt B-13/22, reaches his level of deformation with few applications of load. 

On the other hand, also it is interesting to analyze the slopes of the curves of evolution of damage of the bitumen’s B-
13/22 and B-60/70. In case of the smoothest bitumen, with a minor module of stiffness, the slope of these curves is 
major and every application of load supposes a major increase of the deformation. On the contrary, for the case of the 
bitumen B-13/22 with a major module of stiffness, the increase of deformation in every cycle is very minor. Therefore, 
the bitumen’s resistant to the fisuración for fatigue should have, for the same module, major critical deformation, for 
example, the modified asphalt and the asphalt B-60/70, or for the same critical deformation, major module. 

 
Fig. 9. Laws of fatigue for different asphalts 

At the same time, the cracking deformation was analyzed for the temperature of 10ºC, the modified bitumen would 
support major quantity of cycles. Additional, is observed that on having realized tests DSR to the temperature of 10ºC, 
figure 10, the curve of the law of fatigue is lower than the correspondent to 20ºC for both bitumen’s B-60/70 and BM-
3b. 

 

Fig. 10. Laws of fatigue bitumen B-60/70 and BM-3b 



3. CONCLUSIONS 

Of the results of the tests realized to the different bitumen’s, it is possible to conclude that: 

a. On having compared three tests it is possible to observe that the behavior of the bitumen’s follows the same trend. 
This way the method UCL indicates that the bitumen BM-3b has major cohesion (minor losses) that the bitumen’s 
B-13/22 and B-60/70, in the whole range of tested temperatures. On the other hand, the bitumen BM-3b is the fact 
that the mix present more cracking energy and more failure deformation in the test BTD, and in addition there 
presents a better law of fatigue rheological that allows him to resist a major number of cycles of load before the 
critical failure.. 

b. Of the results obtained of the simplified UCL Method and BTD Test, it might predict the behavior that would have 
the bitumen before the fatigue, and it might establish, in a future investigation, a correlation that allows determine 
approximately the number of cycles of load and the critical deformation that will be capable of resisting an 
bitumen. 
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ABSTRACT 
 
This paper presents selected problems connected with modelling of multi-layer pavements. 
Multi-layer pavement models, which utilize solutions such as the one of Boussinesq, Burmister, Kogan, Odemark and 
others, contain many simplifications, which has a significant influence on the estimated real value of  stress, strain, 
deflection as well as on the coefficient of pavement layers interaction. 
In the article based on the experiments carried out, we want to present our own layered- pavement models and 
solutions to them, which can be used mainly in the diagnostics of bearing capacity. The estimation of bearing capacity 
is conducted on the basis of full time data obtained with the FWD device. 
Moreover, the conclusions implicated by the above mentioned analysis are of big importance in design and operation 
process of road and airfield pavements. They pertain not only to the influence of modulus and thickness of particular 
layers but also to the way of pavement layers interaction, Poisson’s coefficient and others. 
 
Keywords: Design pavement, Physical properties, Durability, Modelling 
 
1 INTRODUCTION 
 
A road pavement is constructed as a set of layers containing various materials interacting with each other, and during 
operation it is exposed to dynamic actions. It is a very complex system, difficult for modeling and 
mathematical/physical description. 
The knowledge of quality and quantity characteristics of the process of dynamic loading of the pavement is crucial for 
dimensioning, operation use and current estimation of a condition of a road pavement. The above mentioned issues 
include research on physical phenomena occurring in the pavement under the influence of impacts and vehicles moving 
along it. 
The proposed solution enables in direct way to analytically evaluate real influence of physical-mathematical parameters 
and impacts of dynamic loads from vehicles on pavement behavior. This method gives possibility of more detailed 
analysis of pavement structure. In comparison the using numerical method does not enable it.  
Mechanical waves propagating inside the pavement cause variable stress and strain conditions generating mini fatigue 
effects of the materials in particular pavement layers.  The results of dynamic actions depend not only on stiffness 
moduli and expansion coefficients of pavement materials, but also to a significant extent on such parameters as: 
- velocity of propagation of waves in layers, 
- Poisson’s ratio, 
- wave impedance , 
- inter-layer connections, 
- friction coefficient between a wheel and the pavement, 
The influence of the above mentioned factors onto the pavement has been discussed in relation to its quality or 
presented graphically in the further part of the paper. 
 
2 PHYSICAL MODEL OF EQUIVALENT PAVEMENT LAYER  
 
The pavement consisting of a few various layers resting on subsoil is substituted by a layer with physical-mechanical 
parameters equivalent as far as dynamic aspect is concerned (Figure 1). In order to determine the required parameters of 
the equivalent layer we will respectively use modified calculation models according to the following equivalence 
criteria: 
1. equivalence of mass density of a layered structure  
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2. equivalence of wave transition time through layered structure  
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3. equivalence of wave impedance of a layered structure  
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4. equivalence of elastic strain energy for a layered structure  
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where the parameters for equivalent layer have been designated as: z, cz, Hz, Ez, zi ,  - stress tensors, zi  - strain 
tensors. 
In the Figure 1 the adopted principle of equivalence of parameters for multi-layer and substitute structures have been 
presented. 
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Figure 1: Equivalence of multi-layer and substitute systems.  

 
3 ANALYSIS OF THE INFLUENCE OF DYNAMIC IMPACTS 
 
3.1 Wave impacts  
 
Static methods don’t include in its description the impact from vehicles moving. Moving vehicles generate changeable 
condition of parameters describing behavior of pavement structure. The analysis of pavement structure condition 
presented for homogeneous multilayer system which ideas showed in equations 1-4 and on figure 1. 
Dynamic load results in the propagation of stress waves inside the pavement, which undergo the phenomenon of 
refraction at the limits of the layers. Geometric set of waves in the pavement depends on configuration of subsequent 
layers and their physical-mechanical properties.  
The volume waves, head waves and cone seismic waves propagate in the pavement. Also, on the free surface there is 
the Rayleigh’s wave, and at the limits of the layers the Love’s waves. 
Issues of propagation and interaction of waves generated in media with surface loads constitute an important research 
domain of wave phenomena, as far as practical and empirical aspects are concerned. 
Influence of this kind of a load onto a given medium, can be generally described as composed of: 
- static impact, proportional mainly to a force imposed on a surface (slow-changing load), 
- pulsating impact: load or structural model being a load (e.g. a beam or a plate on elastic foundation), in which the 

crucial thing is a ratio of the free vibrations frequency to the frequency of forcing, 
- impact of wave type (they accompany previously mentioned impacts), whose complexity and poses creates a main 

obstacle of a model and mathematical nature in their thorough recognition. 
A complex quantitative presentation requires research into using a model of the phenomenon taking into account 
number characteristics of a structure itself (value of pressure imposed onto the pavement, speed of structure) and 
mechanical properties of pavement material and soil underneath the pavement (wave speeds, mass density, pavement 
thickness etc.). 
In order to present the problem from the quality point of view, geometric structure and kinds of generated waves have 
been discussed, using the example of load acting onto the surface of an elastic medium.  



The developing set of waves being shaped has a direct influence on the results of activity of a load onto the medium, i.e. 
on the magnitude of strains and stresses produced in the medium. The major factor influencing the values of the 
produced results is the value of speed of loading in relation to the wave speed in the medium, i.e. longitudinal, 
transversal and especially to the Rayleigh's wave. They are the underlying cause of damage to the surface structures. 
This phenomenon is presented in the Figure 2 and 3. 

 
Figure 2: The scheme of longitudinal and transversal waves propagation in a layer on flexible subsoil, (case 
C1

I C1
II, in practice E layer >E subsoil) 

 

 
Figure 3: The scheme of longitudinal and transversal waves propagation in a layer on rigid subsoil, (case C1

I  
C1

II, in practice E layer < E subsoil), where the presented kinds of waves have been designated as follows: 1-
longitudinal waves, 2- head waves of Schmit, 3-transversal waves. 
 
Refraction of waves is described as ki parameter expressing impedance (wave resistance) of layers: 
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where: 
Ei – stiffness modulus of a layer no i, 

i – mass density of a layer no i, 
 
The qualitative, crucial influence of the values of the match parameter ki on layered pavement behavior has been 
presented in the Table 1. 
There is presented the influence of stiffness modulus of a layer (k<1, k>1) on value of displacements and stresses for 
system of asphalt layer (upper layer) and aggregate layer (base course).  
 
 
 



Table 1: The change of values of displacements (u) and stresses ( ) in upper layer and in base course depending 
on changes in values of wave matching of layers (in compare with k=1). 
 
Value of parameter k Displacements Stresses 
 Upper layer Base course  Upper layer  Base course  
 

k< 1 
 

 
u1  

 

 
u2  

 

 
1  
 

 
2  
 

 
k> 1 

 

 
u1  

 

 
u2  

 

 
1  
 

 
2  
 

 
3.2 The influence of Poisson’s ratio  
 
Conclusions regarding the influence of Poisson’s ratio -  on deflections on the surface of a layer are based directly on 
the solution of a problem, formulated for half-space. For the half-space deflections are proportional to the known 
formula [2], which results in its little influence on deflection values. 

u=(1- 2)u0  [6] 
where: 
u- deflections at surface, - Poisson’s ratio, u0- deflection function (independency from ) 

 
In the case of a layer interacting with subsoil, the relation of deflection at the surface with Poisson’s ratio of the layer 
becomes more complex, as it also depends on the kind of interaction between the layer and subsoil, layer thickness and 
its location in the structure. 
Taking into consideration the existing limitations in vertical strain in layer for layered model influence of  is much 
more complex. The parameter characterizing influence of Poisson’s ratio on the layered structure is expressed by the 
approximate relation [7], which results, among others, from the formulas of D.M. Burmister (1). 

xa
a

K
1   [7] 

where:  
2

1

E
E

a  and  x 3-4  

As it can be seen, the influence of Poisson’s ratio for the layered structure is considerably stronger than half-space. The 
results of a comparative analysis of the influence of Poisson’s ratio on deflections at surface for both cases (results of 
numeric analysis) have been illustrated in the Figures 4 and 5. 

Figure 4: The influence of Poisson’s ratio values on deflections at surface in layered model. 
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Figure 5: The influence of Poisson’s ratio values on deflections at surface in half-space model.  

 
In the figures 4 and 5 the following data has been adopted: 

 Thickness of layer H=0,3 m, 
 Elastic modulus of a layer Ew=5000 MPa, 
 Elastic modulus of soil foundation Ep=100 MPa, 
 Poisson’s ratio for a layer w=0,3, 
 Poisson’s ration for soil foundation p=0,3. 

 
From the compare this results influence of Poisson’s ratio values on deflections for at surface in half-space model it is 
more smaller then for at surface in layered model. 
 
Presented solutions are expressed with simple formulas and allow quick quantitative analysis for variable loading 
parameters and properties of pavement layers. 
 
3.3 The influence of friction at surface  
 
Taking into account the loading on the pavement with tangential stresses caused by friction of a vehicle tire with the 
pavement, results in increased displacements in the pavement, which can be determined by the following formulas [8] 
and [9]: 

- for vertical displacements: )21(1 2
0

0

0

0

0

u

u
 [8] 

- for radial displacements: 2
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where: 0- coefficient of friction of tire with pavement, 
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212 , - Poisson’s ratio. 

 

 



To illustrate the influence of friction forces on the magnitude of deflections, the calculation example has been presented 

below. 

It has been assumed: =0,3; 0=0,4 

Hence, it has been obtained:  
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In the example, with the assumed friction the value of vertical deflections increases by about 20%, whereas radial 

deflections by about 150% in relation to the deflections without friction force. 

 

3.4 Analysis of distribution deflection, strains and stress in layered- pavement models. 
 
Analysis of distribution deflection, strains and stress in layered- pavement models. 
 
The state of vertical displacements on the layered pavement’s surface has been presented with the formula (9) 
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The state of radial displacements on the layered pavement’s surface has been presented with the formula (10) 
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where: 
u,w – component of vertical and radial displacement on surface 

 - relation of transverse wave velocity to that of longitudinal wave 
p0f(t) – surface load in time 

 - Lame’s constant, 
r – present radius 
r0 –radius of loading plate, 
x – variable of integration, 
J0,1 – Bessel functions of zero and first grade, 
F(a;b;c;x) –, hyper-geometric function, 

 
Next calculate of the pavement deflection, strains and stress under the centre of load in non-dimensional form. 
 Deflection under the centre of load r=0 
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Figure 6. Graph of the pavement deflection under the centre of load in non-dimensional form. 
 
 
 Strains under the centre of load r=0 
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Relative value of strain (vertical and radial)
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Figure 7. Graph of the vertical strains in pavement in non-dimensional form. 
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Figure 8. Graph of the radial strains in pavement in non-dimensional form. 
 
 Stress in pavement under the centre of load r=0 
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Figure 9. Graph of the radius stress in pavement in non-dimensional form. 
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Figure 10. Graph of the vertical stress in pavement in non-dimensional form. 

 



At figures 6-10 there is presented graphic illustration of deflection, strains, stress in non-dimensional form described 
appropriate formulas for u0, 0, 0, without of numerical value determination. Analysis was performed for individual 
load and for model of one layer on base.  
 
 
4 SUMMARY AND CONCLUSIONS 
 
The presented results regarding modeling and influence of dynamic impacts indicate their considerable importance for 
the behavior of the layered pavement in the process of its operation. 
The factors, which characterize their qualitative and quantitative influence depend on a design method of the structure 
of the layered pavement, characteristics of used materials, technology of their production and also on appropriate 
construction of the pavement. Elaboration of new methods to design diagnostics and new construction technologies and 
their implementation require extensive research in the field of modeling, description and methods to solve the thermo-
mechanical subjects in the layered pavements. 
It is necessary to continue research into new materials for pavement construction, intentionally directed towards 
practical modification of not only the basic parameters as e.g. elastic moduli but also of material characteristics having 
also important significance, such as Poisson’s ratio, velocity of waves inside the pavement (mass density). It allows 
constructing pavements with optimal features adjusted to real traffic loads, water-soil conditions and ambient 
conditions. 
It is undoubtedly one of the ways of creating new, durable and at the same time not necessarily too expensive 
pavements. 
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ABSTRACT  
 
One of the usual failures of asphalt materials is due to the fatigue phenomenon, reason for which, many authors have 
investigated in relation to this subject; based solely on individual studies of the bitumen or the asphalt mixture. The 
objective of this work is to relate and to establish a correlation between the fatigue parameters of the bitumen, with the 
fatigue parameters of their corresponding asphalt mixtures. The fatigue laws for the bitumen were obtained by means 
of the dynamic reometer test and those for the mixtures by means of the three point bending beam test.  
 
For this work different conventional and polymer modified asphalt binders were used. 
 
Keywords: Fatigue, bitumen, mix asphalt, rheology 
 
1. INTRODUCTION 
 
Bituminous mixtures’ fatigue failure does not usually happen in most of the tests in a sudden manner, completely 
cracking the material, what would allow us to determine the number of cycles associated with the fatigue failure by 
means of a simple relation, on the contrary in most of the tests has place a continuous damage of the material, without 
producing a complete crack of the specimen. Bituminous mixtures’ failure can be determined in to possible ways, by 
means of stress controlled tests or by strain, or displacement, controlled ones. In the stress controlled tests we record the 
strain suffered by the specimen when we apply a constant stress. The material fatigue resistance is related with the 
failure of the specimen or when the modulus drops below the 10%. In the deformation or displacement controlled test, 
we record the load evolution during the test. We say that a fatigue failure has happened when the load or the modulus of 
the material drops to 50%. The same criteria are applied to the fatigue test and characterization of the bituminous 
binders. 
Despite of the simplicity of the established criteria for the fatigue failure, it has not a simple application, due to, mainly, 
the shape of the curves that show the fatigue failure parameters profile. Those curves are S-shaped and according to 
various authors (Di Benedetto, de la Roche, Baaj, Planche and Roque) [1][2][3] we can divide the fatigue processes in 
three stages. Fig. 1. 
In the first stage takes place a quick drop in the mixture’s modulus that, according to Di Benedetto [1], is due to a 
warming in the mixture caused by its viscous behaviour. This causes a drop in the modulus value, in which it also has 
influence the tixotrophy and the local phenomena. The second stage is the one that shows a continuous drop in the 
modulus value. According to the authors, this one is the one that should be related with the fatigue process. In this stage 
small failures and microcracks take place in the mixture. As they increase in density, they cause the appearance of 
cracks and also the quick drop in the mixture’s modulus in the third stage. 
 
  

Phase Phase 
P
ha
se 

Interval 

1 aT x E00iE00i 

E0 

E 

N1i N2i 

Initation mode Propagation 
mode 

N

 
 
Fig. 1:  Bituminous mixture’s modulus evolution along the test. Source : Di Benedetto [1] 



 
Khalid and others authors [4][5] has researched about the fatigue process of the mixtures using the energy the material 
bears in each load cycle. This way they determined, from the state of stress and strain to which the specimen is submit 
and how this increases in the stress controlled test, when the specimen failure begin, while it decreases in the strain 
controlled fatigue test. (Fig. 2)  
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Fig. 2: Energy dissipated by the material in a stress or strain controlled test. Source: Khalid [4] 
 
In a stress or strain controlled test with a cyclic load application the stress applied in each cycle satisfies the following 
expression: 

senw    Equation n. 1 
where, 
 
w = Energy dissipated 

 = Applied stress  
 = Applied strain 
= Phase angle. 

 
Following this procedure we can obtain easily, especially in the stress controlled test, the fatigue failure of the 
specimen. In addition, this failure criterion is related in both cases to a similar specimen state, this is when the 
microcracking density is so high that the specimen begin to crack quickly.  
Delgadillo and Bahia [6] also apply those concepts in the bituminous binders’ fatigue study. Both of them have 
researched the fatigue behaviour using the Dynamic Shear Rehometer, analysing the energy dissipated (equation n.1) 
and its ratio (equation n.2). They determined that as you plot the energy dissipated ratio versus the load cycles or 
controlled strain, from the coordinates origin a constant slope curve appears and after several cycles a gap occurs, which 
is related with the begin of the specimen crack. In the stress controlled tests this gap occurs with a decreasing tendency, 
achieving a maximum value when the cracks propagate along the specimen causing its fatigue failure. (Fig.3). In the 
strain controlled test the gap is ascendant. The fatigue failure occurs when the gap achieves the 20% of the tendency 
line (Fig.4). This criterion is used by Bahia and Delgadillo to determine the binders’ fatigue failure.  

sen

sen
DER

n

1     Equation n. 2 

where, 
DER = Energy dissipated ratio 
w = Energy dissipated 

 = Applied stress 
 = Applied strain 
= Phase angle 

 



 
 

Fig. 3  Energy dissipated ratio variation in a stress controlled test. Source: Delgadillo and Bahia. [6] 
 

 
 
Fig. 4  Energy dissipated ratio variation in a strain controlled test. : Delgadillo and Bahia. [6] 
 
Binders and mixtures fatigue failure can also be determined from the evolution of the strain, in the stress and the strain 
controlled tests. In both the fatigue test using the DSR stress controlled test and the mixtures three-point bending beam 
displacement controlled test the strain increase as the load cycles increase, till it gets to a values where the strain 
increases very quickly, causing the fatigue failure in a few cycles. That value for the strain, that we called critical strain, 
is almost the same when we are testing at different levels of stress and strain the same binder or bituminous mixture. 
This way the critical strain is higher if we test a soft bitumen rather than a hard one, and is also higher for the modified 
binders. The same happens with the mixtures manufactured with those binders, its critical strain.  
It is also observed the higher the binder or mixture modulus is, the lower the slope of the fatigue law. In conclusion, as 
it is presented in this article, a relation between the behaviour of the binders, and the mixtures manufactured with those 
ones can be determined. The higher the binder critical deformation and its modulus, the better the mixture's behaviour 
will be under fatigue. 
 
2. RESEARCH PERFORMED  
 
The research performed consisted in determine the fatigue failure of different types of binders (table n.1) by means the 
Dynamic Shear Rheometer (DSR) and the three-point bending beam fatigue test of different mixtures with same 
granulometry (Fig.5) manufactured with those binders. 
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Fig. 5: Aggregate size S-12 

 
     Type of Asphalts Characteristics Unit Norm NLT
B13/22 B-60/70 

 
BM-3b 

Penetration to 25ºC, 100g. 0,1 mm 124/84 17 64 

Index of penetration  181/88 0,1 -0,5 

Point of Softening A and B ºC 125/84 67,3 50,6 

Point of Fragility Fraass ºC 182/84 5º -13 

Density gr/cm3 122/91 ------ 1.034 

60 
2,4 

 
64,4 

 
------ 
------ 

 
Table 1: The asphalt binders caractheristics 

 
3.1 Dynamic Shear Rheometer tests  
 
To obtain the fatigue law of the binders studied, stress controlled tests (between 1000 and 9000 Pa) were carried out in 
the dynamic shear rheometer, where the evolution of the strain along the load cycles was recorded. 
For the DSR test, cylindrical specimens were used (8 mm in diameter and 2 mm high). The frequency applied was 1.59 
Hz and the temperature 20ºC. The failure criterion to determine the fatigue law consisted in compute the maximum 
value of the energy dissipated ratio (DER). Fig.6. The studied binders’ fatigue law is represented in a logarithmic scale 
(Fig.7) in which the number of cycles till the failure and the initial strain are related.   
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Fig. 12 : Modulus evolution along the load cycles. B-60/70 bitumen.  
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Fig. 13 : Bituminous mixtures’ fatigue law. 
 



Moreover, the inner fibre strain has been obtain and is represented in Fig.14, 15 for the B-60/70 and B-13/22 binders. 
As it can be seen, the fatigue failure occurs at the same level of strain whatever is the initial strain or stress. The mixture 
manufactured with the B-60/70 binder failed at a higher strain than the one manufactured with B-13/22 bitumen. Their 
values were 0.0008 and 0.0005 respectively. In contrast, the mixture made with the modified bitumen broke with a 
critical strain around 0.0012. That is the reason why the fatigue law, Fig.13, of the mixture made with the modified 
bitumen is in the upper part of the graph while the one manufactured with the B-13/22 binder is in the lower part. In 
other words, they arrange themselves in the same order as their binders. 
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Fig. 14 : Strain evolution along the load cycles for the mixture made with B-60/70 bitumen. 
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Fig. 15: Strain evolution along the load cycles for the mixture made with B-13/22 bitumen 
 
4. CONCLUSIONS  
 
The research shows, as it was mentioned in the introduction, the importance of the modulus and the critical deformation 
in the fatigue failure of binders and mixtures. Talking about the binders, with the same modulus, the higher the critical 
deformation, the better its behaviour under fatigue. 
The critical deformation has been studied in other researches [8] and is related with binder’s ductility. Again, with the 
same modulus, the more ductile the binder is, the better its behaviour under fatigue will be.  
It is observed a relation between the mixture’s behaviour under fatigue and the binder used in its manufacture.  Despite 
its low content in bitumen, 4.5% in weight, the influence of the binder used is highly significant in its response.  
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ABSTRACT 
 

Bituminous mastic behavior depends on the filler/bitumen volumetric ratio and the nature of the filler employed. This 

work gathers the study made by the Diputación Foral de Gipuzkoa for the characterization of different types of fillers 

and, especially, fillers resulting from the manufacture of bituminous mixtures, bag-house fines. 

The influence of these fillers in the rheological behavior of different types of bitumen (modified and non-modified) has 

been analyzed by means of the DSR equipment (Cepsa-Proas).  

In addition, the effect of mastics on the cohesion and adhesiveness with acid and basic aggregate has also been studied. 

(Campezo, Road Research Laboratory of the Technical University of Catalonia, Spain) 

 

Keywords: mastic asphalt, mineral filler, cohesion, rheology. 

 

1. INTRODUCTION 
 

The combination of mineral dust (filler) with the bituminous binder to obtain a bituminous mastic has a positive effect 

on the behaviour of the bituminous mixture, as reported by several authors [1, 2, 3]. Bitumen viscosity and stiffness 

increase whereas, on the other hand, thermal susceptibility decreases. Tensile resistance is also enhanced, resulting in 

significantly improved mixture cohesion. 

However, mixing mineral dust with bitumen causes a reduction in bitumen ductility, and excessive filler may render the 

mastic fragile and brittle [4]. 

Additionally, mineral dust may, in certain cases, exhibit a hydrophilic character by which it combines more readily with 

water than with the bituminous binder. This may lead to an uncoating process of the mixture in the presence of water, 

resulting in cohesion and resistance loss. 

Different manufactured fillers (dust from the grinding of limestone aggregates, calcium carbonate, limestone, cement...) 

are currently being used, but their advantages and disadvantages remain unknown. Alternatively, the possibility of 

utilizing recovered filler as a manufactured filler is being investigated. This material is extracted during the aggregate 

drying and heating processes in the manufacture of bituminous mixes. In most cases, recovered filler is obtained by 

heating crushed limestone aggregates, the nature and composition of which are similar to those of manufactured fillers 

(calcium carbonates).  

For the above reasons, the present work aims to analyze the effect of filler nature and content both on the rheological 

behaviour of mastics and the binding power with which they provide mixtures. 

 

2. METHODOLOGY 
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Filler characterization and assessment were accomplished through the analysis of the effect of filler nature and content 

on the rheological behaviour of mastics and mixture cohesion and adherence. Five fillers of different origin and nature, 

added to different bitumens at different volumetric concentrations, were studied.  

Rheological behaviour. The variation of the complex modulus and phase angle with temperature was determined using 

a dynamic shear rheometer to determine the optimal volumetric concentration of the assessed fillers. Additionally, the 

effect of concentration variation on one of them (calcium carbonate) was analyzed.  

Cohesion/tenacity. The UCL method [5, 6, 7], based on the Cántabro test [8], is used to assess the effect of filler nature 

and content on the binding power (cohesion/tenacity) provided by bitumen to a set of aggregates. Binding power is 

understood as the bitumen's ability to hold aggregate particles together. This ability depends not only on bond resistance 

(cohesion) but also on the energy that must be supplied to completely deform and break the bond (tenacity).  

The UCL method consists in mixing a selected number of aggregates of the same grading with a set amount of bitumen, 

specifically 4.5% by mass of aggregate. Aggregate grading is comprised by 80% of particles of size 5-2.5 mm and 20% 

of particles of size 2.5-0.63 mm. Marshall specimens are prepared with the above mixture and different quantities of 

mineral dust for subsequent testing in a Los Ángeles machine, in accordance with the Cántabro test.  

This test is used to determine the weight loss of tested specimens resulting from abrasion and impact against the drum 

wall. It has been demonstrated that the smaller the loss, the greater the capacity provided by the mastic to hold 

aggregate particles together. The test here, conducted at 25ºC, allowed loss variation with different filler fractions to be 

known. 

Adhesiveness. The ability of water to produce the uncoating process of the mastic was also evaluated by the UCL 

method. Thus, the increment in Cántabro losses experienced by specimens prepared according to the above procedure 

and after 4 days immersion in water at 45ºC was calculated. 

 

3. MATERIALS 

 

Materials were characterized before testing to obtain full details, particularly about mineral dusts, which could facilitate 

the interpretation of mechanical results.  

Mineral dust. Five fillers of different origin and nature, the characteristics of which are specified in Table 1, were 

employed. This table also illustrates the Cs values of the fillers that have been obtained according to the procedure 

explained below. 

Results show that some fillers, such as calcium carbonate 2 and recovered filler, are characterized by a greater grain 

size. Both fillers have higher apparent density in toluene, and calcium carbonate 2 has thicker grading. Calcium 

carbonate 2 fails to comply with the Spanish standard because of its high apparent density in toluene.  

On the other hand, lime and calcium carbonate 1 have greater fineness, which accounts for their low apparent density in 

toluene, indeed lower than the minimum allowed by the technical specifications of Spanish standard PG-3 [9].  

Bitumen. Two different bitumens were used in the test: one conventional bitumen, B-60/70, and the other a polymer-

modified bitumen, BM-3c, according to the Spanish standard [10]. Their characteristics are included in Table 2. 
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Filler  
Characteristics Standard Sieve 

(mm) Cement Calcined
Lime 

Calcium
Carbonate 

1 

Calcium 
Carbonate 

2 

Recovered  
Filler 

2 100 100 100 100 100 
0.125 100 98.7 100 88.7 98.2 
0.080 99.8 95.0 99.9 82.8 95.7 

Grading 
(% Passing) 

UNE EN 
933-2 

0.063 99.1 92.3 99.6 77.9 93.4 
Methylene Blue 

(g/kg) (1) 
UNE EN 
1097-4 0.080 0.67 0.67 0.67 0.67 2.33 

Apparent Density 
in Toluene  
(g/cm3) (2) 

NLT-
176/92 0.080 0.71 0.31 0.48 0.87 0.80 

Real Density 
(g/cm3) 

UNE EN 
933-9 0.080 2.76(3) 2.15 2.58 2.59 2.57 

Solubility in Water 
(%) 

UNE EN 
1744-1 

(4) - 0.5 1 0.3 0.8 

Calcium Carbonate 
(%) 

UNE EN 
196-2 

(4) 13.2 12.6 96.0 90.1 57.8 

Ca and Mg Oxides 
(%) 

UNE EN 
459-2 

(5) - 98.6 - - - 

Critical 
Concentration (Cs) 

IRAM 
1542 

(4) 0.307 0.154 0.214 0.410 0.440 
(1) Spanish Specifications: < 10 
(2) Spanish Specifications: 0,5 - 0,8 g/cm3  
(3) In Toluene 
(4) Without Sieving  
(5) Calcined Sample without Sieving 
 

Table 1: Filler characteristics 

 

Bitumen Characteristics Unit 
Spanish

Standard
(NLT) 

B-60/70 BM-3c

Original Bitumen 
Penetration (25 ºC; 100 g; 5 s) 0.1 mm 124 63 61 
Penetration Index  181 -0.2 2.8 
Softening Point ºC 125 51.7 67.0 
Fraass Brittle Point ºC 182 -14 -17 
Ductility (5 cm/min) at 5 ºC cm 126 100 - 
Solubility in Toluene % 130 100 - 

Softening Point Difference ºC - 0.5 Storage 
Stability Penetration Difference (25 ºC) 0.1 mm 

328 
- 2 

Elastic Recovery at 25 ºC % 329 - 77 
Relative Density ( 25 ºC / 25 ºC) - 122 1.030 1.032 
Asphaltene Content  % 131 18.0 21.3 
Paraffin Content % 345 1.7 - 
Rolling Thin Film Oven Residue 
Mass Loss % 185 0.23 0.42 
Penetration (25 ºC; 100 g; 5 s) % p.o. 124 56 58 
Softening Point Increase  ºC 125 9.0 14.1 
Ductility (5 cm/min) at 5 ºC cm 126 62 - 

 

Table 2: Characteristics of bitumens 
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Mastic dosage. Tested filler/bitumen volumetric ratios.  

 

Mineral dust was volumetrically added. In this way, the filler volume required in the sedimentation test to completely 

fill a given bituminous binder volume was determined for each filler and mineral dust type. The same was done for a 

material of lower viscosity (kerosene) since less viscous materials facilitate the sedimentation process. The volumetric 

ratio of maximum filler content, above which an excess of filler would occur, thus hindering complete covering of the 

filler by the bitumen film or liquid used (here kerosene oil), was established. This ratio is called critical concentration 

(Cs) [11, 12, 13] and is given by the following expression:  

 

S

eff

S

fillerreal
S V

PP
V

V
C _

 

 

where  

Pf = poured weight of filler in g  

Pef = specific weight of filler in g/cm3 

Vs = sedimentation volume in cm3 

From this critical volumetric concentration various volumetric concentration levels were tested with respect to the 

critical concentration level, Cv/Cs. Thus, Cv was determined by the following expression:  

 

ebbeff
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bitumenfiller
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V PPPP

PP
VV
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where  

Vf and Vb = filler and bitumen volume in cm3 

Pf and Pb = filler and bitumen weight in g  

Pef and Peb = specific weight of filler and bitumen in g/cm3 

Then,  

For Cv /Cs = 1, we obtain the critical concentration.  

For Cv /Cs << 1, a greater filler concentration is needed to fill the entire bitumen film.  

For Cv /Cs >> 1, there is an excess of filler.  

The maximum mixture viscosity and tenacity were obtained for values of the Cv/Cs ratio close to 1.  

 

4. ANALYSIS OF RESULTS 
 

4.1. Rheological characterization 
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Comparison of mastics prepared with both bitumens (B-60/70 and BM-3c) and different fillers with a Cv/Cs ratio equal 

to 1 reveals that their behaviours are all very similar. For each of the bitumens, the mastics have comparable complex 

modulus and phase angle values, Figures 1 and 2.  
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Figure 1: Effect of filler type on the behaviour of bitumen B-60/70 (frequency 1.59 Hz) 

 

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

0 10 20 30 40 50 60 70 80 90
Temperature (ºC)

G
* (

Pa
)

30

40

50

60

70

80

90

 (º
)

G* lime G* cement
G* calcium carbonate 1 G* calcium carbonate 2
G* recovered filler G* original
G* RTFOT d lime
d cement d calcium carbonate 1
d clacium carbonate 2 d recovered filler
d original d RTFOT

 
Figure 2: Effect of filler type on the behaviour of bitumen BM-3c (frequency 1.59 Hz) 

 

The influence of the variation in the Cv/Cs ratio was analyzed for calcium carbonate 1 filler and bitumen B-60/70. The 

obtained results, Figure 3, indicate that the increase in the Cv/Cs ratio causes a slight rise in the mastic stiffness, making 

it impossible to determine the optimal content.  
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Figure 3: Isochrones (1.59 Hz) of mastic with calcium carbonate 1 and different filler/bitumen ratios 

 

4.2. Results of UCL method  

 

Tests were conducted with two aggregate types, ophitic and limestone aggregates, and only one bitumen type, bitumen 

B-60/70.  

Figure 4 shows the Cántabro losses obtained for bitumen B-60/70. As observed in the DSR tests, filler type does not 

seem to have a great influence on losses for Cv/Cs ratios smaller or equal to 1. As this ratio is exceeded, losses increase 

for fillers with higher Cs values (recovered filler or calcium carbonate 2), rendering the mastic fragile. However, for 

fillers with lower Cs values (lime and calcium carbonate 1), the process occurs for higher Cv/Cs ratios. 
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Figure 4: Effect of volumetric concentration on Cántabro losses (dry conditioning). Limestone aggregate and 

bitumen B-60/70 (results obtained from Campezo) 

 

It must also be emphasized that while the mastic behaviour remains almost unchanged when the Cv/Cs ratio is taken as 

the parameter -for the same Cv/Cs, similar Cántabro losses are obtained- differences are observed when it is the 

filler/bitumen ratio by weight that is regarded as the parameter, Figure 5. In this case, fillers with higher Cs values, like 

recovered filler and calcium carbonate 2, allow higher filler/bitumen ratios. For these fillers, the optimal filler/bitumen 

ratios providing smaller losses correspond to values equal or greater than 1, i.e. between 1 and 2. On the other hand, for 

fillers with lower Cs values, such as lime and calcium carbonate 1, the optimal values are much lower than the above 

mentioned, specifically between 0.5 and 1. Thus, using fillers like lime to manufacture bituminous mixes, and selecting 

filler/bitumen ratios higher than 1 or 1.2, as recommended by the Spanish standard, may result in mixture fragilization 

due to excessive filler content. One of the most important conclusions drawn from this study is precisely the benefit of 

employing volumetric procedures, like the Cv/Cs ratio, rather than filler dosage by weight in bituminous mixes.  
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Figure 5: Variation in Cántabro losses (dry) with filler/bitumen ratio by weight (results obtained from Campezo) 

 

The effect of each filler type on the mastic behaviour can be better observed if the influence of the variation in void 

percentage with the volumetric ratio, is analyzed, Figure 6. Fillers with higher Cs values (like calcium carbonate 2) are 

found to provide a thicker mastic film which fills more voids. Additionally, these fillers have a greater filler/bitumen 

ratio for the same Cv/Cs ratio. By contrast, the void percentage is hardly reduced by fillers with low Cs values.  
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Figure 6: Effect of volumetric concentration and filler type on air voids (results obtained from Campezo) 
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The effect of water on filler behaviour was assessed by the UCL method by a wet conditioning. Thus, Cántabro losses 

were determined after 4 days immersion in water at 45ºC, using two types of aggregate: limestone and ophitic 

aggregate, Figures 7 and 8.  

Losses after immersion with limestone aggregate are higher than dry losses, especially for low Cv/Cs ratios, Figure 7. 

For the studied range of values, the higher the Cv/Cs ratio, the lower the losses increase due to water effect, particularly 

in the case of fillers with the highest Cs (calcium carbonate 2 and recovered filler). This effect can also be appreciated in 

Figure 8, with ophitic aggregate, where more influence of the filler type is observed. 
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Figure 7: Effect of volumetric concentration and filler type on losses after immersion. Limestone aggregate and 

bitumen B-60/70 (results obtained from Campezo) 
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Figure 8: Effect of volumetric concentration and filler type on losses after immersion. Ophitic aggregate and 

bitumen B-60/70 (results obtained from Campezo) 

 

5. CONCLUSIONS  

 

The following conclusions can be drawn from the present study:  

The rheological characterization of the analyzed mastics shows hardly any difference between them. An increase in the 

modulus, G*, is observed with respect to the original bitumen (without filler), whereas the phase angle remains almost 

invariant. Moreover, it is impossible to determine the optimal filler content.  

In contrast, characterization by the UCL method not only reveals differences in the response of mastics but also allows 

the point from which filler content results in excessive mastic fragilization to be clearly established. It is also possible to 

determine which mastic provides the mixture with greater resistance to the stripping action of water. Furthermore, the 

method demonstrates that filler dosage must not be accomplished by weight, but by volume.  

It is further observed that there is no problem in using recovered filler of limestone aggregates provided its homogeneity 

and quality are controlled, especially its fineness and activity.  
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ABSTRACT 
 
Asphalt mixtures compaction is considered to be one of the most important factors that influence asphalt layers 
durability, as has been shown by many studies in the past. However, it is still not clear how compaction should be 
carried out. In the present paper, a computer simulation based on the Distinct Element Method (DEM) is adopted to 
study this matter. Asphalt mixtures are modelled as an assemblage of circular rigid particles that interact with each 
other at soft contact points based on DEM, using Itasca-PFC2D software. Up to this point, the influence of several 
parameters has been investigated, namely the generation process, the assembly dimensions, the initial conditions, the 
type of contact model, the material properties and the loading conditions. A mixture with median predicted 
compactability, AC 0/16, was selected from the study “FGSV: Merkblatt für das Verdichten von Asphalt”, 2004, in 
which the compactability of several kinds of asphalt mixtures were evaluated.  
The numerical model is initially validated against laboratory data (static compaction). As expected the Burger’s 
contact model is shown to give a better agreement than the obtained with an elastic contact model. The model has been 
further improved with two different techniques. First a contact hardening effect was introduced as function of the 
particle aspect ratio. Secondly, the formation of rigid bodies in the assembly was considered as result of the particles 
overlap. Both techniques proved to be useful. In accordance to the previous encouraging results one presents the field 
tests that were carried out to acquire the necessary data for the following simulations (roller compaction). The 
preparation procedure for the simulations is shown and the preliminary results presented. The initial results for the 
static roller compaction seem reasonable. It is shown that the presented study is a good insight in the complex 
behaviour of asphalt mixtures compaction.      
 
Keywords: compaction, rolling resistance, testing, discrete element 
 
1. INTRODUCTION 
 
Compaction increases asphalt mixture density (lower volume) and particles become more closely packed with a higher 
number of contacts. This makes the material able to support the expected loads without rutting or other type of 
premature failure. In spite of this importance there are not enough scientific and technical information about asphalt 
behaviour during the compaction process. In Portugal as in other countries, road authorities only specify one goal – 
minimum compaction degree at the end. The lay-out of the construction is entirely decided by the constructor. In 
opposition to granular materials, asphalt mixtures have a limited compaction period (equal to the cooling time). 
Therefore it seems very important to know how every roller should be used to achieve a perfect compaction within the 
minimum execution time.  
In comparison to traditional studies at laboratory or at field, numerical modelling permits to perform a larger number of 
analysis in less time and with a small cost. Models are traditionally divided in two groups: discrete and continuous. 
Discrete methods intend to predict materials macroscopic behaviour by simulating the interaction of the different 
elements that compose the material, while continuous methods use in general macroscopic stress/strain 
phenomenological laws. 
Asphalt mixtures are a complex material composed with bitumen, aggregate, filer and voids. A range of asphalt 
mixtures can be produced depending on the proportions of these components and the grading of the aggregate. You 
(2003), Abbas (2004), Collop et al. (2004), Silva (2005) e Lee (2006), among others, refer that the complex behaviour is 
originated by the interaction of the different elements and therefore it can not be studied by the traditional continuous 
methods. 
This paper describes the work developed by the authors to validate the asphalt compaction modelling with a 
micromechanical model in two dimensions based on Distinct Element Method (DEM).  
 
2. DISTINCT ELEMENT METHOD 
 
The Distinct Element Method (DEM) was first introduced by Cundall & Strack (1979) for blocky rock systems studies 
and then successively adapted over the years to a variety of engineering problems. The materials are discretized in small 
rigid particles that interact at soft contacts allowing the contacts to be created and broken during the simulation course. 
The success of the method is expressed by the continuous increasing number of users. 
Asphalt mixtures have a discrete behaviour because the aggregate positions vary with the experienced deformation, 
Chang & Meegoda (1997). The DEM is based on two main principles: 

 Force – Displacement law: the contact force acting on two entities in contact is derived from the relative 
displacement between the entities;  



 Law of motion: the motion of a rigid particle is determined by the resultant force and moment vectors acting 
upon it (Newton’s second law). 

The general DEM calculation cycle, Figure 1, is based on an explicit local equilibrium scheme whereby the motion of 
each particle is defined using the sum of the forces at its contacts. The dynamic behaviour is numerically represented by 
an algorithm with explicit timestep that uses central differentiation scheme for velocities and accelerations. The adopted 
timestep is limited so that during a single timestep the disturbances can only propagate to its immediate neighbours. At 
every step the forces acting upon a particle are exclusively determined by its interaction with other particles at its 
contacts. During the simulation process the DEM calculation cycle is usually applied thousands or even millions of 
times. 

 

 

Figure 1 – General DEM calculation cycle – Azevedo (2003) Figure 2 – Sequence of the simulation steps 
 
The method can model a static problem or a dynamic problem. The used method models the system in two-dimensions, 
only two force components and one moment component are determined in opposition to the three force components and 
moment components that exist in a three-dimension assembly. The modelled assembly can be seen as a collection of 
variable-radius cylinders or alternatively as a collection of variable-radius spheres whose centroids all lie upon the same 
vertical plan. The force-displacement law is applied, in every cycle, to determine the normal and shear forces acting in 
all contacts based on contacts stiffness and relative displacements. The normal and shear stiffnesses are defined by the 
adopted contact model. In the present work it was used the Linear Elastic Contact Model and the Burger’s Viscoelastic 
Contact Model. Linear elastic contact model considers at the contact two springs acting in series, see Figure 3, whereby 
it can be obtained the following expressions for normal stiffness (Kn) and shear stiffness (ks):  
     

Figure 3 – Linear elastic 
contact model 
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Figure 4 – Burger’s contact model 

 
The Burger’s model is used to simulate time-dependent behaviour and for some conditions the visco-elastic-plastic 



behaviour exhibited by asphalt mixtures. The model considers the association of Maxwell’s model and Kelvin’s model 
in series. Figure 4 illustrates the described model. A Bonding Model and a Mohr-Coulomb Model are adopted for the 
contact behaviour. The Bonding Model is adopted just for particle-particle contacts and it specifies a maximum 
tension\shear force. When the contact force is exceeded the contact is considered to fail. The Mohr-Coulomb Model 
defines the maximum shear contact force as a function of the normal contact force and the contact friction coefficient. It 
is only active when the Bonding Model is not considered or the contact has previously failed.  The simulations were 
developed with PFC2D v3.0 – Particle Flow Code in Two Dimensions, which obeys to all referred conditions.  
 
3. SIMULATION STEPS 
 
The simulation process with DEM has several steps. Figure 2 shows the steps that were present at the process and its 
execution order. 
Assembly generation: in the first phase the particles are positioned in a specific location and the contacts are created. 
Contact models definition: the contact model defines the relation between the particles forces and its relative 
displacements.  
Boundary conditions: boundary conditions are the conditions that must be respected during the simulation to be valid 
like some areas of restricted particles movements or maintained assembly stresses.  
Loading: The active loads in PFC2D can be applied in two ways: forces acting on particles gravity centres and imposed 
wall movements. Passive forces are imposed disturbances in the assembly like particles elimination and particles 
overlap generation. 
Calculation: this phase can be divided in several parts and is identified by the total number of executed calculation 
cycles and the timestep. These variables can be automatically determined by PFC2D. For the timestep, PFC2D assumes 
a percentage of the predicted critical timestep that is related to the maximum eigenvalue of the total system. The 
required calculation cycles can be decided by the software which stops the simulation when the sum of the out-of-
balance forces is less than a specified value. 
Results analysis: the last phase, in numerical or experimental procedures, permits to identify if the simulation is valid, 
the parameters values, the errors to avoid, etc. A discerning analysis may reduce the number of simulations and increase 
the software skills.   
 
4. ASPHALT MIXTURES 
 
FGSV (2004) presents a statistically study about the asphalt compactability according to EN12697-10 (2001). The 
authors of this study used the impact method (Marshall Compactor) to measure the variation of the specimen height 
during the test. The parameter T represents the compaction resistance. 
 

Figure 5 – Compaction resistance (T) range for 
several german asphalt mixtures  – Renken (2004) 

 
Figure 5 shows the typical values of T for several German asphalt mixtures. The information above illustrated and the 
regressions of T as function of the asphalt volumetric properties, FGSV (2004), allowed the authors to choose a mixture 
with a foreseen average compactability (T = 34.3) – Asphalt Concrete (AC 0/16). The mixture design respected the 
German and the Portuguese design guides.  
To validate the asphalt compaction simulation with DEM it was selected the static compaction laboratory test with 
uniaxial loading in only one specimen’s face. The preparation procedure includes filling the Marshall Test mould in two 
layers with one Marshall Compactor impact after each layer to adjust the loose material inside the mould. The mould is 
then placed onto a compression equipment and compaction starts with constant velocity wall movement until it reaches 
the defined maximum force (Phase 1), then the maximum load is maintained for several minutes (Phase 2) and finally 
there is the unloading with constant velocity wall movement (Phase 3). The procedure was done for three maximum 
loads: 10 kN, 25 kN and 50 kN. Table 1 resumes the test results.  
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Figure 6 – Gradation and properties of AC 0/16 designed by Marshall Method 
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Figure 7 – Loading scheme and force evolution during 
the 3 phases of the static compaction test 

Figure 8 – Force/displacement average test results 
 

 
 Non compacted 10 kN 25 kN 50 kN St. Deviation 

Height (mm) 76.0 69.1 67.2 63.2 1.4 
Displacement – phase 1 (mm) ---- 7.1 9.8 13.7 1.3 
Displacement – phase 2 (mm) --- 7.3 10.1 14.2 1.2 
Displacement – phase 3 (mm) --- 6.9 9.4 13.3 1.3 

Porosity (%) 17.6 14.9 13.4 11.5 0.4 
Table 1 – Static compaction data of BB 0/16 

 
5. NUMERICAL SAMPLE PREPARATION 
 
The assembly generation consists of filling the analysis domain with particles. The initial structure composed by the 
particles and its contacts determines the behaviour during the simulation. The method used to create the assembly 
depends of the wanted assembly characteristics (realistic or idealized, etc.). There are several techniques to accomplish 
the step each one with advantages and disadvantages. 
The techniques can be classified according to several parameters. The first classification system defines two types 
according to the final assembly: random or predefined. Besides the fixed-point technique, all the particles positions are 
defined previously, for all the other techniques the particles are first generated and then the contacts are created by 
imposing some conditions. In this case it is impossible to predetermine the particles position and contacts distribution in 
the assembly. The fixed-point technique is used for regular structure assemblies or theoretical and for the cases of 
materials reproduction by photos. The study of non homogeneous materials can only be conducted with random 
assemblies or materials reproduction by visualization techniques.  
The second classification system is based on particles dimension. Materials usually are composed by particles of varied 
dimensions. Therefore one can define idealized assemblies with equal dimension particles or create a more realistic 
assembly with particles of several dimensions which can better represent the material behaviour. This can be applied to 
materials that are composed of one element or several elements like asphalt mixtures (aggregate and bitumen).If the 
elements grading is known it is possible to perform a closer material reconstitution. Cundall & Strack (1979), Cheng et 
al. (2000), Azevedo (2003), Jiang et al. (2003), Itasca.Consulting.Group (2004), among others, refer several techniques 
to generate random assemblies, like: particle centroid perturbation; macro-particle growing; sieve generation; isotropic 
compression; gravity action, radius expansion; multi-layer generation. An analysis performed by the authors identified 



the best suited techniques to the current study: sieve generation; gravity action; multi-layer generation. The following 
quality control criteria was defined:  

 Similar porosity in the lab specimens and the assembly; 
 Porosity and contacts per particle homogeneity; 
 Contacts polar histogram;  
 Residual stresses; 
 Floating particles detection.  

The sieve generation technique is used to determine the number of particles for each sieve dimension. The particles are 
generated in a random position without contacts and then the contacts are imposed by other technique. In the 
implementation of the sieve generation it was considered that there is equal ratio of the elements volume in the 
specimen and the elements area in the cross section used in the simulation. Asphalt mixtures are composed of three 
different elements: bitumen, aggregate and voids. The influence of the aggregate in the asphalt behaviour depends on its 
dimension. The fine aggregate together with the bitumen compose the asphalt mastic which involves the coarse 
aggregate particles and gives tension strength to the material. The maximal nominal dimension of the aggregate that 
compose the mastic depends of the considered authors. In the past it was considered that only filer would be dispersed 
in bitumen and later on this definition evolved to the more accepted nowadays concept, mastic includes all the particles 
smaller than 2 mm, Silva (2005). Therefore the assembly is composed of two kinds of particles: aggregate and mastic. 
  

 Diameter Passing Retained Area A particle Nº part. Nº part.
mm % % m2 m2    

16.00 100.00 0.00    
11.20 83.00 17.00 0.00095737 0.00009852 9.72 10
8.00 71.00 12.00 0.00067579 0.00005027 13.44 13
5.60 59.00 12.00 0.00067579 0.00002463 27.44 27
4.00 47.00 12.00 0.00067579 0.00001257 53.78 54A

gg
re

ga
te

 

2.00 35.00 12.00 0.00067579 0.00000314 215.11 215
Mastic 1.00     0.00273124 0.00000079 3477.52 3478 

Mould volume 0.007757 m2 Total 3797
Bitumen volume  9.8 %   

Aggregate volume  72.6 %   
Porosity  17.6 %   

Table 2 – Calculation of the number of particles in the assembly by gradation curve method 
 
In every numerical analysis the user has to find the equilibrium between a finer system discretization and computational 
needs. A DEM model increases the computational requirements as more particles are added to the assembly. Therefore 
a 1 mm diameter was defined for the mastic particles while the coarse aggregate particle diameters were defined 
according to the grading sieves. 
The gravity action technique consists in letting the particles to settle by the gravity action like it was rain. After the 
particles are generated they are floating in the assembly domain but if the gravity is activated they fall until an 
equilibrium position is achieved. 
In the multi-layer technique, first it is generated a layer of particles and then compacted by the wall movement until the 
porosity or stresses are reached. Following the procedure is repeated with more layers until the assembly is completed. 
Jiang et al. (2003) introduced a small variation in this process because they state that there is an energy transfer between 
layers that originate heterogeneity in the assembly porosity. The variation consists in introducing an undercompaction 
factor that varies between a maximum for the bottom layer and zero for the top layer. 
The technique which had better results combines sequentially the multi-layer generation and gravity action procedures. 
In this technique the particles are generated and initially compacted according to the first technique and then subjected 
to the gravity action. Figure 9 and Table 3 describe the final assembly. The porosity is a little higher than the wanted, 
the stresses are residual, there is low porosity variation, a low average number of contacts per particle and there is not 
floating particles. The contacts polar histogram (each point represents one direction and the distance to the centre 
represents the ratio between the number of contacts per particle in that direction and the average number of contacts) 
has more variability than wanted, with near horizontal preferred directions. In conclusion this assembly can be used for 
the simulations.   
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Table 3 - Assembly properties
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Figure 9 – Assembly generated by multi-layer method (2 layers) with gravity activated [MC2-F-GRAV] 
 
6 – LAB TESTS SIMULATIONS  
 
The process of validating a simulation consists in choosing the correct parameters so that the numerical model has a 
similar behaviour to the real material. When the physical phenomenon is not already well understood this job may 
become time consuming. One way is to implement simple models and then slowly increase the models complexity until 
the predicted and real responses are very similar. 
Continuum base models usually have as model parameters the Young’s Modulus and Poisson Ratio which can be 
obtained with normal laboratory tests. In opposition the micromechanical model properties can not be easily determined 
previously to the simulation. It is common to fit the properties during several simulations until the predicted response 
resembles the real material response, designed as inverse modelling. 
The asphalt mixtures mechanical behaviour can vary from elastic to viscous as function of the temperature and the load, 
with visco-elastic-plastic behaviour for intermediate conditions. The complex mechanical behaviour is originated by the 
bitumen although the volume proportion in the mixture is small. The micromechanical models intend to simulate the 
real material behaviour with the constituent elements properties. Several performed studies, Chang & Meegoda (1997), 
Azevedo (2003), You (2003), Abbas (2004), Zegal (2004), Collop et al. (2006), have shown that the particle assembly 
may exhibit nonlinear complex behaviour although simple models, like linear elastic, are used as contact models. The 
complex response comes from including the real mechanisms of deformation like creation and break of contacts 
between particles. The Linear Elastic Contact Model and the Burger’s Contact Model were adopted in this study.   
 
6.1 Elastic simulations 
 
The simulations consisted in tracing the porosity, the wall displacement and wall force according to the illustrated in 
Figure 7. The results showed that the force is very dependent of the normal stiffness. A higher friction ratio originates a 
higher wall force thought the influence is not high. 
The ratio between normal and shear stiffnesses has a low influence on maximum wall force. The influence of the wall’s 
velocity is also small. The porosity and average number of contacts per particle have similar trends as expected. Lower 
porosity implicates a higher number of contacts. The porosity increases as function of a higher friction ratio between 
particles. The assembly has a lower porosity than wanted. In the assembly the porosity diminish from 17.9% to 4.8% at 
6.6% while in lab specimens it varies from 17.6% to 11.5%. The simulation of 3D structures in 2D models has 
important limitations. The porosity evolution can not be reproduced during the loading. In a 2D model there are not so 
many chances to the particles “lock-up” as there are in the real material. Therefore in the following simulations it is 
traced the evolution of the assembly dimensions (height) instead of the porosity. The porosity can be determined as 
function of the assembly dimensions.  
The recoverable deformation was up to 48.7%, much higher than the one measured in the lab tests (6.3%). To reduce 
the difference between recoverable deformation in the numerical model and the lab specimens, the contact bond force 
was increased to 10 and 100 times the initial value. The recoverable deformation diminishes but it is not enough. 
More information about the elastic simulations can be found in Micaelo et al. (2007). 



 
6.2 Viscoelastic simulations (Burger’s contact model) 
 
The simulations with the elastic contact model did not show a good agreement with the static compaction test in asphalt 
mixtures. The purpose of using the Burger’s model is to increase the irrecoverable deformation of the particles 
assembly with similar wall force trend. The implementation of the Burger’s model is more complex as there are four 
model parameters instead of one in elastic model and its behaviour is time dependent. As there is no data about mastic 
mechanical behaviour, the aggregate is considered elastic, the admissible values were found by “trial and error” in such 
a way to prevent excessive trials. Besides a larger number of parameters and time influence, the computational needs 
increase substantially.  
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Figure 10 - Predicted and measured wall force Vs Displacement 
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Group Parameter D12 

K1 [N/m] 3.5 x 10+5 

C1 [Ns/m] 0.8 x 10+4 

K2 [N/m] 1.0 x 10+6 

C2 [Ns/m] 1.0 x 10+8 

“Contact 
bond” [N] 100 

Burger 1 
 

 0.150 

K1 [N/m] 1.25 x 10+6 

C1 [Ns/m] 0.8 x 10+4 

K2 [N/m] 1.0 x 10+6 

C2 [Ns/m] 1.0 x 10+8 

“Contact 
bond” [N] 100 

Burger 2 
 

 0.300 

Table 4 – D12’ simulation parameters 
 

Figure 11 – Predicted and measured wall force Vs displacement for the 
3 maximum loads 

 
Among the three different types of elements (mastic, aggregate and wall) there are five types of contacts and two more 
if the loading wall – particle contact is considered with different properties. It was considered that the main deformation 
occurs in the contacts between mastic particles, therefore the stiffness of those contacts were set to lower values 
(“Burger 1” group). The other four contacts types are set with “Burger 2” group parameters. The initial test values were 
determined by deformation evolution analysis of the contacts mastic – aggregate and mastic – mastic for the case of 
only two particles subject to the average contact forces of the elastic simulation with nearest results to the lab 
specimens. 
Figure 10 shows the force evolution versus the imposed deformation for several simulations. The parameters of “Burger 
1” and “Burger 2” groups are varied between the simulations. There is a reasonable agreement between the simulations 
results and the laboratory tests data. Simulation “D12” has the nearest results. The contacts parameters used in “D12” 
are presented in Table 4. Figure 11 compares the laboratory data and the “D12” predicted force evolution for the three 
level loads used in the laboratory (10kN, 25kN and 50kN).  
The results allow one to conclude that the Burger’s model implementation permits to achieve resemblance behaviour to 
the real asphalt mixtures specimens while the most implemented contact model (elastic) does not. 
         
6.3 Results improvement 
  
It was decided to further improve the previous results, viscoelastic simulations. Therefore some new techniques were 
identified in order to approximate the numerical results to the lab test results. The best results were obtained by the 



conjunction of two techniques: increase of the number of contacts in the top of the assembly and a stiffening factor 
implementation. The first technique consists in a slightly pre-compaction which increases the compaction resistance in 
the initial compaction phase where there is low opposition to the wall movement. For the second technique it is 
proposed two alternatives. The first is the introduction of a stiffening factor which increases the Maxwell’s stiffness 
coefficient as function of the contacts overlap.  As it is referred by Lytton et al. (2005), Lee (2006), there is a relation 
between bitumen normal stiffness and bitumen film thickness. The aspect ratio factor (AR) is defined as the ratio 
between the particles diameter and he bitumen film thickness. For the presented simulations the bitumen is present in 
the mastic whose particles have 1 mm diameter. The aspect ratio factor is defined as: 

cc

21
R d

A
RR

 ( 3) 

1A1Rk1 R
K  )(AfK  ( 4) 

Ri – Radius of particle i; 
dcc – distance between the particles centre;  
K1 – Maxwell’s contact stiffness; 
fk – stiffening factor (function of the aspect ratio). 
 
Several expressions for the stiffening factor, function of the aspect ratio, were tested: linear, polynomial, exponential, 
etc. F9 is the expression that achieved better results.  
Function F9: 1+A  6.4346+A  16.244-A  12.662+A  -2.8714f R

2
R

3
R

4
Rk  ( 5) 

 
In the simulation “Final” the stiffening factor is only applied to mastic – mastic contacts while in “R1” is applied to all 
Burger’s model contacts.    
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Figure 12 – Measured and predicted wall force Vs displacement for the 3 maximum loads and 2 different 

simulations (Final and R1) 
 
The second alternative for the second technique (stiffening factor implementation) is to use a clumped particle model. 
The clump logic, available in PFC2D, is used to create a group of glued particles that behave as a single rigid body in a 
clump. Clumped particles can overlap to any extent as a deformable body that will not break apart regardless of the 
forces acting upon it. One can find, You (2003), Cho et al. (2007), clump logic applications with different purposes: to 
create irregular shape particles. It has been shown to increase the macro-scale friction angle and dilation gradient that 
result unrealistic with the normal circular shape particles assemblies.  
The reason to apply this optimization technique is the stiffening effect related to the bitumen film aspect ratio. In the 
consulted bibliography there are not many references to the overlap limit between the particles. The method assumes 
that the particles are rigid with soft contacts. Nazer (2001) considers overlaps acceptable until 20% of the particles 
diameter while Gethin et al. (2003) refers 10%.  Therefore the second alternative combines the overlap criteria with the 
clump logic. If a certain number of contacts of a specific particle have an overlap larger than a limit, the particle and all 
the others in contact with it form a clump. For the rest of the simulation the particles that compose the clump behave as 
a rigid body that cannot break. This procedure introduces a stiffening effect in the assembly as those regions have lower 
deformation capacity. Several combinations of the number of contacts to activate clump logic and the overlap limit 
were used to find a good agreement between simulation results and lab results.     
Figure 13 compares the laboratory results and the predicted for a simulation that transforms a group of particles in a 
rigid body (clump) when there are 3 mastic-mastic contacts with overlap higher than 15% of its diameter. Figure 14 
shows some clumps in the assembly centre after the test. The particles that do not incorporate any clump are not shown 
to present more clearly the “rigid bodies” that were introduced during the simulation. Each colour is a different clump.  
The comparison of different simulations results is illustrated in Figure 15. The optimization techniques prove to be able 
to reduce the difference between the simulations and the laboratory data. 
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Figure 13 – Predicted and measured wall force Vs 
displacement 

Figure 14 – Clumps in the loaded assembly 
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Figure 15 - Predicted and measured wall force Vs displacement for the three lab test maximum loads 

  
7. FIELD TEST 
 
After the successful simulation of the asphalt mixture compaction by the laboratory static compaction test it was 
decided to wide the research to field compaction (roller compaction). A small field test, with approximately 50 m long 
and 2.5 m wide, was carried out and controlled to acquire the necessary data. The compaction test consisted in paving 
and compacting an AC 0/16 layer on top of another asphalt layer. The layer was pretended to be 70 mm thickness 
before the roller passes. Two different roller (HAMM HD75) compaction modes were used: static and vibratory. Figure 
16 presents the cross-section and plan of each compaction mode of the test. During compaction it was monitorized the 
evolution of layer thickness (level and rod), the temperature (inside the layer and superficial by IF thermometer), the 
compaction times and the accelerations of the drum in the vibration mode. After the test cores were drilled to measure 
the final density and height (layer thickness). A roller pass represents the course of the roller from one side of the test 
section to another in one way. 
Figure 18 and Figure 19 compare the data acquired in the test and estimated statistically. It can be seen that the average 
layer thickness, before compaction, was lower in the vibratory test section. After 5 static roller passes compaction 
almost does not increase in opposition to the continuous compaction in vibratory mode, as studied by Azevedo (1993). 
 
8. FIELD TEST SIMULATIONS 
 
The simulations presented in this article refer to the first part of the static roller compaction test simulations. The 
vibratory roller compaction data has not been used yet. The simulations have not been completed although the existent 
information is presented.  
For the simulations the procedure presented in Figure 2 was followed once more. For the assembly generation the 
adopted procedure is the same though for this case it is necessary to define new assembly dimensions. As it was 
formerly referred an equilibrium between assembly dimensions and computational needs must be found. The roller’s 
drum diameter is 1140 mm. For a drum vertical displacement of 5 mm the chord between the surface contacting points 
is 214 mm. The length should be large enough to contain the drum’s deformation influence zone. Therefore the length 
was set to 420 mm. The assembly, Figure 20, contains 14706 particles which is more than three times the number of 
particles used in the previous simulations. The time needed to complete the simulation increases for two reasons, first 
the higher number of particles that decreases the computational speed and second the time-consuming loading process 
(several passes and two drums for each pass).      



Figure 16 – The cross-section and plan of the compaction test Figure 17 – Compaction test in progress 
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Part 2 - Vibratory mode
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Figure 18 – The thickness data measured and 
estimated for the static compaction mode 

Figure 19 – The thickness data measured and 
estimated for the vibratory compaction mode 

 

Figure 20 – Assembly used in the test field simulations 
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Nº of floating 

particles 
(un)

Nº of contacts 
per particle 

(Fc  0) 

St. 
Deviation 

(S) porosity

MC2-F-GRAV 19.11 
0
0

0
0  0 1.25 1.19 

Table 5 – Assembly properties 
 
The load during the roller pass is equal to the axle weight divided by the drum width (static drum linear load), 
approximately 220 N. As it was previously referred active loads can only be applied by forces acting on particles or 
imposed wall movements. PFC2D allows the definition of circular walls, so it was decided to simulate the roller drum 
by one circular wall. In the simulation the wall movements are defined and the results are the contact force and the 
surface displacements.  
In real roller compaction, displacements (thickness reduction) are not previously known. In the simulation the procedure 
works backwards as the final displacements are known and the forces not. The prescribed drum displacements are larger 
than the finals to account to the recoverable deformation. To find the correct displacements related to the contact 
characteristics an iterative procedure has been adopted. In the simulation each drum loads separately. First one drum 
does a pass followed by the other. Each roller pass displacement accounts for the pass of two drums so it was 
considered half imposed displacement by each drum.          
As result of the previous simulations it was only applied the Burger’s contact model. The model was applied without 
any of the developed improvement techniques. First one needs the necessary experience to implement those techniques. 
The provisory results are illustrated in the following figures. It can be conclude that the assembly dimensions are 
sufficient to the simulations execution although the 7 drum passes take about 14 hours to be completed. This slow 



computational execution limits the number of trials. The contact drum forces exhibit median/high variability and are not 
very close to the static drum force (220 N). The stresses maps show high vertical and horizontal compression stresses 
(negative) immediately in front of the drum (centre = 0.255 m) as expected. This agrees with Figure 22 where one can 
identify the high compression contact forces (thick black lines) in front of the drum’s centre. The high values of the 
vertical normal stresses are more localized than the horizontal normal stresses. The areas on the left and on the right of 
the drum are low tensioned as a sign of the previous compaction and recoverable deformation. The shear stresses are 
larger with opposite signs under and in front of the roller. One should pay attention to the high shear stresses as an area 
for possible cracks initiation. This findings, stresses variation, agree with the ones of Huerne (2004) who simulated the 
static roller compaction with a Finite Element Method base model, despite the differences in the maximum values.  
The percentage of the recoverable deformation in the imposed displacement (the sum of recoverable and irrecoverable) 
grows as function of drum passes as a sign of the compaction that reduces the ability for plastic deformation.  
The preliminary results are realistic. The simulations need improvements in the relation between the prescribed 
displacements and the roller drum contact forces, namely the force variability. Then the stresses maps may clarify the 
common roller compaction problems like cracking and “bow waves”.  
 

  

Figure 21 – Roller drum loading the assembly 
during the second pass (front drum), from left to 
the right  

Figure 22 – Roller drum loading the 
assembly during the second pass 
(zoom in of the centre area) 

 
 

 
Figure 23 – Stresses in the assembly for the roller  
position illustrated above 

Figure 24 – Roller drum contact forces during the 
first 7 drum passes (3.5 roller passes)  

 
9. CONCLUSIONS 
 
This paper presents the study of asphalt compaction with numerical methods, the micromechanical DEM. Asphalt 
mixture AC 0/16 was selected according to the compactability. The first phase of the simulation process, the numerical 
sample preparation, is carefully described. The final method results from the combination of the multi-layer technique 
and the settling by gravity. It was validated by laboratory results. The numerical results obtained have shown that 



implementing the Burger’s model in some of the contacts gives, when compared to the elastic model, a better 
approximation to the lab results. To further improve the numerical results, the combination of two techniques, pre-
compaction and stiffening factor, and two alternatives for the second technique, the hardening effect as function of the 
particles aspect ratio and the formation of rigid particles agglomerates as function of the particles overlap, were 
developed and introduced. Both are physically justified and lead to an excellent agreement between the simulations 
results and the laboratory tests. 
The good results enforced the authors to increase the complexity of the simulations by initiating real roller compaction 
simulations. A test section was carefully constructed and monitorized to obtain the required data. The preparation and 
the decisions about the new assembly are presented. Finally it is exhibited the contact forces during the drum passes, the 
stresses map and contacts forces during one drum pass. The preliminary results are realistic and stimulate to continue. 
To conclude, micromechanical models DEM are shown to be a capable tool to study a complex phenomenon like 
asphalt mixtures compaction. At this point the authors are working in the development of the test field simulations with 
static and vibratory roller compaction. 
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ABSTRACT 
 
As for the Superpave specifications, the complex modulus of bituminous binders will certainly be a key element of the 
future European performance related binder specifications. So as to better evaluate the reliability of the presently 
available test procedures, the French mirror group of WG1 of the CEN/TC336 committee (bituminous binders) has 
organized a round robin test on two paving grade bitumens (10/20 and 50/70 classes) and three modified binders 
(plastomer, elastomer and cross-linked elastomer). The ten participating laboratories have worked with two types of 
equipment, mainly parallel plate rheometers (DSR) but also linear loading mode (tension-compression or annular 
shear). Measurements have covered wide temperature and frequency ranges and aimed at establishing reproducibility 
(phase 1) as well as repeatability (phase 2). The paper presents a synopsis of the performed statistical treatment and 
the first resulting conclusions. The results are generally well in line with previously reported similar work (RILEM 
studies), the standard deviation on reproducibility staying however relatively high in some specific cases. Repeatability 
is significantly better than reproducibility, which suggests that substantial improvements must still be achievable 
through a better mastering of both equipment and test procedures. This will be tried during a third phase of the project. 
 
Keywords : Complex Modulus, Testing, Standardisation, CEN, Modified Binders  
 
1. INTRODUCTION 
 
The European standard (EN 14770) for the measurement of 
complex stiffness modulus (G*) on bituminous binders 
considers “DSR” type equipment which applies oscillating 
shear strains through a parallel plate geometry. In France, 
several pieces of equipment do however apply an oscillating 
linear mode of loading, which can be either tensile-
compressive (TC) on cylindrical beam shaped samples or 
annular shear (AS) on samples poured in a cylindrical beaker 
(French standard NF T66-065). To evaluate and compare the 
reliability of these different test procedures, the French 
mirror group of WG1 of the CEN TC336 committee 
(bituminous binders) decided to organize an extensive round 
robin test. The main features of this project are outlined in 
Table 1. Amongst the PmBs used, it happened that the 2 
physically blended products (both highly modified) were not 
storage stable, while the cross-linked one (medium polymer 
content) showed no evolution of its properties with time  
 
The following pieces of equipment have been used by the different participating laboratories :  
 
 « DSR » type rheometers   : RHEOMETRIC RDA2 
      ARES ( Rheometric Scientific) 
      BOHLIN DSR      
      ROTOVISCO RT 20 (Haake company) 
      BOHLIN 05R 50 
      Modular Compact Rheometer MCR 500, Physica 

Table 1 : Outline of the study 



2 

Linear loading rheometers    VA 2000 - METRAVIB RDS 
      METRAVIB      
      Viscoanalyser METRAVIB type VA815 
      METRAVIB       
 
By not limiting itself to pure bitumen and by voluntarily incorporating highly modified binders (PmB1 and PmB2) 
likely to lead to large scatter in results, this round robin test may be considered as giving a good coverage of the present 
slate of pure and modified paving binders. The project has been run in two successive phases, one devoted to 
reproducibility (variability in-between laboratories) and the second to repeatability (variability within a same 
laboratory). The main objectives of this paper are to explain how the test data have been statistically treated, to make a 
synthesis of the so obtained results and to derive first conclusions. 
 
2. PHASE I - REPRODUCIBILITY 
 
2.1 Experimental  
 
The round robin test has been launched in January 2003 by addressing to the participating laboratories a preliminary 
questionnaire that, in particular, helped in defining precise and appropriate operating conditions. The instructions given 
to the laboratories aimed at the following : 
 

- Ensure the highest possible uniformity with regard to sample preparation (heating, homogenization, …), 
placing of test samples in the equipment and sequencing of tests. 

- Cover the largest possible domain of test temperatures (T) and frequencies (Fr), while ensuring also a 
maximum number of direct comparison points (temperature-frequencies) between the different 
laboratories. 

- Avoid inappropriate selection of test conditions by requesting the laboratories to first verify the low and 
high limits of their different test geometries as well as the corresponding linearity domains. 

 
As an example, Table 2 gives an overview of all the test conditions which have been performed on PmB3 (S). The main 
observation to be made is that “DSR” measurements have been performed by 8 laboratories, which gives a satisfactory   
starting base for reproducibility analysis. For “TC-AS” measurements, however, only 4 laboratories could participate, 
which is much less satisfactory for a sound statistical treatment ! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2 : Overview of the measurements performed on PmB3 (S) 
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2.2 Isotherm and isochrone plots 
 
For each binder and type of rheometer, the results obtained by the different laboratories have been plotted as isochrones 
and isotherms at selected test frequencies or test temperatures (common to all laboratories). Figure 1 gives an example 
of such an isochrone plot. The range of frequencies covered with the “DSR” rheometers stretched from 0,01 to 10 Hz 
whereas the linear loading rheometers worked mostly from 7,8 to 125 Hz. These two ranges follow each other with only 
a small overlap, therefore a direct comparison between the two types of equipment is best done when looking at the 
isotherms at different temperatures. As shown in Figure 2 in the case of stiffness modulus, the results proved most 
generally to be well in line. 

 
  Figure 1 : Example of isochrone of |G*| at 10Hz Figure 2 : Example of isotherm of |G*| at 30°C  
 
Isotherms and isochrones proved also to be very valuable in the course of the statistical analysis since the general trend 
of the curves helped in deciding whether to eliminate or keep specific data points (§ 2.3). 
 
2.3 Statistical treatment  
 
The ultimate purpose of the statistical analysis was of course to determine the standard-deviation on reproducibility in 
relation to binder type and used equipment/geometry. This analysis has been performed on the basis of following 
isochrones : 
 
“DSR” rheometers  : 0,01 – 0,1 – 1 – 10 Hz 
Linear loading rheometers  : 7,8 – 10 – 15,6 – 125 Hz 
 
In a preliminary step, it was however necessary to “clean” the raw measurement data while eliminating outliers. The 
applied procedure consisted of : 
 

- Rearranging the data measured by each laboratory at the considered frequency according to the geometries 
(diameter of parallel plates, gap, …) used at the different test temperatures. 

- Applying, at each test temperature, rejection tests according to Mandel or Grubbs (ISO 5725-2 standard) 
 

The straight application of these rejection tests proved however to be rather delicate, mostly due to the fact that the 
number of results available at a given temperature was often quite low. The two following cases have frequently been 
encountered : 
When only a few results are available at a given temperature and when those are quite scattered, a particular value may 
not be rejected by the statistical tests whereas it appears obvious, from the analysis and comparison of the general 
evolution with temperature, that this result should be an outlier. In this case, in contradiction with the statistical test, it 
was decided to reject this particular value. 
In the case of a limited number of results, two values may also be very close to each other and a third one a bit further 
away. This value may then be rejected by the statistical test although, in comparison to the measurements done at other 
temperatures, this distance appears as acceptable. In such a case, and so as to keep an estimate of the standard deviation 
at the considered temperature, we have sometimes decided to maintain a given result, again in contradiction with the 
statistical test 

 
Once the outliers were eliminated, we have looked for possible relations between the average of the values measured by 
the laboratories (noted m), the standard-deviation on reproducibility (noted s) and the relative standard deviation (noted 
s/m). These data have been established for each of the test conditions (frequency/temperature) performed on a given 
binder. 

"DSR" :   10/20  -  |G*| (Pa) = f (T) (°C)  -  10 Hz 
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2.4 Reproducibility on the norm of the complex stiffness modulus ( |G*| )   
 
In the case of the “DSR” rheometers, standard deviation on reproducibility has been established at temperatures 
ranging, in 10°C steps, from 10°C to 40°C for the 8mm parallel plates and from 40°C to 80°C for the 25mm parallel 
plates. For the linear loading devices, these ranges were respectively -30°C to 10°C for the tension-compression mode 
(except for the 10/20 bitumen : -10°C to 20°C) and 30°C to 60°C or sometimes 70°C for the annular shear mode. 
Figures 3 and 4 show the relationship between standard deviation and average on |G*| for the 4 main geometries. The 
data points correspond to the above mentioned temperatures and the frequency values given in § 2.3.   

 
  Figure 3 : Standard deviation versus average for the reproducibility of |G*| - “DSR” rheometers 
 

  Figure 4 : Standard deviation versus average for the reproducibility of |G*| - linear loading rheometers 
 
In those bi-logarithmic plots, the relationship between 
standard deviation and average may be approximated by 
a straight line, with more or less scatter depending on the 
geometry. In the case of the tension-compression, the 
results obtained for the 10/20 bitumen have not been 
taken into account as some laboratories reported 
operating difficulties. From the equations of the 
regression lines mentioned on the graphs, one may 
calculate the relative standard deviation (s/m) that leads 
to the curves shown in Figure 5. These allow the making 
of a first comparison between geometries and type of 
loading in relation to the covered range of modulus 
values. With s/m values ranging between 8 and 12%, 
annular shear seems obviously to give better 
reproducibility than the other geometries. When looking 
at plate-plate geometries, the measurements of low and 
intermediate modulus using the 25mm plates appears to be 
more reliable than the high modulus values assessed using 
the 8mm plates. 
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Figure 5 : Comparison of regressed s/m values for  |G*| 
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Indeed, the 8mm parallel plates lead to relatively high s/m values which only get lower than 20% at modulus values 
greater than 1 MPa. In the higher modulus range, the s/m values obtained with the tension-compression mode range 
from 10% to 16%. 
 
For several reasons, this analysis has however to be taken carefully. First, the reader has to be reminded that only 4 
laboratories participated with linear loading mode whereas 8 measured in “DSR” mode. Second, the regression analysis 
considered all binders together, leading to a linear relationship which, on a binder per binder basis may either not be 
truly linear or with a different slope. This is why the evolution of s/m in relation to m (decreasing in 3 cases and 
increasing for TC) should not be taken for granted. 
On a binder per binder basis, the evolution of s/m 
values in relation to m does not show very marked 
trends. This has urged another approach consisting in 
defining, for each binder, an average value for the 
established s/m values together with 3 descriptors for 
its dispersion : the standard deviation and the 10% 
and 90% fractiles. (upper limits for 10%, respectively 
90% of the s/m data). Those results are gathered in 
Table 3. With the parallel plates, there is obviously a 
binder effect. High average values and high degrees 
of dispersion are observed for the two physically 
modified PmB’s but also, a bit more surprisingly, for 
the 50/70 pure bitumen. A closer analysis shows that 
the deviations originate most often from the tests at 
lower frequencies (0,01 Hz and 0,1 Hz). The 
incidence of binder type is less marked in tension-
compression (we are at higher stiffness levels). In the 
case of annular shear, there seems to be a binder 
effect but clear conclusions are difficult considering 
the low number of participating laboratories. 

 
2.5 Reproducibility on the phase angle (  )   
 
With the “DSR” equipment, a large scatter of the measured values of  has been observed for the two physically 
modified binders (PmB1 and PmB2), especially at the lower frequencies in the domain corresponding to the switch over 
from one plate size to the other. This is illustrated in Figures 6 for the PmB2 (P) binder.  

 
Figure 6 : Values of    measured at 0,01 Hz and 10 Hz for PmB2 (P) 

 
Such problems have not been experienced with the two paving grade bitumens or with the cross-linked modified binder 
(storage stable and medium polymer content product), as shown in Figure 7. As a consequence, “DSR” values measured 
at 0,01 Hz and 0,1 Hz for PmB1 (E) and PmB2 (P) have been rejected from the analysis. 
 
Such difficulties have not been encountered with the tension-compression and annular shear loading modes. This has 
probably to be ascribed to the fact that we compared results obtained at frequencies higher than 7,8 Hz. Again, the 
lower dispersion obtained with this type of equipment has to be put into perspective, due to the small amount of 
participating laboratories. 

Table 3 : Analysis of s/m values for |G*| 
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Figure 8 shows the relationship between standard deviation and average on  for the “DSR” rheometer measurements. 
With the 8mm plates, one distinguishes clearly two families. For the two paving grade bitumens and the cross-linked 
modified binder the standard deviation on    stays relatively constant and covers a similar range (between 0,5 and 1,5 °, 
when excluding a few data points). For PmB1 and PmB2, the standard deviation values are clearly higher and more 
scattered. Similar conclusions can be drawn for the 25mm plates, in which case one may however notice a general 
tendency for higher standard deviations with decreasing values of  (higher stiffness levels). 

 
Figure 8 : Standard deviation versus average for the reproducibility of  - “DSR” rheometers 

 
In the domain investigated with the linear loading rheometers, the different binders are much less differentiated, leading 
to the trends shown in Figure 9.  

Figure 9 : Standard deviation versus average for the reproducibility of  - linear loading rheometers 
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Figure 7 : Values of    measured at 0,01 Hz for PmB3  

Tension - Compression      :   s = f (m) 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

0 10 20 30 40 50 60
m (°)

s 
(°

)

10/20
50/70
PmB 1 (E)
PmB 2 (P)
PmB 3 (S)

Annular Shear      :   s = f (m) 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

20 30 40 50 60 70 80 90m (°)

s 
(°

)

10/20
50/70
PmB 1 (E)
PmB 2 (P)
PmB 3 (S)

"DSR" 8mm      :   s = f (m) 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

5,0

20 30 40 50 60 70 80 90
m (°)

s 
(°

)

10/20 - 0,01 to 10 Hz 50/70 - 0,01 to 10 Hz
PmB 1 (E) - 1 and 10 Hz PmB 2 (P) - 1 and 10 Hz
PmB 3 (S) - 0,01 to 10 Hz x rejected data points

"DSR" 25mm      :   s = f (m) 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

5,0

50 60 70 80 90 100
m (°)

s 
(°

)

10/20 - 0,01 à 10 Hz

50/70 - 0,01 à 10 Hz

PmB 1 (E) - 1 et 10 Hz

PmB 2 (P) - 1 et 10 Hz

PmB 3 (S) - 0,01 à 10 Hz
    x rejected data points     



7 

 
When calculating the relative standard deviation (s/m), 
one may evidence the general trends shown in Figure 10. 
When excluding PmB1 (E) and PmB2 (P), the evolution 
of s/m with m is quite similar for the “DSR” rheometers 
and the annular shear loading modes, s/m gradually 
decreasing from 5% to 0,5% when  goes from 30° to 
90°. For PmB1 and PmB2, even when restricting the 
analysis to the higher frequencies of 1 Hz and 10 Hz, the 
relative standard deviations stay significantly higher. One 
may suspect the high level of modification and the lack 
of storage stability to induce a greater variability via the 
sample preparation and conditioning process. Although 
they appear as being in the continuation of the results 
obtained with the other geometries, the s/m values for the 
tension-compression mode also tend to be higher and to 
exceed 10% as soon as  drops below 20°. One may 
however underline that this is of little practical importance 
in a domain where binders behave predominantly as elastic bodies. 
 
 
3. PHASE II – “REPEATABILITY” 
 
3.1 Experimental  
 
The reproducibility results raised of course the question as to the repeatability performance of each laboratory. A check 
on repeatability has then been launched on two binders (50/70 and PmB2 (P)), considering two temperatures (with a 
frequency sweep at each of those) for each of the two main geometries per type of equipment. For each test condition, 
the measurements have been repeated three times (3 different samples). As in Phase I, specific care has been asked for 
with regard to the reheating, placing and stabilisation of the test samples.  
In the case of the “DSR” rheometers, a comparison between the procedure consisting in pouring directly the binder on 
the lower plate of the rheometer (poured sample) and the one consisting in using samples pre-casted in, for instance, a 
silicon mould (moulded samples) has been requested for PmB2 (P) and the 25mm plates. In practice, however, only 3 
laboratories (B, D and F) have worked with poured samples (for both plate sizes), a direct comparison between the two 
procedures being available in only two cases (lab. B and F).  
 
An overview of the work plan and of the finally available results is given in Table 4. 
 

 
Table 4 : Overview of work performed in Phase II – Evaluation of repeatability 

 
For each laboratory and each test condition, we have determined, again for |G*| and , the average (m), standard 
deviation (s) and relative standard deviation (s/m) of the three repeats. From a statistical point of view, it is of course 
very questionable to do such an exercise on the basis of only three data points. The obtained data should thus be 
considered as mere indicators for a level of dispersion rather than a true estimate of test repeatability. 
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The so calculated indicators have then been used :  
 

- To compare the standard deviations obtained by each laboratory and to possibly derive “realistic” mean 
values. 

- To compare the results obtained by each laboratory during Phase II to those obtained in Phase I so as to 
evidence a possible improvement on reproducibility. 

 
3.2 Search for “realistic” overall  s  and  s/m  values  
 
Similarly to what had been done for reproducibility, s and s/m values have been plotted against m values. In most cases, 
the level of s/m proved to be significantly lower than the corresponding s/m value on reproducibility obtained during 
Phase I but there were also some exceptions. This observation also applies for , although in this case results were often 
more erratic. In particular, standard deviation values for “poured” samples proved to be generally worse than for 
moulded samples.  
 
Considering the relatively low number of laboratories involved, we merely based ourselves on the visual examination of 
the graphs and on “sound” engineering judgement to establish, for each binder and test configuration, what seemed to 
be a “realistic” mean value for s/m. In general, the retained value was selected as the “mean” of the most frequently 
measured level, a “high” or “low” isolated level (one laboratory) being rejected. Most laboratories operating with 
moulded samples, the data obtained with the poured samples have usually not been retained for this determination. The 
outcome of this undertaking is gathered in Tables 5 and 6.  
 
These indicate that repeatability on phase lag is excellent, repeatability on complex modulus is around 5% for the non-
modified bitumen and around 10% for the modified one. Keeping in mind the subjectivity of this evaluation as well as 
the low number of results on which it is based, it is nevertheless possible to state that “repeatability” is much better than 
“reproducibility”, as logically expected. This is particularly obvious, for both binders, with the “DSR” equipments. 
Lower dispersion on repeatability is also observed with the linear loading rheometers although, in this case, the 
improvements are more pronounced for the 50/70 bitumen than for PmB2 (P). This was not expected because 
reproducibility was better with this equipment than with DSR. This is possibly due to the fact that only 4 laboratories 
provided results using this type of equipment while 8 provided results using DSR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
Table 5 : Estimate of “realistic” relative standard deviation on repeatability - “DSR” rheometers 
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Table 6 : Estimate of “realistic” relative standard deviation on repeatability - linear loading rheometers 

 
 
 
3.3 Comparison to Phase I results  
 
For each test condition, the results obtained by each laboratory during phase II have been compared to the results 
obtained by the same laboratory during Phase I. A few examples are given in Figures 11 and 12. The exploitation of 
these comparisons has been limited to a visual appreciation of these graphs.  
 
In general, the range of the values measured by the different laboratories proved to be of the same order of magnitude as 
the range covered during Phase I. One can thus not conclude that there is an improvement in the overall reproducibility. 
This applies to both types of rheometers.  

 
Figure 11 : “Reproducibility” of |G*| : comparison of Phase I and Phase II results 
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Figure 12 : “Reproducibility” of   : comparison of Phase I and Phase II results 

 
 
4. CONCLUSION AND FUTURE WORK  
 
The main findings from our Round Robin test may be summarized as follows : 
 
Concerning reproducibility on |G*| :  
- When not differentiating with regard to the nature of the binder, the standard deviation for reproducibility may 

be fairly well described, in a bi-logarithmic scale, as a linear function of |G*|.  
- In the case of the parallel plate rheometers, this leads to relative standard deviations that range from 15% to 

30% in the case of the 8mm geometry and from 10% to 20% with the 25mm plates. These values are 
comparable to those obtained in the frame of the RILEM Round Robin (15% to 30%) [1]. 

- When looking closer at the results, it appeared however that, still with the parallel plates, significantly larger 
dispersions may be observed. This appears at specific operating conditions (tests at low frequencies) and seems 
also to be binder related. 

- In the domain covered by the linear loading rheometers (operating at higher frequencies), no such large 
deviations nor differences in relation to binder type have been observed. With the exception of the 10/20 
bitumen which caused some operating problems, the obtained s/m values ranged are lower than 15%. This is 
especially the case with the annular shear mode for which, in a comparable stiffness range, appears as being 
more performing than the parallel plate geometry. 

 
Concerning reproducibility on :  
- For the “DSR” rheometers, RILEM [1] found s/m values lower than 10%, mostly lower to 5%. This has also 

been the case in our Round Robin test for the two paving grade bitumen and the in-situ cross-linked modified 
binder. Amplifying the tendency already shown in the case of |G*|, the values of  measured for the two 
binders modified at a high polymer content through physical blending, and not storage stable, proved to be 
highly scattered when measured at low frequencies (results at 0,01 and 0,1 Hz) and temperatures corresponding 
to the change between the two plate sizes. This did not allow any sensible evaluation of reproducibility in these 
cases.  

- Again, the reproducibility values obtained with the linear loading rheometers proved to be not affected by 
binder type. The s/m values obtained with annular shear (values of  above 40°) are systematically lower than 
4% and in-line with the DSR values. Results for the tension-compression mode are a bit less good (s/m 
increasing from 4% to 10% with  decreasing from 50° to 20°), with larger deviations at low temperatures       
(  below 20°), which is however of little consequence in practice. 

 
Concerning repeatability :  
- Although care must be taken due to the low number of involved laboratories (especially in the case of the 

linear loading rheometers) and test repeats, it seems however possible to state that, for both types of 
equipments and as expected, repeatability proved to be sizeably better than reproducibility. 

- A binder effect can however not be excluded. If, on a broad basis, the relative “standard deviation” on |G*| and 
 with “DSR” equipment are respectively lower than 5% and 1% in the case of the 50/70 bitumen, these values 

become 8% and 2% with PmB2 (P). Similar findings have been made with the linear loading rheometers. 
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Overall, our Round Robin test has thus confirmed the RILEM findings for the “DSR” rheometers. It has also shown a 
good continuity between “DSR” results and those obtained, at higher frequencies and higher stiffness levels, with linear 
loading rheometers. Both for |G*| and , particularly good results have been obtained with the annular shear mode.   
 
This should however not mask the “DSR” reproducibility problems that have been encountered with certain modified 
binders at low test frequencies and at temperatures (30°C to 50°C) which are precisely the “key” service temperatures. 
This obviously calls for further investigations on how to best handle such products in the frame of a test procedure ! 
 
Repeatability being significantly better than reproducibility is however very encouraging since it suggests that a good 
part of the scatter between laboratories may also be due to differences in test equipments.  
 
The French mirror group for WG1 of CEN TC336 has therefore decided to continue its investigations. An additional 
work program has already been launched, of which the objective is to quantify, via specifically aimed tests, the relative 
impact of the various parameters likely to affect reproducibility. This shall lead to complementary recommendations on 
sample handling and operating conditions which will then be tested via a new round robin on selected binders. 
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ABSTRACT 
 
Over the past few years different theoretical concepts and experimental approaches have been proposed in order to 
revise G*/sin as high temperature performance indicator. Zero-shear viscosity was considered a possible specification 
parameter and different experimental methodologies to determine it were evaluated. In any case, as previous 
experiences have shown, several difficulties arise when test procedures are applied to polymer modified binders. 
Despite this fact, creep and oscillatory tests at low frequency can highlight the influence of polymer concentration on 
the mechanical behavior of bitumen; at the same time, a methodology for determining equiviscous temperatures based 
on a low frequency approach was proposed for European standardization by CEN TC 336. The experience presented in 
this paper aims at establishing rheometrical conditions for evaluating high specification temperatures of bitumen based 
on viscosity measurements at limiting conditions (low-shear viscosity concept). During the experimental program 
carried out, static and dynamic mechanical analyses in the low frequency domain were performed and the influence of 
rheometrical approach on tests results was evaluated. Both modified and unmodified binders were selected for the 
investigation and the behaviors observed were analyzed by means of different rheological models. 
 
Keywords: Rheology, Performance testing, Zero Shear Viscosity, CEN, Modified binders. 
 
1.  INTRODUCTION 
 
1.1 Background 
 
There are different opinions about the contribution of binders to rutting resistance. Aggregate selection and mix design 
are very important but binders’ properties certainly play an important role in rutting resistance of asphalt pavements. 
This fact can be observed by analyzing the mitigation of rutting problems when modified binders are used. A correct 
interpretation of the binders’ role in resistance to rutting should thus be considered in order to attain reliable pavement 
design. To reach this objective, the Superpave specification parameter G*/sin  was identified by SHRP as the term for 
high temperature performance grading of asphalt binders [1]. Although this term is still used, it was found inadequate to 
describe the real anti-rutting performance of binders with high delayed elasticity [2, 3, 4]. It is generally recognized that 
this occurs because the SHRP parameter is connected with the partially reversible energy of binders and consequently it 
is not fully associated with pavement damage. The concept of binder damage behavior was thus introduced as a correct 
way of separating reversible energy connected with delayed elastic phenomena from energy dissipated in viscous flow. 
In fact only the dissipated energy correlated with viscous flow can be associated with the non-reversible deformation 
(damage) of binders [3, 4]. On the basis of this concept, alternate binder tests based on different rheometrical 
approaches have been recently developed: viscous modulus (Gv) from repeated creep test [5] and the zero-shear 
viscosity (zsv, 0) have been proposed as parameters connected with the dissipation of energy and non-reversible flow. 
Consequently during the past years several experiences have focused on the determination of these properties and 
technical specifications have been proposed by CEN TC336 and during the NCHRP 9-10 project. In particular, the 
zero-shear viscosity of asphalt binders has been investigated by many researchers and different experimental 
methodologies to evaluate it have been developed and applied. A first approach based on the analysis of the 
experimental data by means of the Cross model was presented by Sybilski [6]. Subsequently many researchers paid 
particular attention to the evaluation of 0 from dynamic shear rheometer (DSR) tests under different rheometrical 
conditions. Experimental methodologies based on static creep measurements were described in Phillips et al. [7], 
Desmazes et al., [8], Anderson et al. [9], Van Roojien et al. [12], Vlachovicova et al. [19]. In this case the zero-shear 
viscosity can be determined as the inverse of the slope of the compliance function J(t) measured for long creep time  
(eq. 1). 
 

0
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tdJ                                                              (eq. 1) 

 
A different way to evaluate the zero-shear viscosity of bitumen is represented by the cyclic oscillatory analysis in the 
low-frequency domain where the phase angle approaches 90° and the achievement of a steady-state can be identified [9, 
13, 14, 15, 18]. In this condition the zero-shear viscosity can be evaluated as the ratio between the complex modulus, 
G* and the radial frequency,  (eq.2). 
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                                                                         (eq. 2) 



Because of its nature, the zero-shear viscosity can represent a promising parameter to define the resistance to permanent 
deformation of bitumen, and there exists a correlation between 0 and the rutting resistance of asphalt mixtures [7, 10, 
12, 16]. Nevertheless, the univocal determination of 0 seems to meet some unavoidable obstacles. 
Different studies have pointed out the comparison of 0 from the creep test and from the low-frequency test showing 
that different results can be obtained when modified binders are tested [9, 12, 13]. 
In particular it was shown that several problems related to the experimental measure arise when cross-linked polymer 
binders and CRM binders with a high rubber content (>16%) are tested [4, 8, 17]. In these cases, because of the shear-
rate dependency, the Newtonian flow region cannot always be defined in the range of the service temperatures. 
Furthermore, a time dependency exists and a steady-state flow is not always reachable because of the extension in time 
of the delayed-elastic phenomena. When these problems occur, neither 0 from static creep nor G*/  measured at low 
frequency can represent the theoretical zero-shear viscosity of the materials. As a consequence, alternate methods have 
led to the definition of the concept of low-shear viscosity (lsv), considered as a viscosity value measured for limit 
conditions of frequency or shear rate. Hence the lsv can be identified as an approximation of the theoretical 0, which 
can be always defined independently of the different behavior of binders. 
 
1.2 Objectives 
 
The experimental investigation presented in this paper aims at pointing out the application of the low-shear viscosity 
concept for the mechanical characterization of asphalt binders at high service temperatures. Low-frequency tests and 
creep analysis were performed in order to define the high specification temperatures of modified and unmodified 
binders. The resulting temperatures defined by means of the different rheometrical approaches were analyzed and 
compared. Consequently the main objectives were as follows: 
 

- establish the rheometrical conditions that identify the direct measurement of the low-shear viscosity of 
modified and unmodified binders; 

- evaluate the high specification temperatures of binders on the basis of the low-shear viscosity concept; 
- provide a comparison between the low-frequency approach, the static creep approach and the SHRP 

oscillatory analysis; 
- obtain results that can be useful for the development of the rheometrical technique and the assessment of 

the low-shear viscosity measurement as a tool for ranking modified binders on the basis of their 
performances. 

 
2. EXPERIMENTAL PROGRAM 
 
2.1 Materials and samples preparation 
 
In accordance with the aims of the investigation, the materials selected for the experimental tests include several 
bituminous binders, three unmodified binders and five binders modified with different percentage of radial SBS 
(Styrene-Butadiene-Styrene) copolymer. 
The conventional properties of binders tested are presented in table 1. The same table also includes the results of a 
preliminary study involving the determination of the SHRP high threshold temperatures related to the reference value 
(1.0 kPa) of G*/sin . Complex modulus (G*) and phase angle ( ) are related to a radial frequency of 10 rad/s. A further 
preliminary investigation considered the evaluation of the accumulated strain ( acc) from repeated creep test performed 
at 60°C. The repeated creep test was performed by applying a shear stress equal to 10 Pa.  
The samples preparation was referred to EN 12594. Special attention was then paid to the thermal history and the 
storage conditions because of their influence on rutting indicator measurements [20-21-22]. 
 
Table 1:  Materials selected for the experimental investigation 
 

Binder Pen. 
(dmm) 

Soft. Point 
(°C) 

G*/sin @ 60°C 
 = 10 rad/s 

SHRP threshold 
temperature (1.0 kPa) 

(°C) 

acc @ 60°C 
from repeated creep 

(%) 
PMB1 56 63.0 3400 71.5 8.46 
PMB2 30 86.0 13900 88.5 0.39 
PMB3 56 57.5 6180 82.7 0.54 
PMB4 62 96.5 5170 83.0 0.17 
PMB5 41 61.6 10800 81.1 5.07 

N1 58 48.8 3250 69.3 44.12 
N2 76 47.2 1490 64.5 80.59 
N3 70 45.8 1810 65.8 116.14 

 
 



2.2 Equipment and testing procedures 
 
The tests were carried out by means of a Dynamic Shear Rheometer (DSR). The temperature during the tests was 
controlled by means of a Peltier conditioning cell. An air-operating suspension system guaranteed a significant 
reduction in the friction between the moving parts of the rheometer. This allowed the required precision of the 
measurements even for a very low frequency. The selected measurement system is represented by the double plate 
configuration with a 25.0 mm diameter and a 2.0 mm gap. The test temperature was set with a maximum admitted 
deviation of ±0.01°C from the selected temperature during the whole experiment. Before each test the samples were 
subjected to a 30-minute thermal conditioning period. 

The oscillation tests were conducted in strain-controlled mode in order to obtain the same shear rate ( 0

.

0 ) for all 
the binders tested independently of their stiffness. In order to avoid errors due to the instrument’s sensitivity, the torque 
applied was higher than the minimum suggested by the instrument producer (min. torque = 0.5 Nm). 
 
2.3 Research approach 
 
- Phase 1. High specification temperatures from CEN TC336 procedure. 
 
In this phase of the experimental program the high specification temperatures were evaluated as reported in the prEN 
15324 developed by CEN TC 336. The methodology proposed is based on the assumption that the real part of the 
complex viscosity, ’ measured at  = 1·10-3 rad/s approaches the steady-state viscosity. The testing procedures involve 
a preliminary temperature sweep performed at constant frequency (  = 0.1 rad/s) and constant strain amplitude (10%). 
The result of the temperature sweep is the equiviscous temperature (EVT) related to the reference value *= 2.0 kPa·s. 
The determination of EVT is based on the use of equation 1, where a and b are the fitting parameters. 
 

baT*log                                                                               (eq. 3) 
 
Subsequently a frequency sweep is performed in order to obtain the trend of *( ) at temperature EVT. Equation 4, 
where  is the angular frequency and c, d are the fitting parameters, is proposed to fit the experimental data for 
estimating the complex viscosity at  = 1·10-3 rad/s, which represent a closer approximation of 0. 
 

dc log*                                                                            (eq. 4) 
 

The difference T leading the temperature EVT, measured at 0.1 rad/s, to the lower frequency (  = 1·10-3 rad/s) can be 
determined by the equation 5, where a is the fitting parameter derived from equation 3. 
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T
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                                             (eq. 5) 

 
The high specification temperature from CEN procedure, THS (CEN), was finally evaluated by adding contribution T 
to equiviscous temperature EVT (eq. 6). 
 

TEVTTHS                                                                                 (eq. 6) 
 
- Phase 2. High specification temperatures from low-frequency oscillation tests. 
 
The second phase of the experimental program focuses on the definition of an alternate low-frequency approach. 
Similarly to what is defined by SHRP analysis, frequency sweep from 0.01rad/s to 100 rad/s were directly carried out 
for several constant temperatures (from 40°C to 90°C). The resulting viscosity trends were analyzed and the complex 
viscosity measured at 0.01 rad/s was considered as lsv value. The lsv obtained was plotted versus the test temperatures 
and the resulting trends were analyzed by means of the Arrhenius equation [23, 24]: 
 

TR

E f

eAT )(                                                                                      (eq. 7) 
 
In equation 7  is the viscosity, T is the temperature in Kelvin degrees, Ef is the flow activation energy, R is the 
universal gas constant (8.314 J·mol-1·K-1) and A is a fitting parameter. 
The high specification temperature from the low frequency approach,  THS (OSC), was finally evaluated by means of 
equation 7. In accordance to the CEN procedure, lsv = 2.0 kPa·s was established as the reference value. 
 
 



- Phase 3. High specification temperatures from static creep analysis. 
 
Similarly to the case of the low-frequency analysis (phase 2) the creep tests were repeated for different temperatures 
(from 40°C to 90°C) and the lsv was plotted versus the test temperatures. As already reported for the low frequency 
analysis, the Arrhenius equation (eq.7) was used to describe the experimental trend of lsv. Finally, in accordance with 
the CEN procedure (phase 1) and the oscillatory analysis (phase 2), lsv = 2.0 kPa·s was established as the reference 
value to evaluate the high specification temperatures. 
The rheometrical conditions considered that the low-shear viscosity by creep can be determined when a steady state 
flow is reached within the Newtonian region (very low shear rate). Thus in this phase the testing procedures were based 
on the verification of two different theoretical conditions [4]: 
 

1. Creep time condition: t   . 
The creep time must be elevated in order to allow the exhaustion of delayed elastic phenomena, thus allowing to 
reach a steady-state flow (d /dt  cost). 

2. Stress condition:  0  0. 
The stress level must be internal to the Newtonian flow region. 
 

When the rheometrical measure approaches conditions 1 and 2 only the viscous compliance (Jv = t/ 0) increases, and 
according to the theoretical equation of Burger’s equation  (eq. 8) the low-shear viscosity of the material can be well 
represented by the model parameter 0, and can be consequently determined as the inverse of the slope of the 
compliance curve (eq. 8). 
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In order to verify conditions 1 and 2, a 10 Pa stress level was imposed and a 4-hour creep time was used to perform the 
tests. Although the theoretical hypotheses associate parameter 0 to zero-shear viscosity, even in the case of creep test 
the measured viscosity should be considered a low-shear viscosity value because the steady-state in the Newtonian 
region is not always reachable. 
 
- Phase 4. Validation and comparison. 
 
The fourth phase of the experimental program focuses on the comparison of the specification temperatures obtained. 
Furthermore, in order to evaluate the reliability of the methodologies applied, the specification temperatures obtained 
were plotted versus the experimental accumulated strain from repeated creep tests performed as defined by the NCHRP 
project 9-10 report (table 1). 
 
3. RESULTS AND ANALYSIS 
 
3.1 CEN procedure 
 
The results of phase 1 are reported in table 2 in terms of lsv and final high specification temperatures, THS (CEN). The 
low-shear viscosity values (  = 0.1 rad/s) and  (  = 0.001 rad/s) were evaluated by means of equation 4 and were 
referred to the temperature EVT. 
 
Table 2:  Results of phase 1. High specification temperatures determined by CEN procedure 
 

Binder EVT 
(°C) 

 
(  = 0.1 rad/s) 

(Pa·s) 

 
(  = 0.001 rad/s) 

(Pa·s) 

R2 T 
(°C) 

THS (CEN) 
(°C) 

PMB1 50.2 2156 3371 0.95 4.4 54.6 
PMB2 72.8 2415 5635 0.75 14.4 87.2 
PMB3 68.5 1937 4172 0.82 11.0 79.5 
PMB4 69.6 3205 7969 0.72 29.2 98.8 
PMB5 60.8 1848 2992 0.99 3.7 64.5 

N1 48.6 1631 1731 0.87 0.4 49.0 
N2 45.7 1787 2050 0.90 0.7 46.4 
N3 45.5 1770 1855 0.81 0.3 45.8 

 



 
 
Difference T between equiviscous temperature EVT referred to 0.1 rad/s and specification temperature referred to 
0.001 rad/s was defined by means of equation 5. 
The coefficients R2 reported in table 2 are related to the regression of the frequency sweep experimental data by means 
of the proposed fitting equation (eq. 4). 
The higher values of T are related to a great difference between the lsv extrapolated at 0.001 rad/s and the complex 
viscosity measured at 0.1 rad/s. In these cases no steady-state was obtained and * continues to increase. 
Some poor values obtained for R2 highlight that problems arise when the proposed logarithmic equation (eq. 4) is used 
to interpret the experimental data from frequency sweeps. The experimental observations show that only some modified 
binders with a low polymer content (PMB1, PMB5) behave in accordance with equation 4. On the contrary, different 
reasons lead to introduce some large approximations when high modified binders (polymer content > 3.5%) and 
unmodified binders are tested. In fact, when the measurement approaches the low frequencies, traditional binders reach 
a steady-state (not considered by equation 4) whilst high modified binders show a non-logarithmic increase in the 
complex viscosity (figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Results of frequency sweeps at low frequency for a traditional binder (T1, left) and a modified binder 
(SBS4, right). 
 
The trend obtained confirms that steady-state viscosity can be identified in unmodified binders. Hence in this case the 
complex viscosity measured at low frequency represents a reliable approximation of theoretical zero-shear viscosity. 
When this occurs, the use of the equation 4 can provide a slightly overestimated specification temperature. In these 
cases the recorded trend can be better interpreted by means of rheological models allowing the presence of steady-state, 
such as the Carreau-Yasuda or the Cross model [14]. 
When modified cross-linked binders were tested the problem with the use of equation 4 was different. In this case the 
presence of a sub-vertical asymptote highlights that the theoretical zero-shear viscosity cannot be defined. When this 
occurs the proposed logarithmic equation provides an underestimation of the viscosity at 0.001 rad/s and the introduced 
approximation can affect the final specification temperatures. 
However, despite the problems discussed, it can be observed that important differences between the modified and 
unmodified binders can be highlighted by means of the specification temperatures (THS) obtained from CEN oscillatory 
tests. 
 
3.2 Low frequency oscillation tests 
 
The results from previous phase have shown that modified binders do not exhibit a steady-state when subject to low-
frequency tests. This fact confirms that the theoretical zero-shear viscosity of modified binders is probably not 
reachable in the domain of service temperatures. At the same time, the results of the previous phase have shown that, 
for traditional binders, a plateau appears when the test frequency is lower than 0.1 rad/s.   
On the basis of these findings, a different approach was considered in phase 2. Isothermal curves from 40°C to 90°C of 

* were experimentally determined and the complex viscosity measured at 10-2 rad/s was considered as a low-shear 
viscosity value independent of achieving of a steady-state (figure 2). The lsv obtained was then plotted versus the test 
temperature and the Arrhenius equation (eq.7) was adopted to fit the experimental data (figure 2). 
The lsv from the low frequency oscillation test is reported in table 3 for each test temperature. The high specification 
temperatures THS were evaluated by means of the Arrhenius analysis (figure 2) as the temperature at which the lsv was 
equal to 2.0 kPa·s. 
The final results of the phase 2 are reported in table 4. As well as the high specification temperatures, table 4 includes 
the Arrhenius parameter A, the flow activation energy, Ef  and the coefficient R2. 
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Figure 2:  Experimental isothermal curves of * (left) and Arrhenius isochronal analysis (right). 
 
Table 3:  Results of phase 2. Low-shear viscosity from oscillation test at different temperatures 
 

Low-shear viscosity (Pa·s)   = 0.01 rad/s Binder 
40°C 50°C 60°C 70°C 80°C 90°C 

PMB1 26100 4000 1101 606 - - 
PMB2 127640 45011 28762 20496 11992 3937 
PMB3 65820 28905 18600 13259 4710 2666 
PMB4 63951 31246 22172 17400 9025 3295 
PMB5 74285 16119 2998 786 243 79 

N1 6276 1063 228 62 25 8 
N2 5468 966 206 49 16 6 
N3 4696 805 170 48 20 8 

 
 
Table 4:  Arrhenius parameters and high specification temperatures from low-frequency oscillation tests 
 

Binder A f 
(kJ·mol-1) 

R2 THS (osc. 0.01 rad/s) 
(°C) 

PMB1 3·10-15 113.2 0.96 58.4 
PMB2 2·10-5 58.6 0.96 109.4 
PMB3 1·10-5 58.9 0.97 97.0 
PMB4 3·10-4 50.6 0.94 113.6 
PMB5 1·10-17 130.7 0.99 62.8 

N1 8·10-18 124.7 0.98 45.8 
N2 1·10-18 129.9 0.99 45.1 
N3 3·10-17 120.4 0.99 43.7 

 
 
3.3 THS from static creep analysis 
 
Static creep and recovery tests were carried out at several temperatures from 40°C to 90°C. The experimental data 
recorded were analyzed by means of the Burger’s equation and the model parameter 0 was considered as the low-shear 
viscosity of the material. As shown in figure 3, when modified binders were tested, the variability of the shear rate was 
still recorded after 4 hours. Consequently in these cases a steady-state was not reached and the parameter 0 of Burger’s 
equation cannot represent the zero-shear viscosity of the materials but only a low-shear viscosity value. 
The low-shear viscosity obtained for the different test temperatures are reported in table 5. The values obtained for the 
traditional binders can be considered a good approximation of the theoretical zero-shear viscosity. For the other binders 
the viscosity obtained coincides with 0 only at the higher temperatures. 
The lsv obtained was then analyzed with the Arrhenius equation (eq.7) in order to evaluate the specification 
temperatures. The final results of phase 3 and the Arrhenius parameters obtained are reported in table 6. 
The effect of the approximation introduced by the use of the low shear viscosity is also shown when experimental data 
are fitted by the Arrhenius equation. When hard modified binders were tested a reduced value of R2 was recorded. 
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Figure 3:  Creep curve J(t) and fitting with Burger’s equation (left); Arrhenius isochronal analysis (right). 
 
Table 5:  Results of phase 3. Low-shear viscosity from creep test at different temperatures 
 

Low-shear viscosity (Pa·s) Binder 
40°C 50°C 60°C 70°C 80°C 90°C 

PMB1 68986 23518 2383 1080 486  116 
PMB2 9554140 3572846 2253380 551741 66207 9205 
PMB3 6797583  4398827 1172333 269082 41112 4200 
PMB4 14080100 5649717 3639304 634741 74608 6882 
PMB5 123375 20241 3413 499 139 60 

N1 5250 893 278 49 16 6 
N2 4781 821 202 46 15 6 
N3 4067 752 148 50 17 7 

 
 
Table 6:  Arrhenius parameters and high specification temperatures from creep tests. 
 

Binder A f 
(kJ·mol-1) 

R2 THS (creep) 
(°C) 

PMB1 6·10-16 120.5 0.98 66.2 
PMB2 6·10-15 128.9 0.93 110.6 
PMB3 6·10-17 140.6 0.94 102.7 
PMB4 9·10-17 141.4 0.92 108.4 
PMB5 1·10-20 149.5 0.99 61.7 

N1 1·10-18 129.3 0.99 43.8 
N2 2·10-18 127.4 0.99 43.4 
N3 3·10-17 120.4 0.99 43.8 

 
 
 
3.4 Comparison of the experimental results 
 
- Measured low-shear viscosity 
 
Viscosity from creep and viscosity from low frequency are generally different. This fact confirms that even when the 
measurement verifies the required rheometrical conditions, the measured viscosity does not generally approach the 
theoretical zero-shear viscosity. Consequently the concept of low-shear viscosity should be considered in order to 
obtain a generalization of the viscosity-based methods. 
When traditional bitumen and PMB with low polymer content were tested, the lsv measured by creep mode was similar 
to the lsv obtained from the low frequency approach. Differently, when modified binders with high polymer content 
were tested, the lsv from creep was greater than the lsv from the oscillation test. This probably occurs because the shear 
rate and the loading time are not the same for both the rheometrical methods. 
The lsv and the shear rate obtained from both the creep and the low-frequency tests are shown in figure 4.  
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The values reported are related to binders PMB4 (circular points) and N2 (square points). In the case of traditional 
binders, the lsv recorded is independent of the tests, whilst a great difference ( ) was recorded for the PMB2. Similar 
data were recorded for the other modified binders. 
Hence, the viscosity measured for the limit condition approaches the theoretical zero-shear viscosity only in the case of 
traditional binders. On the contrary, when modified binders are tested it should be considered that the measured 
viscosity is a low-shear viscosity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4:  Shear rate (right) and low-shear viscosity (left) from creep and from low-frequency oscillation tests 
(binders N2 and PMB2). 
 
 
- High specification temperatures 
 
The comparison between the high specification temperatures obtained from the low-shear viscosity analysis and from 
the G*/sin  analysis are reported in figure 5. It can be observed that a substantial accordance exists between the 
temperatures obtained from the different methods based on the lsv. Despite the fact that the resulting lsv values are 
strongly influenced by the rheometrical test it can be observed that low-frequency and creep analysis always provide 
similar results in terms of specification temperatures. These temperatures are also in accordance with that obtained from 
the CEN procedure. With regard to the THS (CEN), one can observe that different values were recorded only for binders 
PMB2, PMB3, PMB4. In these cases the CEN final temperatures are probably lower than the other THS because of the 
discussed approximations due the use of equation 4. 
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Figure 5:  High specification temperatures from different rheometrical tests. 
 
The temperatures obtained from SHRP analysis are generally very different if compared with that obtained from all the 
lsv approaches. When modified binders are tested, the SHRP temperature results inferior to the lsv temperatures. The 
contrary occurs for the traditional binders. The lsv-based characterization shows more important differences between 
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modified and unmodified binders. The interval between the maximum and the minimum specification temperature 
recorded was equal to 113°C ÷ 43°C for the lsv analysis, while it was 88°C ÷ 64°C for the G*/sin  analysis. 
In order to obtain indications about the reliability of the methods described, further analyses involved the repeated creep 
tests. On the basis of the analyses conducted and the theoretical concepts exposed, it emerges that the high specification 
temperature of asphalt binders can be defined by means of different performance indicators. An initial comparison 
between the performance indicators resulting from the tests method presented above and the SHRP G*/sin  is therefore 
proposed. In the present analysis it has been assumed that damage behavior of asphalt binders at high temperatures can 
be interpreted in terms of non-reversible deformation accumulated as a consequence of energy dissipation. Hence, the 
parameter used for the comparison here proposed is the experimental accumulated strain measured by the repeated 
creep with a 10 Pa stress level. 
The results of the comparison are shown in figure 6 and table 7, where the correlations between accumulated strain acc 
and the specification temperatures from G*/sin  and from the low-shear viscosity analyses are reported. In all the cases 
a power law (y=a·xn) was used for the regression. 
The lower value of coefficient R2 obtained for SHRP G*/sin  is indicative of the partial unreliability of the cyclic 
reversible test at 10 rad/s in the characterization of modified binders at high service temperatures. Moreover, it is very 
important to observe that exponent n in this case is close to zero (table 7). As consequence of this fact it can be 
observed (figure 6) that binders with very different accumulated strain have similar SHRP specification temperatures. 
The results of the applications of the low-shear viscosity approaches show a significant improvement quantified by the 
values obtained for R2 and n. With respect to the CEN temperatures it can be observed that regression parameter n 
obtained is good but a better result is obtained when the accumulated strain is plotted versus the lsv values from static 
and oscillatory tests. This fact confirms the observations reported above about the importance of the approximation 
introduced by the use of equation 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6:  Correlation between the high specification temperatures and the experimental accumulated strain. 
 
 
Table 7:  Regression parameters 
 

Method a n R2 
CEN TC336 76.77 -0.1174 0.98 

Low frequency 87.09 -0.1583 0.98 
Static creep 87.68 -0.1651 0.97 

SHRP 81.09 0.0441 0.87 
 
 
4. CONCLUSIONS 
 
Different rheometrical approaches to define the high specification temperatures of asphalt binders on the basis of the 
low-shear viscosity concept were analyzed and applied. The temperatures obtained were compared with the results of 
the G*/sin  analysis and correlations between the accumulated strain from repeated creep were reported. 
With reference to the objectives of the investigation carried out, the main conclusions can be identified as follows: 
 

- The experimental measurement of the zero-shear viscosity of asphalt binders involves intrinsic problems. When 
traditional binders are tested, the viscosity determined in limit conditions of strain and time (or frequency) 
approach zero-shear viscosity. On the contrary, when modified binders are tested at high service temperatures no 
steady-state can be reached. In these cases neither the Burger’s parameter 0 nor the viscosity measured at low 
frequency can identify the theoretical zero-shear viscosity of the materials. As consequence, even when limit 
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rheometrical conditions occur, the viscosity of modified binders depends on the loading mode and the concept of 
low-shear viscosity should be introduced. 

- The methodology proposed by CEN TC336 (prEN15324) is based on the extrapolation of the complex viscosity at 
0.001 rad/s by means of a logarithmic equation and two orders of problems can arise. When the temperature sweep 
is performed, the influence of the temperature gradient is not fully known; moreover, if the gradient is not 
sufficiently low, the specimen temperature and the rheometer temperature are different. When the frequency sweep 
is performed, the proposed logarithmic equation for the extrapolation of ’(  = 10-3 rad/s) does not give a correct 
approximation for both modified and unmodified binders. 

- The specification temperatures from the low-frequency and the creep analysis are higher than the specification 
temperatures from CEN procedures. This is probably a consequence of the problems reported above. However, 
there exists a general accordance between the results of CEN and other methodologies. 

- With regard to SHRP, it exists a substantial disagreement between the temperatures obtained from G*/sin  and the 
temperatures obtained from the low-shear viscosity approaches. When traditional bitumen was tested, the SHRP 
characterization led to specification temperatures higher than that obtained from the lsv. The contrary occurred 
when modified binders were tested. 

- If the accumulated strain is assumed as a measurement of damage behavior of asphalt binders at high temperatures, 
the regression data obtained show that the low-shear viscosity analysis provide a significant improvement in the 
asphalt binder characterization. 

 
Thanks to the observations reported, it can be stated that a correct approach to evaluate the high specification 
temperatures of asphalt binders can take place by means of the lsv analysis but future and subsequent refinements are 
required in order to define an improved rheological methodology. 
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ABSTRACT 
 
The low temperature behaviour of bituminous binders can be characterised by tests with the Bending Beam Rheometer. 
The low temperature behaviour of asphalt can be tested by uniaxial tension tests and cooling tests. 
 
In a study carried out in cooperation with the German BP corporation various binders were tested in the Bending Beam 
Rheometer at different temperatures. Not only binders of the same specification and different provenance were involved 
in the testing but also binders varying in their specification. Furthermore two kinds of bituminous mixtures (Stone 
mastic asphalt and Binder course asphalt), each with various binders, were tested on their low temperature behaviour.  
 
The correlation between the stiffness S of the binders determined in the Bending Beam Rheometer and the low 
temperature behaviour of the asphalts is presented.  
 
For the evaluation of the data determined in the cooling tests a special software for the design of asphalt traffic areas 
was used. The influence of the cryogenic tensile stress on the life cycle of different asphalt constructions could be 
calculated. This proved that performance-based testing makes the assessment of life cycle possible. 
 
The found correlation between binder and asphalt properties gives the opportunity to discuss whether the knowledge of 
the low temperature behaviour of the binder alone allows the estimation of its influence on the life cycle of an asphalt 
traffic area. 
 
keywords: Life cycle assessment,  Low temperature, Performance Testing, Thermal Cracking, Modified Binders  
 

1. INTRODUCTION 
 
From the view of material sciences the life cycle of asphalt areas is highly dependent on the mechanical properties of 
the used asphalt. Those however are strongly influenced by the temperature dependent rheological behaviour of the 
used binder. 
 
The much higher viscosity of binders at low temperatures leads to the appearance of cooling down induced tensile 
stress, so called cryogenic stress, additional to the traffic induced  tensile stress. The superposition of those stresses can 
lead to fractures and eventually to the failure of the whole construction. The ongoing development of software that can 
calculate the life cycle of asphalt areas shows that the simultaneous consideration of the temperature dependent tensile 
strength and the cooling down induced tensile stress makes the life cycle assessment much more realistic. 
 
As the testing of the asphalt takes a relatively long time and is rather expensive, the question occurs whether the results 
of relatively simple binder tests allow the prognosis of the behaviour of asphalt under certain loads.   
 

 2. EXPERIMENTAL 
 

2.1 Binder tests 
 
In this research twelve binders of different kind and provenance were investigated regarding their low temperature 
behaviour. 
For this purpose specimen were tested in the Bending Beam Rheometer (BBR) [1] at three different temperatures Ti 
(-10°C, -16°C and –25°C). They were loaded with a constant load of  980mN and the resulting deformation was 
measured. From this data the temperature dependent stiffness Si as well as the m-value that allows the evaluation of the 
relaxation-capability were calculated (see table 1). 
 



stiffness S after 60 s [MPa] 
at a temperature of T = 

m-value after 60 s [-] 
at a temperature of T = 

binder  
(and anonymous 

provenance) -10 °C -16 °C -25 °C -10 °C -16 °C -25 °C 

30/45 73,18 160,98 366,55 0,429 0,370 0,244 

PmB 25 A  (1) 124,0 247,32 701,08 0,368 0,321 0,193 

PmB 25 A  (2) 93,68 147,42 442,42 0,386 0,330 0,218 

PmB 45 A  (1) 85,11 224,34 660,09 0,463 0,379 0,240 

PmB 45 A  (2) 99,23 217,85 670,42 0,439 0,347 0,217 

PmB 45 A  (3) 71,67 146,78 437,92 0,454 0,377 0,250 

PmB H       (1) 68,47 120,18 288,20 0,383 0,346 0,254 

PmB H       (2) 28,681) 73,58 303,38 0,4852) 0,413 0,308 

PmB H       (3) 31,611) 97,18 293,80 0,5163) 0,399 0,289 

PmB H       (4) 66,06 133,27 335,85 0,402 0,345 0,264 

PmB NV 25 112,26 207,02 554,22 0,346 0,277 0,191 

PmB NV 45 90,21 206,02 494,60 0,433 0,361 0,227 
 

1) calculated from the data after 8, 15, 30 seconds with potential extrapolation  
2) at a temperature of T = -10 °C the testing range was exceeded so no data were measured; 
      the presented value was calculated by linear extrapolation from the m-value of 0,437 at -14 °C  
3) at a temperature of T = -10 °C the testing range was exceeded so no data were measured;    
      the presented value was calculated by linear extrapolation from the m-value of 0,438 at -14 °C 
 
table 1:  Low temperature behaviour of the tested binders (mean values) 
 

2.2 Asphalt tests 
 
The mechanical properties of the asphalt at low temperatures were determined on a Stone mastic asphalt 0/8 S and a 
Binder course asphalt 0/16 S. The composition of each asphalt mix was constant, only the used binders were varied. In 
order to minimise the influence of the void content on the results its amount was tried to hold constant for the respective 
mixes. 
 
The low-temperature performance of prismatic asphalt specimens can be tested by uniaxial tension tests and cooling 
tests (see picture 1) [2]. 
In the uniaxial tension test, a specimen is pulled with a constant strain rate of 1 mm/min at constant temperature until 
failure. Results of the tension test are the maximum stress (tensile strength) t(T) and the corresponding tensile failure 
strain failure(T) at the test temperature T. In this research the tensile strength t was determined  at the temperatures 
Ti = (-10°C, -16°C and -25°C). 
 
In the cooling test, a specimen, which length is held constant, is subjected to a temperature decrease with a constant 
temperature rate of -10 K/h. Due to the prohibited thermal shrinkage cryogenic stress is built up in the specimen until 
failure. As results, the progression of the cryogenic stress over the temperature cry(T) is charted and the failure stress 

cry,failure at the failure temperature Tfailure are registered. 
 
To calculate and visualise the tensile strength reserve the results of uniaxial tension tests are plotted in a temperature -
tensile strength diagram. The measured tensile strengths are linked with a cubic spline function. 
The course of cryogenic stress measured in the cooling tests is plotted into the same temperature - stress diagram. 
The tensile strength reserve is the difference between the tensile strength and the cryogenic stress at the same 
temperature T: t(T) = t(T) - cry(T) (see figure 1). 
 
Results for the Stone mastic asphalt 0/8 S are listed in table 2, for the Binder course asphalt 0/16 S in table 3.



 
 
picture 1:  Example for a test device for Uniaxial tension tests at low temperatures  

Key: 1 Load Cell, 2 Displacement Transducer, 3 Thermal Indifferent Measurement Base,  
4 Crossbeam, 5 Gimbal suspension, 6 Adapter, 7 Specimen, 8 Gear box with stepping motor 

 
 
 

 
figure 1:  Principle of evaluating the tensile strength reserve from the test graphs of the tension tests and the 

cooling test in the temperature-stress diagram 



 

Stone mastic asphalt 0/8 S 

Maximum tensile 
strength reserve t 

Cryogenic tensile stress cry [N/mm²] 
at a temperature of T = Binder (and 

anonymous 
Provenance) 

Failure 
tensile 
stress 
cry, failure 

[N/mm²] 

Failure 
temperature 
Tfailure  [°C] [MPa] [°C] -10 °C -16 °C -25 °C 

PmB 45 A  (1) 4,147 -26,9 4,59 -8,7 0,6507 1,4791 3,6669 

PmB 45 A  (2) 3,618 -25,5 3,67 -7,4 0,6737 1,4982 3,5006 

PmB 45 A  (3) 3,212 -31,6 3,66 -11,2 0,3429 0,7665 2,0048 

PmB H       (1) 3,547 -34,0 3,94 -11,5 0,3376 0,6827 1,8522 

PmB H       (2) 4,462 -31,3 5,68 -11,9 0,3716 0,9218 2,7239 

PmB H       (3) 4,203 -32,4 4,91 -12,2 0,3111 0,7612 2,2470 

PmB H       (4) 3,871 -33,2 3,94 -10,3 0,3090 0,7814 2,1282 

PmB NV 25 4,352 -30,1 5,06 -9,6 0,7649 1,4552 3,1911 

PmB NV 45 4,654 -32,2 5,92 -10,9 0,4903 1,0616 2,7807 
 

table 2:  Low temperature behaviour of Stone mastic asphalt 0/8 S with variation of binder (means)      
 
 

Binder course asphalt 0/16 S 

Maximum tensile 
strength reserve t 

Cryogenic tensile stress cry [N/mm²] 
at a temperature of T = Binder (and 

anonymous 
Provenance) 

Failure 
tensile 
stress 
cry, failure 

[N/mm²] 

Failure 
temperature 
Tfailure  [°C] [MPa] [°C] -10 °C -16 °C -25 °C 

30/45 2,137 -26,5 2,24 -7,8 0,2734 0,6640 1,9057 

PmB 25 A  (1) 3,850 -22,5 4,25 -1,9 1,3410 2,3750 (3,850)1) 

PmB 25 A  (2) 2,811 -28,8 2,92 -6,6 0,3635 0,8545 2,1484 

PmB 45 A  (1) 4,076 -26,2 4,34 -4,4 0,7550 1,6030 3,8050 

PmB 45 A  (2) 3,852 -26,4 4,69 -6,3 0,7220 1,5290 3,6250 

PmB 45 A  (3) 3,387 -30,5 3,11 -9,0 0,2909 0,7445 2,2254 

PmB H       (1) 3,378 -35,5 3,57 -13,5 0,2265 0,5052 1,4028 

PmB H       (2) 4,463 -29,0 4,87 -10,0 0,5290 1,2250 3,1210 

PmB NV 25 4,516 -28,8 5,00 -8,8 0,8995 1,6385 3,4632 

PmB NV 45 4,924 -30,4 5,21 -10,9 0,6119 1,2843 3,1296 
 

1) The presented value is identical to the measured failure tensile stress, as the specimen failed at a mean temperature of  
   T = -22,5 °C. Thus a tensile strength at T = -25 °C can not be specified. In the regression analysis the stated value was  
   taken into consideration. 
 
table 3:  Low temperature behaviour of Binder course asphalt 0/16 S with variation of binder (means)      



3. CORRELATION BETWEEN LOW TEMPERATURE PROPERTIES OF BINDER AND ASPHALT 
 

3.1 General 
 
The binder data gained in the tests with the Bending Beam Rheometer were compared with the data of the asphalt tests 
by means of single and multiple regression analysis. 
 
For the m-value that was determined at T1 = -10 °C, T2 = -16 °C and T3 = -25 °C there could not be found any satisfying 
result regarding all asphalt properties at low temperatures (cryogenic tensile stress cry , failure temperature Tfailure , 
failure tensile stress cry, failure , maximum tensile strength reserve t and corresponding temperature T). This is valid 
for the Stone mastic asphalt 0/8 S as well as the Binder course asphalt 0/16 S.  
The calculated coefficients of determination are too low and therefore not presented here. 
 
The stiffness S at T1 = -10 °C, T2 = -16 °C and T3 = -25 °C shows no correlation regarding the asphalt properties  failure 
tensile stress  cry, failure  and maximum tensile strength reserve t , neither for the Stone mastic asphalt 0/8 S nor for the 
Binder course asphalt 0/16 S. 
As the coefficients of determination are very low the results are not presented. 
 
The results are very different though if the stiffness S of the binder is used to describe the following low temperature 
properties of the asphalt: 

1) cryogenic tensile stress cry  
2) failure temperature Tfailure and 
3) temperature T at maximum tensile strength reserve t . 

The identified functional correlations will be described in the following for both asphalt mixes. 
 
At this point it should be mentioned that all found coefficients of determination have been identified as statistically 
significant. 
 

3.2 Correlation between low temperature properties of Binder and Stone mastic asphalt 0/8 S 
 
3.2.1 Stiffness S  - cryogenic tensile stress cry 
 
With single regression analysis the following correlation was found for the Stone mastic asphalt 0/8 S: 
 
 y(T)  =  0,0053*x(T) + 0,1873   (R2 = 0,9307) (1) 
 
 with  y(T)  = cryogenic tensile stress cry [MPa] of Stone mastic asphalt 0/8 S at the temperature Ti  
 x(T) = stiffness S [MPa] of the binder used in the Stone mastic asphalt 0/8 S at the  

            temperature Ti  
 
From equation (1) the conclusion can be drawn that the knowledge of the stiffness S of a binder, gained in the BBR-test 
at a certain temperature after 60 s, allows the calculation of the cryogenic tensile stress at the same temperature of a 
Stone mastic asphalt 0/8 S, made with that binder, with a very high coefficient of determination. 
Figure 2 illustrates this correlation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
figure 2:  Correlation between stiffness S of binder and cryogenic tensile stress cry 

of Stone mastic asphalt 0/8 S; results of single linear regression analysis 
 

3.2.2 Stiffness S - failure temperature Tfailure   
 
A single linear regression analysis shows that the failure temperature Tfailure can be estimated from the stiffness S at  
T = -25 °C by the following correlation:  
 
 y  =  0,0164*x – 38,144 R2 = 0,7838 (2) 
 

with  y = failure temperature Tfailure of Stone mastic asphalt 0/8 S [°C] 
 x = stiffness S [MPa] at the temperature T = -25 °C (BBR) of the binder used in 
            the Stone mastic asphalt 0/8 S  

 
figure 3:  Correlation between stiffness S of binder at a temperature of T = -25 °C (BBR-test) and failure 

temperature Tfailure of Stone mastic asphalt 0/8 S; results of single linear regression analysis  
 
If the stiffness S at a temperature of T = -16 °C is considered additionally to the stiffness S at a temperature of  
T = -25 °C a multiple linear regression analysis shows that the “new” coefficient of determination differs significantly 
from that of the single linear regression analysis. 
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This means that the correlation with those two influences leads to a better equation for the calculation of the failure 
temperature of the asphalt and thus has to be preferred: 
 
 y  =  -37,8565 – 0,0597*x1 + 0,0368*x2  R2 = 0,9646 (3) 
 

with  y = failure temperature Tfailure of Stone mastic asphalt 0/8 S [°C] 
 x1= stiffness S [MPa] at the temperature T = -16 °C (BBR) of the binder used in the SMA  

 x2= stiffness S [MPa] at the temperature T = -25 °C (BBR) of the binder used in the SMA 
 

Contemplating equations (2) and (3) the positive sign of the multiplier of x2  (S at T = -25 °C) seems to be plausible 
from the technical point of view, as with increasing stiffness S of the binder the failure temperature Tfailure of  the Stone 
mastic asphalt becomes less negative which means that the asphalt becomes more sensitive towards low temperatures. 
 
The negative sign of the multiplier of  x1 ( S at T = -16 °C) can only be explained mathematically. The relation between 
stiffness S and temperature is nonlinear exponential. As there are used two values for the stiffness gained at different 
temperatures, equation (3) contains a correctional factor so the nonlinear values can be approximated by a multiple 
linear function. 
 
The result of the multiple linear regression is illustrated in figure 3. Using equation (3) the values of the failure 
temperature Tfailure were calculated and compared with the measured data. If the calculated values were identical with 
the measured data the pairs of variates would lie on the straight line y = x and the coefficient of determination had 
resulted in R2 = 1,0. As the pairs of variates only scatter very little from the straight line y = x the quality of equation (3) 
becomes clear. 
 
By multiple linear regression analysis with further influences (e.g. stiffness S at T = -10 °C of the used binder) it could 
be established that the coefficients of determination do not differ significantly from the above multiple linear regression 
analysis with two influences. 

 
figure 4:  Measured data and values calculated by equation (3) of failure temperature Tfailure [°C] 

of Stone mastic asphalt 0/8 S  
 
 
3.2.3 Stiffness S – temperature T at maximum tensile strength reserve t  
 
The following equation was determined by simple linear regression analysis: 
 
 y  =  0,0092*x – 14,542 R2 = 0,8035 (4) 
 
 with y  =  temperature T at maximum tensile strength reserve t of SMA 0/8 S [°C] 
 x  =  stiffness S at  T = -25 °C [MPa] of the binder used in the SMA 0/8 S 
 
Figure 5 illustrates the result of the single linear regression analysis of equation (4). 
 
Neither multiple linear regression analysis nor further simple linear regression analysis with other influences like 
stiffness S at the temperatures T = -10 °C or T = -16 °C lead to significantly higher coefficients of determination.
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figure 5:  Correlation between stiffness S of the binder and temperature T at the 

maximum tensile strength reserve t of SMA 0/8 S; result of single linear regression analysis 
 

3.3 Correlation between the  low temperature behaviour of Binder and Binder course asphalt 0/16 S 
 
The calculated coefficients of determination that were found for the Binder course asphalt 0/16 S in multiple linear 
regression analysis do not differ significantly from those found in single linear regression analysis. Therefore only the 
results of latter will be presented for the correlation between the binder stiffness S at T1 = -10 °C, T2 = -16 °C and  
T3 = -25 °C and the three asphalt properties cryogenic tensile stress cry, failure temperature Tfailure and temperature T at 
maximum tensile strength reserve t . Figures 6, 7 and 8 illustrate the results. 
 
3.3.1 Stiffness S  - cryogenic tensile stress cry 
 
Following applies:  y  =  0,0054*x + 0,2192 R2 = 0,8777 (5) 
 
 with  y  =  cryogenic tensile stress cry [MPa] of Binder course asphalt 0/16 S at the temperature Ti  

 x  =  stiffness S [MPa] of the binder used in the Binder course asphalt 0/16 S at the  
              temperature Ti  

 

 
figure 6:  Correlation between stiffness S of Binder and cryogenic tensile stress cry 

 of Binder course asphalt 0/16 S; results of single linear regression analysis 
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3.3.2 Stiffness S - failure temperature Tfailure   
 
The correlation was calculated as follows: 
 
 y  =  0,0164*x – 36,547 R2 = 0,5215 (6) 
 

with y = failure temperature Tfailure of binder course asphalt 0/16 S [°C] 
 x = stiffness S [MPa] at the temperature T = -25 °C (BBR) of the binder used in the  
           Binder course asphalt 0/16 S 

 
figure 7:  Correlation between stiffness S of Binder at a temperature of T = -25 °C (BBR-test) and failure 

temperature Tfailure of Binder course asphalt 0/16 S; results of single linear regression analysis  
 

3.3.3 Stiffness S – temperature T at maximum tensile strength reserve t 

 
The following equation was determined by simple linear regression analysis: 
 
 y  =  0,0174*x – 16,482 R2 = 0,6283 (7) 
 
 with y  =  temperature T at maximum tensile strength reserve t of  

   Binder course asphalt 0/16 S [°C] 
 x  =  stiffness S at  T = -25 °C [MPa] of the binder used in the Binder course asphalt 0/16 S  
 

 
figure 8:  Correlation between stiffness S of the binder and temperature T at the maximum tensile strength 

reserve t of Binder course asphalt 0/16 S; result of single linear regression analysis  
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4. LIFE CYCLE PROGNOSIS OF ASPHALT TRAFFIC AREAS IN CONSIDERATION OF THEIR  
    LOW TEMPERATURE BEHAVIOUR 
 
For the evaluation of the data determined in the cooling tests the software PaDesTo [3] for the design of asphalt traffic 
areas was used. 
 

4.1 Software 
 
The applied design  method allows the calculation of the necessary thickness of an asphalt construction for a given 
traffic load. The calculation considers the influences of the different layers and their building material as well as the 
environmental conditions. 
 
Starting from the layer sequence that is chosen by the user the stress in the asphalt is calculated for the decisive spots 
within the construction.  Using a fatigue function the bearable number of axle loads for the different layers is calculated 
and compared with the existent or prognosed number of axle loads. 
 
The number of axle loads are distributed by percentage to according classes of axle loads. The calculation of the stress 
is carried out for the respective given surface temperatures and the consequential temperatures within the asphalt layers 
for each class of axle loads. By this all decisive combinations of temperature and load, whose single results are 
combined by the hypothesis of MINER, can be regarded for the calculation.  
  
Result of the calculation is the percentage of used resistance against fatigue cracking at the undersurface of the asphalt 
construction. A value of 100 % or more means that the construction will not be able to bear the traffic load, a value 
significantly lower than 100 % may allow to chose a thinner asphalt construction.  
By varying  the thickness of the asphalt layers the software makes the adjustment of the construction on the given loads 
possible and even allows the evaluation of the application of alternative materials. 
 

4.2 Results 
 
Traffic loads were assumed to be 32*106 equivalent 10-t-axle loads with a prognosed yearly 2% - increase of heavy 
traffic.  
The environmental conditions follow a software given frequency distribution for Germany. 
The following parameters for the layer sequences were chosen: 
 Frost save thickness of 90 cm 
 Frost blanket course with EV2 = 120 N/mm2 
 Formation level with EV2 = 45 N/mm2. 
The asphalt construction on the frost blanket course was chosen according to RStO 01, BK SV, for heavy traffic: 
   4,0 cm Stone mastic asphalt 0/8 S (SMA 0/8 S) 
   8,0 cm Asphalt binder course 0/16 S (Abic 0/16 S) 
 22,0 cm Asphalt base course CS 0/32. (Abac 0/32) 
 
The asphalt construction was varied only in the used binders of the respective asphalts. Material parameters for the 
calculations were the respective resilient modulus E and the functions for the cryogenic tensile stress cry determined in 
the cooling tests. 



The calculation of the percentage of used resistance against fatigue cracking was carried out without as well as with the 
influence of the cryogenic stress in order to emphasise on its strong influence on the prognosis of the life cycle of 
asphalt constructions. 
Figure 9 exemplary shows this as well as the influence of the used binder on fatigue cracking. 
 

 
figure 9:  Exemplary percentage of used resistance against fatigue cracking with and without regard of 

cryogenic tensile stress under variation of the binder 
 

 
In order to allow the relative comparison for the prognosed life cycle between the variants it was assumed that the 
variant with the highest percentage of used resistance against fatigue cracking under consideration of the cryogenic 
tensile stress was just able to bear 32 · 106 equivalent 10-t-axle loads within a life cycle of 30 years 
(see figure 10). 

 
figure 10:  Exemplary equivalent 10-t-axle loads within life cycle of 30 years without and with  

consideration of  cryogenic tensile stress under variation of  binder 
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The method 1(iteration) for the prognosis of life cycles that is listed in the annex 1 of the RStO 01 was applied to the 
determined values to calculate the life cycle with and without consideration of the cryogenic tensile stresses 
(see figure 11). 
 

figure 11:  Exemplary prognosed life cycle without and with consideration of cryogenic tensile stress under 
variation of the binder 

 

5. SUMMARY 
 
Asphalt areas are subjected to manifold stresses that are for instance induced by traffic or the environment. 
In this work a Stone mastic asphalt 0/8 S and a Binder course asphalt 0/16 S under variation of the binder were tested on 
their low temperature behaviour with cooling tests and uniaxial tension tests. Also the used binders were tested on their 
properties in the Bending-Beam-Rheometer. 
 
The data gained on the asphalt was used for the calculation of life cycle prognosis. It was shown that the found life 
cycles of asphalt constructions are strongly influenced by the cryogenic tensile stress of the asphalt. By disregarding of 
the (in reality occurring!) cryogenic tensile stress the prognosed life cycle is much longer than by taking into account 
the tensile stress that develops by restraining the cooling down shrinking. This has a great influence on feasibility 
studies.  
 
An important question of this work was whether “simple” binder tests can give information on the low temperature 
behaviour of asphalt. It was shown that the appraisement of the cryogenic tensile stress in the asphalt is possible by 
using the stiffness S of the used binder determined in the Bending-Beam-Rheometer. Furthermore correlations between 
the stiffness S and the asphalt properties failure temperature Tfailure and temperature T at maximum tensile strength 
reserve t were verified. 
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402-060 OPTIMISATION OF TESTING CONDITIONS FOR MEASUREMENT AND 
INTERPRETATION OF PERFORMANCE RELATED TESTS ON BITUMINOUS 
BINDERS WITH DYNAMIC SHEAR RHEOMETER 
 
M. HASE, C.OELKERS 
NORDLABOR GmbH für bautechnische Prüfungen, Flensburger Strasse 15, 25421 Pinneberg, Germany 
 

ABSTRACT 
 
The aim of this research work commissioned by the Federal Ministry of Transport, Building and Urban Affairs was to 
optimise the testing conditions of the Dynamic Shear Rheometer so that the range of unmodified road bitumen and 
polymer modified bitumen produced for the German market can be tested on their rheological properties and evaluated 
differentiated and plausible on their performance. For this purpose the testing conditions of the DSR were to 
standardise and document in a working procedure. 
 
The oscillation tests were carried out at eight different binders in original and RTFOT short-time aged state. In a first 
phase the general conditions of testing were laid down and the preparation of test specimen was optimised. Testing 
conditions were systematically varied in the parameters deformation (threefold), frequency (threefold) and temperature 
(fourfold), so that with eight different binders in original and aged state 576 different variations were oscillatory tested. 
Due to repetitions (n = 3) there was a data base of 1728 tests. 
 
The data determined in the experimental investigations was analysed with help of mathematical-statistical methods. 
By multiple variance analysis the influences of the testing parameters could be determined qualitatively and the 
dominance of the systematic versus the random influences could be proved as very high.. For the quantification of the 
influence of the respective testing conditions and in search for correlations between the characteristics determined in 
the DSR and conventionally won binder data multiple regression analysis was carried out. 
 
From the results the testing conditions for the measurement and interpretation of oscillation tests could be derived. The 
rheological characteristics phase angle  and complex shear modulus G* that were determined at the recommended 
testing conditions were represented in a BLACK-diagram. This diagram showed that the eight original and RTFOT-
aged binders can be differentiated well in their rheological behaviour and that a more objective evaluation of the 
rheological behaviour of the tested polymer modified bitumen is possible. 
 
Keywords: Rheology, Performance Testing, Modified Binders 
 

1. INTRODUCTION 
 
The performance or the mechanical properties of asphalt are very much influenced by the temperature related 
rheological properties of the used bituminous binder. Presently those properties are mainly described empirically by 
needle penetration, softening point and breaking point according to Fraass.. Polymer modified bitumen are tested 
additionally on ductility and elastic recovery.. 
For the above named tests exist a lot of  experience and the know-how to draw empirical conclusions from the test 
results to the performance of the binder. However, polymer modified bitumen have proved to not being characterised 
accurately in their behaviour by those conventional tests. 
 
Only the knowledge of rheological data allows the rational and physical evaluation of rheological behaviour of polymer 
modified bitumen and conclusions on the mechanical behaviour of asphalt mixes eventually. 
Rheological data of bituminous binders can be measured with the Dynamic Shear Rheometer (DSR), e.g. in oscillation 
tests. In a DSR a specimen can be loaded with oscillating shear of certain frequencies at defined temperatures.. The load 
on the specimen is caused by a momentum – either due to constant stress or constant deformation. The resulting shear 
deformation or shear stress as well as the time period between load and response are measured. From the measured data 
the rheological characteristics phase angle  and complex shear modulus G* can be calculated. 
The aim of this research work was to optimise the testing conditions of the DSR so that the range of unmodified road 
bitumen and polymer modified bitumen produced for the German market can be tested on their rheological properties 
and evaluated differentiated and plausible on their performance. 



2. METHODOLOGY 
 

2.1 General 
 
Oscillation tests were carried out at eight different binders in original and RTFOT short-time aged state. Testing 
conditions were systematically varied in the parameters deformation (d = 4 %, 6 %, 8 %), frequency 
(f = 1,59 Hz, 4 Hz, 6 Hz) and temperature (T = 50 °C, T = 60 °C, T = 70 °C, T = 80 °C), so that with eight different 
binders in original and aged state 576 different variations were oscillatory tested. For statistical reasons each testing 
condition was repeated three times so that there was a data base of 1728 tests for interpretation and evaluation of results. 
  
Test results were evaluated by multiple variance analysis and regression analysis. Measurement data were not tested on 
outliers but all used for statistical evaluation. This way was chosen to detect whether with certain parameter 
combinations data tend to greater scattering. 
 
Type of binder Producer of binder (anonymous) 
road bitumen 70/100 1 
road bitumen 30/45 1 
PmB 25 A 2 
PmB 45 A 2 
PmB H 2 
PmB 45 A 1 
PmB 25 A 3 
PmB H 4 

 
table 1:  tested binders 
 

2.2 Analysis of data 
 
The influences on the determination of the characteristics were investigated in a fourfold variance analysis. Hence the 
characteristic phase angle  of original and aged binders is significantly influenced first of all by the binder, secondly by 
temperature T and then by frequency f : binder > T >> f . Exemplary data for the eight original binder values 66,0% 
versus 21,8% vs. 0,4% (see figure 1). 

 
figure 1:  exemplary fourfold variance analysis for the phase angle  for eight binders in original state 
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Results for the characteristic complex shear modulus G* show for all binders in original and aged state that the testing 
temperature T has the strongest significant influence. Secondly the influence of the binder and thirdly the influence of 
frequency f are to be named and evaluated as significant. Additionally there has been found a relatively strong 
relationship between the binder and the temperature T:     T > T+binder > binder > f . Exemplary data for the eight 
original binder values 50,7% vs. 20,9% vs. 8,8% vs. 4,3% (see figure 2). 

 
figure 2:  exemplary fourfold variance analysis for the complex shear modulus G* for eight binders  
                 in original state  
 
Due to the strong dominance of the temperature T variance analysis of threefold classification with the influences 
binder, frequency f and deformation d were carried out. It was shown that the binder has the greatest influence on the 
characteristics G* and  for original and aged binders. This lead to the conclusion that binders can be tested at certain 
conditions that allow to clearly differentiate them.  
 
The frequency f showed almost no influence on the phase angle , yet its influence on the complex shear modulus G* 
was higher than 20 % in the majority of cases with little variation in dependence of temperature T.  
  
Furthermore the influence of temperature T, frequency f and deformation d on the characteristics in dependence of the 
binder were investigated by variance analysis of threefold classification. It was found that for G* the variance shares of 
the influences can be considered as almost equal. The strongest influence is caused by the chosen temperature T.  
The frequency f plays a significant role for all binders, although the variance shares are distinctly lower. For the phase 
angle  there could be found differences of variance shares of the various influences in dependence of the binder. 
 
In all variance analytic investigations carried out the influence of deformation d at the given testing conditions has no 
influence on the characteristics phase angle  and complex shear modulus G*. 
 
Within the scope of regression analysis it could be shown with isochrones in the majority of cases that the complex 
shear modulus G* in dependence of temperature T at respective constant frequencies can be described mathematically 
by exponential functions with high coefficients of determination (see figure 3). 
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Ageing has an influence on the complex shear modulus G* . In the majority of cases the values for G* are higher in 
aged than in original state under the same testing conditions. 
 
The influence of temperature T and frequency f on the values of the phase angle  of unaged and aged binders can be 
described by polynomical or linear functions with high coefficients of determination. In the majority of cases the values 
of the measured phase angle  of unaged and aged binders increase with increasing temperature T while the other 
testing parameters stay unchanged. 
Furthermore it could be established that the values of the phase angle  in the majority of cases are higher in unaged 
binders than after ageing, independent of frequency (see figure 5).  

 
figure 5:   (T, f = const.); exemplary isochrones of original and aged binder, PmB 45 A producer 1 
 
To eliminate the strong influence of temperature T it was shown in double variance analysis that the influence of 
frequency f on the characteristics can be varying depending on the binder. For the determination of G* a very strong 
influence of frequency f on unaged and aged binders was found. For the phase angle  no systematic correlation was 
found. 
 
Multiple iterative linear regression analysis showed that the phase angle  in dependence of temperature T respectively 
of frequency steps and temperature T for original and aged binders very well correlates with conventional binder data as 
softening point, needle penetration, breaking point, maximum deformation energy and elastic recovery. The calculated 
coefficients of determination were higher than 95 % in the majority of cases. 
 
With certain combinations of parameters it is sufficient to describe the value of the phase angle  by the softening point 
ring and ball and the elastic recovery. In some cases also the breaking point and the needle penetration had to be taken 
into consideration. The maximum deformation energy has no significant influence on the determination of the phase 
angle  in the most multiple regression analysis. 
 
From the regression coefficients it could be deducted that the phase angle  increases for decreasing values of softening 
point and elastic recovery and increasing values of needle penetration, breaking point and maximum deformation 
energy. 
 
Exemplary results of the multiple iterative linear regression analysis show two functions that are valid for a combination 
of parameters at a temperature T = 50°C and frequency f = 1,59 Hz. 
 
Original binder::  =  - 0,5759 • sp + 0,2628 • pen + 1,6516 • bp + 114,1746 (R² = 97,585 %) 
 
Thermically aged binder: =  - 0,58 • sp - 0,1034 • elre + 108,4774    (R² = 95,784 %) 
 
  with sp: softening point ring and ball in °C 
   pen: needle penetration in 1/10 mm 
   bp: breaking point according to Fraass in °C 

elre: elastic recovery in % 
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3. DEFINITION OF TESTING CONDITIONS FOR MEASUREMENT AND INTERPRETATION 
    OF OSCILLATION TESTS 
 
The optimal combination of testing parameters should guarantee that the results of the respective single test scatter least 
possible and that the results of the various binders differ strongly so that differences in their rheological behaviour can 
be recognised. 
 
For these reasons the sums of the variation coefficients of the parameter combinations were inspected to illustrate and 
evaluate the scattering of the measured single values. Furthermore the complex shear modulus G* and the phase angle  
of the binders measured at different temperatures and frequencies were presented in dependence of each other 
(BLACK-diagrams) and the spreading of the results of the various binders regarding the parameter combinations was 
figured and evaluated. 
 
The aim of this research work can be reached best with the combination of parameters temperature T = 50 °C and 
frequency f = 1,59 Hz for all original and aged binders. The BLACK-diagrams for this parameter combination for all 
original and aged binders can be found in figures 6 and 7.  
They should however not be used to interpret the suitability of certain binders for asphalt mixes or other applications as 
the considered data base is too small and no comparative examinations have been carried out yet. 

 
figure 6:  BLACK - diagram for all original binders at T = 50 °C and f = 1,59 Hz 

 
figure 7:  BLACK - diagram for all RTFOT- aged binders at T = 50 °C and f = 1,59 Hz 
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The variance analytical examinations show that the influence of the deformation on the characteristics is not significant. 
Therefore the deformation can be chosen between 4 - 8 %. On the base of these results it is recommended to test 
original and aged binders in the DSR with the following testing parameters: 
 

temperature T = 50 °C, frequency f = 1,59 Hz, deformation d = 6 % 
 
For the interpretation of the at the recommended parameters measured phase angle  and complex shear modulus G* of 
any original or RTFOT-aged binder the figures 8 and 9 can be used. 

 
figure 8:  Illustration for addition of measured values of phase angle  and complex shear modulus G* 
                 for original binders to compare with the results of the binders tested in the research  
 
 

 
figure 9:  Illustration for addition of measured values of phase angle  and complex shear modulus G*  
                 for RTFOT-aged binders to compare with the results of the binders tested in the research 
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The differently coloured areas in the figures 8 and 9 represent the scattering areas of the eight considered binders of the 
research work. They have been calculated from the mean values of the phase angle  and the complex shear 
modulus G* using the respective standard deviations of the single values. 
 
With this support the rheological behaviour of any binder can be compared with the data of the eight binders considered 
in this research work and consequently evaluated. It should be mentioned that by the multiple iterative linear regression 
analysis functions for the prognosis of the rheological characteristics G* and  have been developed. Those functions 
deliver good coefficients of determination for the phase angle  and satisfying coefficients of determination for the 
complex shear modulus G* for the proposed testing parameters. 
The results and interpretations of the oscillation measurements of this research work are the base for the following 
testing protocol. 
 

4. PROTOCOL FOR TESTING AND INTERPRETATION OF OSCILLATORY MEASUREMENTS  
    WITH THE DYNAMIC SHEAR RHEOMETER (DSR) 

4.1 Objectives and Scope 
 
The test method serves to determine the complex shear modulus G* and the phase angle  with a Dynamic Shear 
Rheometer (DSR) in the oscillation modus in order to measure and evaluate the rheological behaviour of different 
binders. 
 

4.2 Equipment 
 
For the measurements a Dynamic Shear Rheometer in strain controlled oscillation mode is to be used that contains a 
water climate cabinet capable of maintaining a constant temperature of the test fluid and that is able to adjust the testing 
gap automatically. The measurements have to be carried out with a 25 mm parallel plate system. A thermostat should be 
used and the mains should be mantled with damming material to ensure a constant temperature in the water cabinet of 
(+/- 0,1 °C). 
 
For the storage of the hot fluid binder samples small container are to be used.. For the homogenisation of the samples a 
glass bar should be used. For the storage and interpretation of data a computer system that is in unit with the DSR has to 
be at disposal. 
 

4.3 Preparation of test specimen 
 
Samples of polymer modified bitumen are heated only once in a heating cabinet at temperatures between T = 180 °C 
and T = 200 °C. Straight run bitumen are – only once - heated at temperatures of 80 – 90 K over the expected softening 
point ring and ball of the respective binder. The samples have to be homogenised by stirring at a constant temperature 
and consequently filled into three containers containing ca. 20 g each of the binder. It has to be taken care that these 
steps are carried through speedy and without interruption. Due to this process there are three samples at disposal that 
have been put under the same thermical stress. The procedure described in the following has to be applied to each 
sample. 
 

4.4 Procedure 
 
The Dynamic Shear Rheometer has to be adjusted before the measurement by controlling the zero-positioning of the 
testing gap, where the operating instructions of the testing equipment have to be observed. In the following the upper 
plate of the measurement system has to be lifted into the starting position so that the sample material can be applied 
onto the lower plate. 
The sample material that is stored in the little container is heated again in the same way as described in the chapter 
„Preparation of test specimen“ and homogenised by stirring before applicated  to the measurement system. 
 
After homogenisation the sample is poured from the container from a height of 2 – 3 cm onto the middle of the lower 
plate until only a rim of 1 – 2 mm is not covered. Then the upper plate is lowered to a gap width of ca. 1,05 mm so that 
the sample is flattened and the material partly moves outwards. 
In the following the sample is trimmed – the projecting material is cut off with a suitable, warmed gadget.. If the right 
amount of material has been removed then the test specimen shows a slight outwards curvature after closing the testing 
gap to a width of 1,0 mm.  



In the next step the testing chamber can be filled with the testing fluid.  
Then the testing temperature of the fluid is adjusted to T1 = 50 °C. A thermal equilibrium time of 15 minutes should be 
allowed. Tests have shown that a longer thermal equilibrium time of i.e. 30 minutes has no significant influence on the 
results. The parameters frequency f = 1,59 Hz and deformation d = 6 % have to be entered into the program of the 
computerised DSR. Then the measurement can be started.. For each specimen five values of the rheological data 
complex shear modulus G* and phase angle  respectively have to be determined by the software.. The means of these 
five single values of the phase angle  and the complex shear modulus G* are the results of the measurement of a single 
specimen.. 
 

4.5 Interpretation 
 
The mean of the three results of the phase angle  and the complex shear modulus G* respectively of the three test 
specimen has to be calculated. These means have to be taken as the first results of this test. 
 
The determined rheological characteristics complex shear modulus G* and phase angle  of the three test specimen and 
their respective means have to be entered into the enclosed BLACK-diagram (see figure 8). The phase angle  can be 
read from the abscissa, the complex shear modulus G* from the ordinate. 
 
With help of the illustration the determined results can be compared with the according data of the eight binders 
considered in the research work and the rheological behaviour of the tested binder can be evaluated. 
 

4.6 Precision of the procedure 
 
For stating exact values relating to the precision of repetition (same observator, same equipment) and reproduction 
(different observators, different equipment) a round robin with at least ten laboratories is going to be carried through. 
 

5. SUMMARY 
 
Scope of the presented research work was to optimise the testing conditions in the Dynamic Shear Rheometer in such a 
way that especially the polymer modified bitumen used in Germany can be tested regarding their rheological 
characteristics and evaluated regarding their performance related properties differentiated and plausible.. 
For this purpose oscillation tests were carried out at eight original and RTFOT-aged binders. The testing conditions 
were systematically varied: deformation d and frequency f in three steps each and temperature T in four steps. The data 
determined in the experimental investigations was analysed with help of mathematical-statistical methods. By multiple 
variance analysis the influences of the testing parameters could be determined qualitatively and the dominance of the 
systematic versus the random influences could be proved as very high.. For the quantification of the influence of the 
respective testing conditions and in search for correlations between the characteristics determined in the DSR and 
conventionally won binder data multiple regression analysis was carried out. 
 
From the results the testing conditions for the measurement and interpretation of oscillation tests could be derived. 
Accordingly oscillation tests should be carried out at a testing temperature T = 50 °C, a frequency f = 1,59 Hz and a 
deformation d = 6 %.  
The rheological characteristics phase angle  and complex shear modulus G* that were determined at the recommended 
testing conditions were represented in a BLACK-diagram. This diagram showed that the eight original and RTFOT-
aged binders can be differentiated well in their rheological behaviour and that a more objective evaluation of the 
rheological behaviour of the tested polymer modified bitumen is possible. 
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ABSTRACT 
 
At low temperatures, some asphalt binders are known to harden significantly with time. This process is commonly 
referred to as physical hardening; and, if neglected during testing, it may lead to overestimation of asphalt binder 
performance at low temperatures.  
Modulated differential scanning calorimetry (MDSC) and dynamic mechanical analysis (DMA) were employed to study 
the morphology, glass transition, enthalpy relaxation, crystallinity, and viscoelastic properties of two asphalt binders. 
The binders were subjected to isothermal storage at different temperatures within the glass transition range. The glass 
transition temperature and enthalpy relaxation linearly increased with the logarithm of storage time. The rate of 
change (slope) was dependent on storage temperature and was different for each binder. The hardening rate was 
calculated from rheological data, and similar trends in calorimetric data were observed. The thermo-reversibility of 
hardening was also studied.  
The presented results indicate that the physical hardening of asphalt binders was predominantly caused by the physical 
aging of the glassy state (generally at temperatures below 10°C). The rate of hardening increased with decreasing 
temperature. By heating above the glass transition region (generally above 10°C), the effect of hardening was fully 
reversed in the amorphous binder, while in the semi-crystalline binder a negligible hardening was still observed at 
higher temperatures. 
 
Keywords: glass transition, physical hardening, thermo-reversibility, hardening rate. 
 
1. INTRODUCTION 
 
The gradual hardening of asphalt binders at low temperatures is a well-known phenomenon in the asphalt industry. 
There is controversy as to whether the hardening contributes to pavement failure at low temperatures [1] [2] [3]. It has 
been shown, however, that hardening can significantly affect the low-temperature performance grade determination [1]. 
As the performance grade is a decisive parameter for paving asphalt application, it is important to understand the 
physical and chemical processes behind the hardening and also to identify the binders that may suffer from excessive 
hardening. 
Any amorphous material hardens over a period of time at temperatures below or within the glass transition range [4]. 
The amorphous state is not a completely disorganized system, and there is always a tendency to attain a structural 
equilibrium. Upon cooling, the thermally induced molecular motion slows down; therefore, the volume occupied by a 
particular molecule (molecular volume) decreases. As a result, the overall specific volume linearly decreases with 
decreasing temperature. The decrease in specific volume is directly proportional to the decrease in molecular volume at 
temperatures above the glass transition. When the temperature of the system reaches the glass transition range, specific 
volume is no longer proportional to molecular volume. Reduced molecular mobility and limited molecular diffusion of 
the glassy state slows down structural relaxation or compaction of the system. Molecules are unable to ‘fill in’ the gaps 
fast enough, and so-called free volume develops [5]. The free volume is the difference between the molecular and 
specific volumes; however, it is rather an abstract quantity and not a real volume measurable in cm3/g. The free volume 
is, in fact, an operational quantity dealing with the molecular mobility [6]. The glassy state is generally a non-
equilibrium state at a constant temperature, and there is always a tendency to attain a structural equilibrium. The density 
of the material increases and the viscoelastic properties are also affected, i.e. the material hardens [6]. Although the free 
volume concept was shown to have certain limitations [7] [8], it can still be used to describe the processes leading to 
material hardening in the glassy state [4] [6]. 
The effect of glass compaction on the viscoelastic properties of amorphous material is well described in polymer 
literature, where the term ‘physical aging’ is generally used. In asphalt literature, terms like ‘reversible aging’ [1], 
‘isothermal hardening’ [2] and ‘physical hardening’ [9] are used to describe the overall change in the viscoelastic 
properties of asphalt that, perhaps, may originate not only from physical aging of the glassy state but also from 
intermolecular interactions and crystallinity. Some of the aspects of asphalt aging/hardening have been covered in our 
previous studies [10] [11] [12].  
It was shown that, at low strains and at temperatures within the glass transition range, the creep or stress relaxation 
curves of amorphous polymers [4], and also of asphalt [11], have the same shape, irrespective of the previous storage 
time. Creep, or stress relaxation, can be shifted along the logarithmic (loading) timescale with increased aging time and 
merged into a single master curve. The horizontal shift factors can be plotted versus the isothermal storage time, and the 
linear relation is usually observed on the double logarithmic scale. The slope is the rate of physical aging, . The rate of 
aging is equal to unity in most amorphous polymers [4], and the rate of physical aging is temperature dependent. Upon 



cooling, the difference between the actual specific volume and the target equilibrium volume increases (see Figure 1). 
The gradient between the two volumes is a driving force for the physical aging. The rate of aging generally increases 
with deceasing temperature until the decreasing molecular mobility and diffusion slow down the structural 
reorganization and, thus, the physical aging.  
 

 
 
Figure 1: Simplified description of physical aging of amorphous material in glassy state based on free volume 
theory [4] [5]: V – volume, T – temperature, Tgb – beginning of glass transition, Tg – glass transition 
temperature, Vs(T,t=0) – specific volume at temperature T and aging time zero, Ve(T,t=te) – equilibrium volume 
at temperature T. Equilibrium volume is a volume proportional to the molecular volume.  
Relation between specific, free, and molecular volumes: (1) temperature of the system is above Tgb, and specific 
volume is proportional to molecular volume; (2) at temperatures below Tgb, the specific volume is no longer 
proportional to the molecular volume, and a free volume exists; and, (3) glass is compacting, and the free volume 
is decreasing (physical aging). Black area – molecular volume, grey area – free volume, white area – residual 
volume.  
Note that the glass transition in asphalt is very broad on the temperature scale [13], and the change in volume 
slope is gradual in asphalt. The volume-temperature relation of asphalt can be found in reference [14]. 
 

 
 
Figure 2: Rate of aging as a function of temperature in asphalt and in polystyrene. Vertical dashed lines indicate 
the glass transition range of a material. Figure adopted from reference [4]. ats – horizontal shift factor [11], ts – 
isothermal storage time.  
 
In most amorphous polymers, the glass transition is a small interval on the temperature scale, due to a relatively narrow 
molecular weight distribution [7]. The rate of aging attains its maximum at a temperature slightly below the glass 
transition range, where the material is already completely glassy, yet the molecular mobility is relatively high. Upon 
further cooling, the molecular mobility and the tendency to reorganize the structure decrease. Therefore, the rate of 
aging decreases upon further cooling (see Figure 2). 



The situation is somewhat different in asphalt and in some polymers, such as plasticized polyvinyl chloride. In these 
materials, the glass transition has an extremely wide range on the temperature scale. A transition broader than 60°C has 
been observed in asphalts [12] [15], due to a very large molecular weight distribution. Upon cooling into the glassy 
state, the molecules with the highest glass transition temperature are the first to vitrify [12]. The amount of the glassy 
phase increases slowly upon cooling. The aging takes place only in the glassy fraction of such a partially glassy system. 
Upon further cooling, the glassy domain increases; however, the molecular mobility of the heaviest molecules, which 
were the first to vitrify, is already declining. As the result of the two opposing processes, the maximum aging rate 
reaches a lower value in asphalt than in most polymers [4] [11]. For an illustration, see Figure 2. 
In this study, we have focused on the effect of storage temperature on asphalt binder properties and also on the reversal 
of the hardening effect at elevated temperatures. Modulated differential scanning calorimetry (MDSC), which is a 
suitable technique to evaluate the phase compatibility, crystallinity and thermodynamic parameters, was used. The 
reversibility of the hardening was also studied by dynamic mechanical analysis (DMA). 
 
2. EXPERIMENT AND METHODS 
 
2.1.  Modulated differential scanning calorimeter 
 
A TA Instruments Q100 differential scanning calorimeter (DSC), equipped with a modulated temperature setup and 
liquid nitrogen cooling system, was used in this study. Ultra pure helium (99.999 percent) was used to purge the 
experimental cell. The rate was 50 mL/min. Standard hermetic aluminum pans were used for all experiments. The 
sample mass was in the range of 7-10 mg. Sample pans were sealed under nitrogen.  
 
Property Unit Asphalt A1 AAC-12 

Penetration (100g/5s) @ 25°C [dmm]  162 133 
Softening Point [°C] 41 43 
Dynamic Shear G*/sin  [kPa] 1.03 1.08 
@ Temperature [°C] 59 58 
RTFOT Residue (T240) [16]    
Dynamic Shear G*/sin  [kPa] 2.27 2.34 
@ Temperature [°C] 59 58 
PAV Residue (R28) [17]    
Dynamic Shear G*/sin  [kPa] 4253 2900 
@ Temperature [°C] 16 25 
Creep Stiffness @ 60s [MPa] 289 186 
m-value @ 60s  0.319 0.3 
@ Temperature [°C] -23 -10 
SHRP Performance Grade  PG 58-31 PG 58-16 
Glass Transition Beginning (MDSC on heating) [°C] 46.42 46.24 
Glass Transition End (MDSC on heating) [°C] 3.91 9.44 
Glass Transition Temperature (MDSC on heating) [°C] 25.82 23.59 
Wax Content3 [% wt.] 0.70 5.06 

1data acquired from Bituminous Materials Chair at the University of Calgary. 
2data acquired from the SHRP Materials Reference Library [18]. 
3UOP 46-85 method [19]. 
 
Table 1: Basic properties of asphalt binders 
 
2.2. Dynamic mechanical analysis 
 
A TA Instrument strain-controlled rheometer (ARES) was used for the frequency sweep tests at a constant temperature. 
Rectangular torsion bars (dimension: 25.05×11±0.5×2.65 mm) with steel attachments at both ends were used. The 
asphalt binder and the mold were heated to 160°C. The asphalt was molten and cooled to room temperature. The 
cooling time was 1 hour. The asphalt specimens were trimmed and transferred into a freezer ( 20°C storage 
temperature). After a certain period (storage time between 0.16 to 458 hours), the sample was transferred to the 
rheometer chamber. The testing frequency was in the range of 0.1 to 100 rad/s. The strain was 0.03% at 20°C, 0.1% at 

10°C, 0.5% at 0°C, and 1% at 10°C. The selected strains were clearly within the linear viscoelastic region, as was 
confirmed by the strain sweep experiment. 
 
 
 



2.3. Isothermal storage at temperatures within the glass transition temperature range 
 
The thermal history of the samples used in the MDSC experiment, if not stated otherwise, was as follows: the sample 
was heated up to 150°C, kept at isotherm for 15 minutes, and quenched to storage temperatures of 30°C, 20°C, 

10°C and 0°C at a rate of 10°C/minute. The sample was closed into a special container and held at the storage 
temperature for a period of time ranging from 0.25 hours to several hundreds hours. After the storage period, the sample 
was transferred to the calorimeter and cooling continued to 100°C, followed by 5 minute of isotherm. At this point, the 
MDSC experiment started with a linear heating rate of 2°C, modulation period of 60 seconds and modulation amplitude 
of 2°C. The typical heating range was from 100°C to 100°C or 150°C. The MDSC setup was developed and evaluated 
in our previous papers [20] [21]. The glass transition temperature was calculated from the plot of reversible isobaric 
heat capacity versus the temperature signal as a temperature, where the stepwise change in the heat capacity reached 
half of the overall change.  
 
2.4. Samples 
 
In our previous studies [10] [21], five different binders were subjected to long-term isothermal storage at low 
temperatures. The binders were subsequently evaluated by MDSC, and the effects of isothermal storage on Tg, enthalpy 
relaxation and cold crystallization were determined. The effect of isothermal storage on thermodynamic parameters was 
vastly different among the tested binders. Two binders were selected for this study: Asphalt A was the least affected by 
isothermal storage and Asphalt AAC-1 was the most affected. Asphalt A had the smallest wax content (0.70 %wt.), and 
Asphalt AAC-1 had the highest (5.06 %wt.) wax content.  
Asphalt A was an asphalt from heavy Alberta crude oil (Cold Lake) of penetration grade 150/200, supplied by Husky 
Energy Inc. The other asphalt (AAC-1, Redwater) was from the original Strategic Highway Research Program (SHRP) 
Material Reference Library (MLR). This binder had been stored in bulk (15kg) at room temperature for 15 years. These 
two asphalts were selected for this study, and their basic properties are listed in Table 1. 
 
3. DISCUSSION AND RESULTS 
 
3.1. Effect of storage temperature on the rate of aging 
 
The effects of storage temperature and storage time on the glass transition temperature and enthalpy relaxation were 
studied. The derivative of reversible heat capacity, with respect to the temperature signal, was shown to be useful in the 
determination of the phase compatibility of the amorphous phase in polymers [22] and also in asphalt [12]. An example 
of calorimetric signal is presented in Figure 3. The glass transition temperature was assigned to the half-height change 
in the reversible heat capacity upon heating [10]. The dependence of the glass transition temperature on the storage time 
and temperature is presented in Figure 4. 
 

 
 
Figure 3: The effect of isothermal storage at 30 °C on the glass transition in Asphalts A (left) and AAC-1 
(right). Storage times are indicated above the curve. Curves are vertically shifted.  
 
The glass transition temperature (Tg) rose linearly with the logarithm of the storage time (ts) in both specimens and at all 
four tested temperatures, except at 10°C in Asphalt A. The glass transition temperature increased faster in Asphalt 
AAC-1. Tg also increased faster with decreasing storage temperature. This is in agreement with data presented in Figure 
2, where the aging rate is shown as its maximum is attained at around 40°C. The data presented in Figure 4 were fitted 
to a linear function, and the results are presented in Table 2. The increase in the glass transition temperature could be, in 
fact, a consequence of the physical aging of the amorphous phase. Upon heating the physically aged glass, extra energy 
(see the following paragraph) is needed to unfold the system. The unfolding process causes a certain delay in the glass 
transition. Since the MDSC scan was always performed at a constant rate of 2°C per minute, this delay shifted the 



whole transition to a higher temperature. The glass transition temperature, which represents the transition, is also 
higher. 
The MDSC non-reversible heat signal is associated with equilibrium processes, such as melting or crystallization. Two 
non-reversible processes were observed at low temperatures upon heating the physically aged asphalts – enthalpy 
relaxation and cold crystallization. Enthalpy relaxation is a largely irreversible endothermic process that takes place in 
extremely slowly annealed or isothermally aged glasses [23] [24].  Even in the glassy state, the molecules or segmental 
chains are capable of limited structural reorganization.  In a polymer, this is due to the so-called micro-Brownian 
motion, by which the chains change their configuration [6].  The more time allowed (longer aging in the glass transition 
temperature range), the more the glassy domain becomes ordered and the molecular segments, more closely/tightly 
packed.  Upon heating, the molecules regain a certain degree of motion, and the structure disorders.  The loss of order is 
an unfavorable process in nature, and additional energy (enthalpy relaxation) is needed (i.e. an endothermic process).   
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Figure 4: Dependence of the glass transition temperature on the storage time in Asphalts A (left) and AAC-1 
(right). Isothermal storage at 30°C (+), 20°C ( ), 10°C (×) and 0°C (×). 
 

 
 
Figure 5: Example of the effect of isothermal storage at 30°C on the non-reversible heat signal in Asphalts A 
(left) and AAC-1 (right). Curves vertically shifted. 
 
As the storage time increases, the degree of order of the glassy domain increases. More energy is needed to disorder the 
more organized system; therefore, higher enthalpy relaxation should be present. This was confirmed by the experiment, 
where enthalpy relaxation was found to increase with the logarithm of storage time in both asphalts and at all storage 
temperatures.  Enthalpy relaxation was observed on the plot of the non-reversible heat flow versus temperature signal 
(Figure 5) as a broad endothermic peak in the region of 20°C to 0°C. This peak became more apparent in samples 
stored at lower temperatures or for longer times.  
The exothermic peak observable only in shortly aged samples is attributed to cold crystallization. Cold crystallization 
generally takes place in semi-crystalline asphalt that did not fully/perfectly crystallize upon cooling from the melt to the 
glassy state.  If there is not enough time allowed for the crystalline phase to fully crystallize and/or to perfect the 
crystals before the glass transition is reached, the uncrystallized molecules and/or imperfect crystals eventually become 
frozen in the glass, and their molecular motion ceases.  Such molecules are far from equilibrium.  Upon heating, the 
glass devitrifies and the molecular motion is again permitted. The crystallization of uncrystallized molecules and/or the 
perfection of crystals may take place.  It is an exothermic and irreversible process that occurs at temperatures between 
the glass transition temperature and the melting region [25] [10].  
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Figure 6: Enthalpy relaxation increases with the storage time in Asphalts A (left) and AAC-1 (right). Isothermal 
storage at 30°C (+), 20°C ( ), 10°C (×) and 0°C (×). Linear fit coefficients are presented in Table 3. The 
dashed line represents the point where the endothermic enthalpy relaxation prevails over exothermic cold 
crystallization.  
 
The crystal structure perfection also takes place upon the isothermal storage. The saturated molecules are not yet glassy 
at temperatures between 30°C and 0°C [12]; therefore, they are capable of re-crystallization. The exothermic peak of 
cold crystallization diminishes with storage time as the crystalline phase approaches structural equilibrium. The time 
needed to complete the crystallization was calculated in our previous study to be no longer than several hours at 20°C 
[10].  
Enthalpy relaxation and cold crystallization may eventually overlap. The physical aging sets in immediately after the 
glassy state is reached. Therefore, enthalpy relaxation must appear upon heating of shortly aged samples. Unfortunately, 
the enthalpy relaxation is normally overlaid by a cold crystallization peak that prevails in the early stage of the 
isothermal storage. In order to capture the development of enthalpy relaxation in the early stage of the storage, the 
enthalpy of cold crystallization was subtracted. Enthalpy relaxation increases linearly with the logarithm of storage time 
at all tested temperatures (Figure 6); in fact, it rose faster at lower temperatures. 
 
Sample@T [°C] Slope y-intercept R2  Sample@T [°C] Slope y-intercept R2 
Asphalt A@0 0.44 -27.66 0.89  AAC-1@0 0.01 -22.89 - 
Asphalt A@ 10 - - -  AAC-1@ 10 0.93 -25.03 0.93 
Asphalt A@ 20 0.91 -29.2 0.98  AAC-1@ 20 2.98 -30.57 0.99 
Asphalt A@ 30 0.88 -27.71 0.99  AAC-1@ 30 3.83 -35.02 0.98 
 
Table 2: Linear dependence of Tg on the logarithm of storage time and storage temperature 
 
Sample@T [°C] Slope y-intercept R2  Sample@T [°C] Slope y-intercept R2 
Asphalt A@0 0.65 -2.99 0.99  AAC-1@0 1.27 -5.37 0.97 
Asphalt A@ 10 0.51 -2.23 0.97  AAC-1@ 10 1.29 -5.43 0.97 
Asphalt A@ 20 0.64 -2.94 0.96  AAC-1@ 20 1.34 -5.18 0.98 
Asphalt A@ 30 1.05 -3.28 0.99  AAC-1@ 30 2.19 -8.33 0.98 
 
Table 3: Linear dependence of enthalpy relaxation on the logarithm of storage time and storage temperature 
 
The rate of Tg and enthalpy relaxation increased faster in Asphalt AAC-1, indicating faster physical aging. It was shown 
that the rate of increase of Tg and enthalpy relaxation increase with increasing wax content or melting enthalpy [10] 
[11], which is attributed to a spatial interference or coupling between the crystalline and amorphous phases. During the 
crystallization, chain segments fit into the crystals, and the mobility of the remaining molecules is reduced.  In addition, 
the so-called rigid amorphous phase (with reduced mobility) is formed on the surface of the crystals [25] [24]. This 
behavior strongly influences relaxation and has been found to be directly related to the crystallization [25]. It was also 
shown that the presence of a small amount of crystallites may freeze in a big portion of the amorphous phase into 
becoming a rigid amorphous phase [24].  The crystalline phase may affect the molecular motion of neighboring 
amorphous molecules. Restricted amorphous molecules are glassier at higher temperatures than they would normally be 
in a purely amorphous system. Therefore, in the presence of crystallites, the glassy domain is larger at a particular 
temperature. As previously mentioned, the rate of aging also depends on the size of the glassy domain, especially in 
asphalt where the fraction of the glassy phase gradually increases upon cooling from 10°C (glass transition starts) to 

50°C (glass transition ends). Since the glassy domain is bigger in semi-crystalline binders at a particular temperature 
within the glass transition range, the physical aging should be faster. 



The contribution of the crystalline phase to the hardening of the asphalt binder is probably indirect. The calorimetric 
results revealed that the crystalline phase reorganization or structuring (which may contribute to hardening of the 
asphalt) is completed within the first several hours of isothermal storage; yet, the aging rate (from the DMA experiment 
[11]) was found to be constant on a large scale of aging times (0.07 to 458 hours). In other words, asphalt hardens at the 
same rate irrespective of the structuring of the crystalline phase. The coupling between crystalline and amorphous 
phases seems to have a much greater effect on the hardening rate. 
 
3.2. Reversibility of physical aging/hardening 
 
Thermo-reversibility is a basic feature of physical aging [4]. The effect of physical aging is essentially erased once the 
sample devitrifies, i.e. at any temperature above Tg. This is valid in materials with relatively narrow glass transitions, 
where the difference between the actual Tg and Tgb (transition beginning upon cooling) is small. In asphalt, the 
difference between Tg and Tgb is often large, usually more than 40°C (see Table 1 or reference [10]). Part of the material 
is glassy at temperatures between Tg and Tgb; therefore, physical aging may take place between the two temperatures. 
Heating above Tg may not be sufficient to reverse the effect of physical aging, and heating above Tgb may be necessary. 
In this section, we try to identify the lowest temperature at which the effect of aging is completely erased and the 
properties of the binder return to their initial state. 
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Figure 7: Physical hardening in Asphalt A (left) and AAC-1 (right) as determined in DMA experiment. 
Isothermal aging at 20°C ( ), 10°C ( ), 0°C ( ) and 10°C (×). 
 
Sample@T [°C] Slope y-intercept R2  Sample@T [°C] Slope y-intercept R2 
Asphalt A@10 -0.002 0.01 0.52  AAC-1@10 0.04 -0.1 0.86 
Asphalt A@0 0.026 -0.07 0.99  AAC-1@0 0.11 -0.31 0.99 
Asphalt A@ 10 0.081 -0.23 0.99  AAC-1@ 10 0.18 -0.53 0.95 
Asphalt A@ 20 0.085 -0.24 0.99  AAC-1@ 20 0.27 -0.73 0.98 
 
Table 4: Linear dependence of horizontal shift factors (ats, DMA experiment) on the logarithm of the storage 
time and storage temperature 
 
The DMA experiment setup was described in section 2.2. The samples were aged at 20°C, subjected to a frequency 
sweep test, heated by 10°C and conditioned for 1 hour, followed by another frequency sweep test. These steps were 
repeated until 10°C was reached. Further testing at temperatures above 10°C was not possible, due to thermal 
deformation of the rectangular bar. The horizontal shift factors (ats) were determined in both samples at four 
temperatures. Results are presented in Figure 7. The data points were fitted to a line, and the coefficients are presented 
in Table 4. Slope represents the ‘hardening rate’. We use the term ‘hardening rate’, because it describes the overall 
change in the viscoelastic properties. Physical aging may not be the only contributor to physical hardening. Hardening 
rates are plotted versus temperature in Figure 8.  
The hardening rate becomes virtually zero at 10°C in Asphalt A, indicating that the effect of physical hardening is fully 
reversed at this temperature. The progress of thermo-reversibility is more apparent from the plot of loss tangent versus 
the testing frequency, which is presented in Figure 9. The loss tangent determined at 10°C indicates that there were no 
differences in the viscoelastic properties of the samples.  
It can be concluded that effect of physical hardening is fully reversed in Asphalt A upon heating above Tgb. The 
hardening of Asphalt A showed the same features as the physical aging of amorphous polymers, i.e., thermo-
reversibility at temperatures above Tgb, linear dependence on the logarithm of storage time, and the increasing rate of 
hardening with decreasing temperature. There is no indication that the hardening was caused by processes other than the 
glass compaction (collapse in free volume); therefore, there is no qualitative difference between the physical aging of 
amorphous polymers and the physical hardening of Asphalt A. The quantitative difference, however, is striking. The 



rate of hardening is equal to 1 in most amorphous polymers, but the rate of hardening in Asphalt A did not exceed 0.09. 
The reason is that the asphalt components have a much lower molecular weight/size in comparison with most polymers.  
The phase compatibility of Asphalt A was not disturbed by long-term storage at low temperatures [12]. The generated 
free volume in Asphalt A was relatively small (small components, no inhomogeneity, uniform distribution), and the 
aging of Asphalt A was negligible between 20°C and 10°C; however, it may have increased at temperatures between 

20°C and 45°C, where the maximum aging rate is expected. 
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Figure 8: Hardening rate as a function of temperature in Asphalt A ( ) and Asphalt AAC-1 ( ). 
 
Figures 7 and 8 show that the hardening was faster in Asphalt AAC-1 at all tested temperatures. The major difference 
between the two asphalts was the size of the crystalline domain. While Asphalt A was nearly completely amorphous, 
Asphalt AAC-1 was semi-crystalline. The direct effect of the crystalline phase on hardening can be ruled out for 
following reasons. The melting point spanned between 10°C and 80°C in Asphalt AAC-1 [10]; thus, below 10°C, the 
majority of crystalline molecules were crystallized (relatively inactive in material isothermal hardening). The crystal 
perfection may have continued in the early stages of storage but without a significant effect on the asphalt viscoelastic 
properties – the rate of hardening did not change after the crystal perfection was completed (see Figure 7). The effect of 
crystalline phase is rather indirect. Crystalline domain significantly affects the mobility of glass forming molecules. The 
crystallites also work as a spatial obstruction. This leads to higher structural incompatibility of glass forming molecules 
and to higher free volume. Higher free volume results in higher aging rates. The higher hardening rates were observed 
predominantly in oxidized or semi-crystalline asphalt binders [1]. It was shown in our previous study [12] [20] that 
oxidized or semi-crystalline binders suffer from amorphous phase incompatibility after long-term storage at low 
temperatures. The term ‘phase instable asphalt’ was suggested for such binders. The free volume generated in these 
binders is probably greater (worse structural compatibility); therefore, the aging/hardening rate is greater. 
The hardening of Asphalt AAC-1 also showed basic features of physical aging: linear dependence on the logarithm of 
storage time and dependence on the storage temperature. Complete thermo-reversibility of the hardening was not 
achieved by heating the specimen above Tgb (10°C), as illustrated in Figure 9. The hardening rate at 10°C was, however, 
very small (0.05) and probably originates from the rigid amorphous phase (see following paragraph) or from the 
temperature not being clearly outside the glass transition (glass transition ends on heating at around 9.5°C in Asphalt 
AAC-1 – Table 1). The higher hardening rates observed in Asphalt AAC-1 are in agreement with the calorimetric 
results presented in section 3.1. 
The thermo-reversibility was also studied with the calorimetric experiment. Sets of samples of both asphalts were aged 
at 30°C for 300 hours. The samples were then subjected to the following thermal program: equilibrium at 30°C, ramp 
10°C/min to the ‘reversing temperature’, isotherm for 1 hour, ramp 10°C/min to 100°C and, subsequently, the MDSC 
run was started. The reversing temperatures were 20°C, 10°C, 0°C, 10°C, 20°C and 30°C. The compatibility of the 
amorphous phase was determined from the derivative of the reversible heat capacity versus temperature signal and was 
compared to a sample that was not subjected to isothermal storage (the control). Data are presented in Figure 10. The 
effect of aging in Asphalt A was reversed at 10°C – the recorded signal was identical to the control. In Asphalt AAC-1, 
however, the effect of aging was not fully reversed even after heating up considerably outside the glass transition region 
(30°C). A separate peak was observed above the reversing temperature on the calorimetric signal, indicating a separate 
glassy domain stable at temperatures above the main glass transition – a rigid amorphous phase, which is restricted by 
the crystallites and cannot devitrify before melting starts. The melting in Asphalt AAC-1 started very slowly at 10°C, 
with maximum at around 55°C [10].  
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Figure 9: Thermo-reversibility of physical hardening upon heating to 10°C in Asphalt A – left figures, storage 
times of 0.16 hours (+), 0.67 hours (×), 2.9 hours ( ) and 292 hours ( ) – and in Asphalt AAC-1 – right figures, 
storage times of 0.16 hours (+), 0.9 hours (×), 22 hours ( ) and 65.5 hours ( ). 
 



 
 
Figure 10: Thermo-reversibility of physical aging. Derivative of reversible heat capacity versus the temperature 
signal in Asphalt A (left) and Asphalt AAC-1 (right). Arrows indicate the temperature at which the thermo-
reversibility was tested. The bottom curve is the control (no aging). Curves are vertically shifted. 
 
4. CONCLUSIONS 
 
The discussed results indicate that there is no difference between physical hardening of asphalts and physical aging of 
amorphous polymers. The aging/hardening of asphalts shows that all of the basic features of physical aging of the 
glassy state were not observed (for all practical purposes) outside the glass transition range.  
The aging/hardening rates increased at lower temperatures and were also found to be substantially higher in the semi-
crystalline binder. This was confirmed in the MDSC and DMA experiments. The direct effect of a crystalline domain 
on the hardening was ruled out; and, it was suggested that the effect was rather indirect, i.e. crystallites obstruct the 
glass forming molecules and affect the spatial compatibility. The higher difference between the actual specific and 
equilibrium volumes is expected in a structurally incompatible system, resulting in higher aging/hardening rates. 
The thermo-reversibility of physical aging/hardening was also studied. The effect of aging in asphalt without the 
crystalline phase was fully reversed upon heating above the glass transition region. This was not the case in the semi-
crystalline binder, where the residual effect of aging was still observed at temperatures above the glass transition range 
(at 10°C in the DMA experiment and 30°C in the MDSC experiment). This nearly negligible hardening at temperatures 
above the glass transition was attributed to the residual glassy phase (rigid amorphous phase); however, structuring of 
the crystalline phase may also contribute. 
The fact that the physical aging/hardening may set in at any temperature within the glass transition range (generally 
below 10°C) is very important from a practical point of view. Hardening/aging may accumulate over a very long period 
of time, because the temperature of pavement may not exceed 10°C over period of many days during the winter season.  
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ABSTRACT 

Cracks in asphalt mixtures generally grow inside the binder film. To reduce cracking, the relevant parameters need to 
be investigated and understood. Regardless of the cracks being thermally induced or whether they grow as a result of 
repetitive loadings, crack propagation involves high strain conditions at the crack tip and the creation of free surface. It 
is therefore reasonable to assume that a test carried out in the linear, visco-elastic domain (like the Bending Beam 
Rheometer BBR), does not provide the full answer with regard to pavement distress. However, observing the 
mechanical phenomena in a three-point bending test (TPBT) using a pre-cracked or notched binder bar, it should 
provide better information on the crack growth performance. 
Within a subgroup of CEN TC336 WG1, efforts have been made to develop a TPBT on a pre-cracked bitumen bar. The 
first phase of this work is presented here. It deals with the improvement of the test considering the notch shape and the 
use of aluminium inserts. Test Protocol and interpretation of the load to displacement curves are also defined. 
Round robin tests involving four laboratories have been carried out. From this RRT, it is possible to choose the 
geometry that gives the best reproducibility. Several binders (pure and polymer modified) have been tested at low 
temperatures. The TPBT reveals that major differences can be found between binders, which are not shown in the BBR 
test.
This TPBT, based on fracture mechanics principles, could be a promising tool to assess the low temperature 
performance of unmodified and modified bituminous binders. 

Keywords:  Crack propagation, CEN, Fracture-toughness, Modified binders, Thermal cracking 

1. INTRODUCTION 

Cracks in asphalt mixtures generally grow inside the binder film. To reduce cracking, the relevant parameters need to be 
investigated and understood. Regardless of the cracks being thermally induced or whether they grow as a result of 
repetitive loadings, crack propagation involves high strain conditions at the crack tip and the creation of free surface. It 
is therefore reasonable to assume that a test carried out in the linear, visco-elastic domain (like the Bending Beam 
Rheometer BBR), does not provide the full answer with regard to pavement distress. Numerous studies have shown that 
fracture mechanics based experiments at low temperature are able to discriminate bituminous binders, contrary to their 
linear viscoelastic properties [1][2][3][4]. This is especially true for PMB where the effect of polymer addition on creep 
properties (in small strain) is small whereas cracking properties can be considerably affected by modification. 
From these results, it is clear that a new method, able to assess the low temperature cracking properties, is needed. The 
present test methods (Fraass breaking point and BBR) have been developed for non modified bitumens and they are not 
able to distinguish between binders with significant differences in fundamental material properties and hence do not 
demonstrate improved low temperature performance of polymer modified binders. Within a subgroup of CEN TC336 
WG1, efforts have been made to develop a fracture mechanics based test on bituminous binders. The three-point 
bending test (TPBT) performed on pre-cracked or notched binder bars was chosen (fracture test in mode I). This test 
can be carried out on a classic tension-compression testing device. The aim of this group was to improve the 
reproducibility of the experiments. Hence, all the steps of the experiments were studied from the specimen preparation 
to the experimental protocol. This work has been initiated starting from the experiences found in the above referenced 
papers and using a draft-standard written by S. Hesp [5]. 
The present paper describes the different geometries which can be used in the TPBT and the way to prepare the 
samples. A theoretical calculation based on the linear fracture mechanics is presented. It should allow to choose the best 
sample size when aluminium inserts are used. The result from a round robin test involving three laboratories is then 
presented. From this RRT, it is possible to choose the geometry that gives the best reproducibility. The chosen geometry 
is finally used to asses the cracking properties of two binders in comparison to current methods (BBR, Fraass).  



2. PRESENTATION AND OPTIMISATION  OF THE TPBT ON NOTCHED BITUMINOUS BAR 

2.1 Sample geometries and preparation 

Several geometries can be used to assess the bitumen cracking properties in three-point bending mode. Figure 1 
describes the different possibilities to make the samples. Most of the published studies were carried out on rectangular 
beam shape samples with a V notch [1][2]. However, recent work of Hesp [5] has shown that the notch can be created 
by inserting a thin PTFE film during the moulding process. In Hesp’s study, aluminium inserts are also proposed to 
reduce the quantity of bitumen to be tested. Hence, there are four possibilities to make the samples (geometries A, B, C 
and D, see table 1). Opening mode provided by all these geometries is the mode one. 
Whichever geometry is chosen, samples are manufactured in a mould. The following optimized manufacturing protocol 
has been defined. First, the mould is assembled and heated 10 min at 160°C. At the same time, hot bitumen (160°C for 
pure bitumen and 170°C for PMB) is stirred. Then, binder is poured into the cavities (which are slightly overfilled to 
allow for shrinkage during cooling). When geometries B or D are used, adhesion between aluminum and binder is 
achieved without the use of an adhesion promotor. To create a V-notch, a piece of silicon rubber with moulded notch is 
placed at the bottom of the cavity. To make a slit notch in the binder, two 25 micrometer thick PTFE films are inserted 
together into the surface of the test sample. In this case, it is not necessary to remove the PTFE film before testing the 
sample. 
Mould and bitumen are cooled 24 hours at room temperature.  In order to disassemble the mould without damaging the 
samples, the system is cooled 15 min at -10°C to increase binder stiffness. Finally, the specimens are stored 1 hour at 
the test temperature. 

Figure 1. Geometries used in the three-point bending test

Table 1. definition of the geometries  

Geometry Notch Insert
A V no
B V yes 
C Slit notch no
D Slit notch yes 

2.2 Experimental procedure 

Three point bending tests are carried out on classic tension-compression apparatus. Testing mode used is displacement 
controlled mode at a loading rate of 0,01 mm/s. The force corresponding to the displacement is recorded until failure. 
The displacement is measured through the crosshead movement of the test machine. Figure 2 shows the samples in the 
test machine, before and after the fracture test. In the round robin test presented in this paper, two ways of temperature 
control have been used: in air using expanded liquid nitrogen and in an alcohol bath.  
Figure 3 describes measurements performed on pure bitumen (B100-b, see table 3) at three temperatures. The slope of 
the curve increases when the temperature decreases as a consequence of the temperature susceptibility of the bitumen 
stiffness. Displacement at break is considerably reduced by temperature (from 1,7 mm at -5°C to 0,3 mm at -15°C). For 
pure bitumen, force at break is generally less temperature dependent than displacement at break [chailleux]. For this 
reason, displacement is generally preferred for determination of the ductile to brittle transition. 



Figure 2: Photos of a sample with aluminum inserts loaded in three-point bending mode, before and after the 
fracture. Tests can be performed in air cooled with N2 (left) or in a temperature controlled bath (right). The left 
and middle page show a smaller sample (L = 15 mm) than used in the Round Robin Test. 

Figure 3: Stress strain curves as a function of temperature for pure bitumen B100-b. Geometry D with insert 
length L=40mm.  

2.3 Linear fracture mechanics background 

Theory of elasticity allows to describe stress and displacement fields near a singularity like a crack tip. In this 
theoretical part, materials are supposed to be homogeneous, isotropic and their mechanical behaviour is elastic. On the 
other hand, only plane conditions are developed and only the fracture mode I is studied. Considering the notations of 
Figure 4, theory of elasticity gives for a small region around a crack tip the stress and displacement fields (see Equation 
1 and Equation 2 where KI is a constant for a specific geometry and amplitude of applied load). These relations show 
that KI describes only the stress field near the crack tip (KI is defined as the stress intensity factor for the mode I). 
Hence, the distribution of stresses, strains and displacements in any small region around the crack tip are always the 
same for any crack body. This property allows to compare results issued from different cracked structures. Hence, for 
geometry A and C (bar without inserts), KI can be calculated from the applied load F using the equation 3 [6]. However, 
this analytical formula can not be applied for geometry B and D (bar with aluminium inserts). Using a finite element 
method, the following part gives a relation between the applied force F and the stress intensity factor KI according to the 
sample length L.  
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2.4 Choice of the bitumen ligament length L 

Initially, bitumen ligament length chosen by Hesp [5] was L=15 mm.  Using this short ligament, it is possible to use a 
small quantity of bitumen and also aged bitumen can then be tested (after RTFOT, PAV or extracted from asphalt 
mixture). However, there is no information about the optimization of the geometry and especially of this ligament 
length. 
In order to understand the effect of this parameter, several lengths have been tested. A 50/70 pure bitumen is used to 
prepare samples with bitumen ligament lengths from L=100 (geometry C) to L=15 mm (geometry D). Tests have been 
carried out at -15°C using the experimental procedure previously described. The forces at break versus ligament lengths 
L are plotted in figure 5. The standard deviations and average values are determined from 4 experiments. Force at break 
increases when the ligament length decreases. This effect shows that stress concentration and consequently the stress 
intensity factor are higher for short ligament lengths. It is also interesting to note that the lowest standard deviation is 
found for L=40 mm. The variation coefficient for this point is near 10 %.  
In a previous paper [7], the geometric factor  (defined as KI= .F) needed for the determination of the stress intensity 
factor was calculated according to the bitumen ligament length. The procedure used in this work was based on 
analytical equation (equation 2) and finite element outputs of the displacement field near the crack tip (values used for 
the finite element analysis are noted in table 2). The results of the calculation showed that the geometric factor is 
affected by the aluminium inserts (see figure 6). The geometric factor, plotted versus the ligament length L, showed that 
the increase is very important: 28 m-3/2/mm from L=8 mm to L=40 mm whereas it is constant for L 40 mm.  
Considering these results, a first assumption can be made that errors of the measurement, due to the experimental 
variability of the ligament length L or due to faults at the aluminium/bitumen interface, could be decreased by choosing 
L 40mm.  Keeping in mind that it is favourable to use a small quantity of bitumen, the length L=40 mm seems to be a 
good compromise. 

B S W L a Ebinder binder Ealuminium aluminium 

12.5
mm

100 
mm

25 
mm

8 – 100 
mm

5
mm

0.2 500 
MPa

0.35 73 GPa 0.3 

Table 2: Values used for the finite element calculus and experiments 



Figure 5: Failure load versus ligament length L  (T=-
15°C, 50/70 pure bitumen) 

Figure 6: Geometric factor versus ligament length L 
(geometric factor defined as KI= .F) 

3.EXPERIMENTAL RESULTS 

The RRT has been carried out in two phases. In the first part of this work, it was decided to test the geometry A, which 
was up to now, the most used. The alternative geometry D, initially proposed by Hesp [5], has been tested in the second 
phase taking into account the optimisation of the bitumen ligament length L, as previously explained (so in this part 
L=40mm). It has to be noted that two experimental protocols have been used: in phase 1 the experiments are carried out 
in air (lab 1 and lab 3) and in liquid bath (lab 2), in phase 2 all the samples have been cooled in a liquid bath.  

3.1 Materials 

Two binders were selected for the round robin test, a non modified paving grade bitumen with a penetration about 100 
(B100) and a PMB made from the same bitumen by adding 5 % SBS polymer (PMB 5). PMB was blended in laboratory 
for this study. Two sets of binders were made, the a-set was for part 1 of the study and the b-set was for part 2. The 
conventional tests that were done on the binders, have been reported in table 3. Fraass breaking point and BBR results 
do not show any differences in the low temperature properties of the two binders. Some results even indicate that the 
unmodified bitumen would be better in this respect. The continuous polymer network which PMB 5 has is not reflected 
in the Fraass breaking point results or in the stiffness measurement of BBR. 

PMB 5-a B100-a PMB 5-b B100-b 

Penetration mm/10 EN 1426 68 110 62 96

Softening point °C EN 1427 91,0 43,2 90,0 42,6 

Fraass breaking point °C EN 12593 -19 -18 -17 -13

BBR EN 14771 

Stiffness -18°C MPa 162 * 207 204 238 

m-value -18°C 0,364 * 0,338 0,329 0,357 

Stiffness -24°C MPa 450 422 455 534 

m-value -24°C 0,235 0,236 0,234 0,258 

LST °C -19,8 -20,6 -20,3 -19,3 

LmT °C -20,0 -20,2 -19,8 -21,5 
* tested at -16 °C 

Table 3: Properties of the binders  



3.2 Results  

Maximum forces, reached during the TPBT, and displacements measured at this point are shown in figures 7 to 10. 
Results are presented for the PMB5-a (phase 1) and PMB5-b (phase 2).  The results from phase 1 do not show a good 
reproducibility. Even if two laboratories find similar displacements at break, maximum force appears to be very 
laboratory dependent. Lab 1 finds Fmax around 90 N, lab 2 : 30 N and lab 3: 55 N. Experiments in Lab 1 and Lab 3 have 
both been carried out in air, cooled by expanding liquid Nitrogen. Even lab 1 and lab 3 with the same conditioning 
method do not find similar results. The geometry used, and especially the shape and the lack of sharpness of the V-
notch could be responsible for this result.  
In phase 2 of the RRT better results have been achieved. Even if temperature ranges used by the three labs are not 
exactly the same, displacements and Fmax measured in all labs appear to have the same behaviour according to 
temperature. There is not enough data to determine reproducibility. However, it is interesting to note that the difference 
between average values is very small. At -10°C the differences in force between lab 1 and lab 3, is 2.9 N, difference in 
displacement is 0.2 mm. These differences have to be compared to the force and displacement dependencies according 
to temperature which is respectively 2 N/°C and around 0.07 mm/°C. If these results are confirmed, the temperature 
measured at a fixed displacement or force should be determined with a precision between 2 and 3°C. In phase 2 tests 
have been carried out with all samples cooled in a liquid bath. This experimental condition has certainly contributed to 
the improvement of the reproducibility.  
Geometry D gives more reproducible results than geometry A. At his point it is however not possible to draw 
conclusions whether the improvement of the method is due to the use of a double PTFE film or due to optimized 
aluminium inserts.  
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3.3  Cracking properties of PMB5 versus B100 

The previous section has shown that reproducibility of the TPBT is rather good when geometry D is used (with L=40 
mm). However, it is important to verify that difference in cracking properties can be found between two binders. For 
this verification, the TPBT is performed on PMB5-b and B100-b. These binders have a similar critical low cracking 
temperature (given by the BBR). The Figures 11 and 12 show the displacement at break and the maximum force 
according to temperature for both binders. Each point represents the average value from four experiments. 
At higher temperatures (T>-10°C), forces at maximum displacement are similar for both binders. However, the lower 
the temperature, the bigger the difference between PMB5 and B100 toughness appears to increase. Polymer 
modification increases the toughness at low temperature. The ductile to brittle transition described by the displacement 
at break differs substantially for both binders. For example, the temperature at which displacement reaches 0.4 mm is -
12.5°C for B100 and -21.5°C for PMB5. Contrary to BBR results and penetration values, this breaking displacement 
criterion can give the critical temperature of PMB5 which is 9°C lower than for B100.  
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4.CONCLUSIONS 

The importance of assessing low temperature cracking properties of bituminous binders has been demonstrated by 
numerous authors. A fracture mechanics based test seems to be promising to determine critical temperature of use, 
especially for polymer modified bitumens. In order to write a new European Standard method, a subgroup of CEN 
TC336 WG1 has worked to define a three point bending test which could give reproducibility needed to discriminate 
cracking properties of binders. Two geometries have been tested:  
The first one (geometry A), inspired by an ASTM standard, is the most studied geometry.  A rectangular sample is 
made only of bitumen with a V-shaped notch.  
The second one (geometry D) is inspired by a draft-standard proposed by S Hesp [3]. The test beam is made of 
aluminium inserts and notched bitumen. In this case, the notch is made by inserting a PTFE film during the moulding of 
the specimen.  

This paper describes two main modifications that are made to the S. Hesp’s method: the use of a double PTFE film and 
the optimisation of the bitumen ligament length which is placed between two aluminium inserts. The stress intensity 
factor calculation allows to find that, with a bitumen length of 40 mm, the aluminium insert has no more influence on 
the stress field around the pre-notch (Using L=40mm, classic relation from ASTM standard, like equation 3, can hence 
be used to determine KIC). It is also experimentally shown that repeatability can be improved using this bitumen length.  

The round robin test involving three laboratories has shown that the optimised geometry D gives the best 
reproducibility. In order to improve the temperature control, the test should be done in a liquid bath. Variation between 
laboratories could give a precision of 2 to 3 °C for the fracture temperature (using displacement or force). This needs to 
be confirmed in future tests. Finally, it is shown that the optimised geometry D, used in TPBT, is able to discriminate 
cracking properties of binders. Tests have been performed on a pure and on a polymer modified bitumen, having the 
same BBR critical temperature. It was found that the critical temperature of the PMB is actually 9°C below the pure 
bitumen. 
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ABSTRACT  
 
By means of nuclear magnetic resonance – NMR spectroscopy methods, the hydrocarbon 
skeleton of asphalt binders can be described with a high degree of detail. From the results of 
these studies, asphaltenes and resins may be characterized as aromatic polycyclic clusters 
randomly substituted by alkyl chains. Atomic force microscopy - AFM imaging was performed 
with silicon tips in air at room temperature and the contrast phase image was detected at the 
height of 20nm. Two phases were revealed: a continuous phase surrounding “bee-like” 
structures and other showing interconnected particles.  Force versus distance curves were 
collected at different parts of the sample film. Samples of asphalt binders from different crudes 
and modified asphalts were submitted to these two tests in order to establish correlation 
between molecular structure and AFM images.      
 
Keywords: Modified asphalt binders, Ageing, AFM, Complex modulus, Adhesion, Rheology 
 
1. INTRODUCTION 
 
Bitumen is a complex mixture of hydrocarbons that presents impermeability, viscoelastic, thermoplastic 
besides non reactive behavior and capacity of aggregation. The knowledge of the chemical structure that 
controls its rheology remains incomplete. With advances in atomic force microscopy – AFM and nuclear 
magnetic resonance - NMR, bitumen can now be studied in its solid state, no need of separation of its 
components with solvents. Loeber [1] first used AFM for the observation of a heat-cast bitumen film, thus 
preserving the solid-state morphology. Moreover Masson [2] had observed 13 bitumens by high-
resolution images, obtained by phase-detection microscopy (PDM). No correlation was found between 
the atomic force microscopy morphology and the composition based on asphaltenes, polar aromatics, 
naphthene-aromatics and saturates. A high correlation was found between the area of the “bee-like” 
structures and the vanadium and nickel content in bitumen, and between the atomic force microscopy 
groups and the average size of molecular planes made of fused aromatics rings. The morphology and the 
molecular arrangements in bitumen thus appeared to be partly governed by the molecular planes and the 
polarity defined by metallic cations. 
Several researchers have been studying the morphology of asphalt binders and some of them believe that 
the dispersed phase, containing “bee-like” structures, is attributed to asphaltenes, an assessment that was 
supported by the investigation of Pauli [3] in solvent-cast films. Pauli [4] analyzed glass slides substrates 
to characterize the surface interface due to the appearance of so called “bee-like” structures, which were 
observed at the air-asphalt interface. They could be described as waveforms based on morphological 
stability theory. It was raised the hypothesis that the associations of asphaltenes along with other polar 
moieties in asphalt, contribute to the development of the morphology of the air–asphalt interfaces.  
Molecular associations nucleated by the transport of material from the bulk of the film to the air-asphalt 
surface occur through a thermal gradient. Furthermore, Pauli [5] measured the dependence of surface 
energy on molecular structure. He observed that the number of carbons in policondensed aromatic rings 
moieties is the most responsible factor for the increase of the surface energy which is related to adhesion 
thermodynamics.  
According to Jäger [6], four materials phases were encountered at the bitumen surface: hard-bee phase is 
part of the “bee-shaped” structure, presumably containing high polar molecules, such as asphaltenes and 
resins, the hard matrix phase results from the arrangement of molecules originating from the bees, the 



soft matrix phase is the part which at a certain temperature does not show any arrangement of molecules 
and the soft bee phase which is responsible for the impression of  “bees” at the bitumen surface. The four 
subdomains identified were submitted to PFM measurements at 10ºC and 15ºC. According to these 
results, the parts of surface with larger stiffness show a lower adhesive behavior and vice-versa.  Jäger [7] 
also concluded that larger-size molecules seen to form the stiffer parts observed during pulsed-force mode 
- PFM testing, the soft matrix on the other hand, may be composed of the smaller-size saturates and 
aromatics. As regards the observed “bee-shaped” structures at the bitumen surface, PFM results 
characterized by an increased penetration of the AFM tip into the bitumen, indicate that the stiffer parts of 
the matrix are interconnected. This suggests that the “bees” observed during NCM testing belong to 
string-like structures, emerging and immersing at the bitumen surface. 
An effort was made in this study to improve the knowledge about the microstructure, molecular 
dispersion, chemical composition and micromechanical properties of asphalt binders when submitted to 
ageing. AFM, PDM, NMR and rheology were used in order to find out a relationship between the 
properties mentioned above, before and after RTFOT ageing. The stiffness and adhesion properties were 
determined in hard and soft matrix phases were the maltenes is located, comparing behavior before and 
after ageing whereas Jäger studied these mechanical properties in the four phasesof the same sample. The 
aim of this study is to understand the chemical and rheological change of the maltenes with ageing.  
 
2. EXPERIMENTAL 
 
2.1 Materials 
Ten asphalt binders samples were analyzed by AFM. All asphalt samples were derived from Brazilian 
crudes. Three samples (asphalt binder 50/70 penetration grade) were submitted to RTFOT ageing. They 
were identified according to its SUPERPAVE performance grade and origin as shown in Table 1.  
 

Identification PG grade  Description 
79 64-16 Vacuum residue   
81 64-22 Vacuum residue   
83 70-22 Vacuum residue   
80 - Sample 79 after RTFOT ageing 
82 - Sample 81after RTFOT ageing 
84 - Sample 83 after RTFOT ageing 

Table 1:  Identification of asphalt binder samples 
 
2.2 Chemical composition  
Each bitumen was separated into 14 fractions and 5 residues. Elemental analysis, gel permeation 
chromatography - GPC, 1H and 13C NMR, together with distortionless enhancement by polarization 
transfer - DEPT techniques were performed on all recovered fractions. First asphalt binders were 
separated into pentane solubles (maltenes - MA), pentane insoluble-heptane solubles (C5AS), and 
heptane insolubles (asphaltene, C7AS). To obtain the maltene sub-fractions, further separation was 
carried out using a preparative GPC method and a silica-gel column for solid phase extraction. On each 
occasion, the eluted sample was fractionated into 18 fractions; the solvent was evaporated from each 
using an evaporator and the residue was dried at 70°C under vacuum overnight. The recovered fractions 
were weighed and pooled into six fractions (Fr1 – Fr6). Figure 1 shows a schematic diagram of the 
separation procedure.  
When bitumen ages, during mixing and laying process, its viscosity increases, the asphaltenes content 
increases, the resins and aromatics contents decrease.   
 
2.3 AFM Measurements 
AFM imaging was performed using a JPK AFM microscope. Micromash cantilevers with silicon tips 
were used. The imaging took place in air at room temperature. All samples were prepared by spin coating 
over glass slide sold commercially as AFM substract. Asphalt was melted at 135ºC, and then a droplet 
was placed on a glass slide at room temperature under rotation of 40 rpm. AFM topography and phase 
contrast images were first made by intermittent contact mode with cantilever of K=5N/m at ambient 
temperature - 25ºC. Then, the tip was retracted and cantilever vibration disabled. 

 Depending on the mode of measurement (intermittent contact mode - ICM versus pulsed-force 
mode -PFM, either the surface topography or mechanical properties of bitumen can be identified. 
During measurements employing the ICM, the oscillation of the AFM cantilever, described by 
the amplitude corresponding to free oscillation, is reduced by attraction and repulsive forces 
when approaching the bitumen surface.  
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 Figure 1:     Schematic diagram of separation procedure 
 
 
By enforcing a constant reduction of the amplitude, an image at the surface topography was obtained. In 
contrast to the ICM, the tip located near the end of the cantilever was penetrating the specimen surface 
during PFM measurements, providing insight into mechanical properties of bitumen. Based on the 
monitored deflection history of the cantilever, two quantities were obtained from the PFM testing: 
stiffness modulus and adhesion force, representing the stiffness and adhesive behavior, respectively. Tip 
was approached to sample and force-distance curves performed indenting the sample from 0,5-0,9mm. 
Indentations were made systematically covering the whole surface area in a 16x16 matrix, where the hard 
and soft matrix phases were located, according the bright points in the Figure 2. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Indentation of bitumen sample at hard and soft matrix phases 
 



 
 
Using the nanoindentation theory that considered the tip-sample interaction modeled as two springs in 
series, it was possible to estimate the mechanical properties: 

 Stiffness modulus in N/m at maximal loading  point, through the angular coefficient from the 
curve that relates unloading and the displacement; 

 Adhesion force expressed by nanoNewton (nN), through the measurement of vertical deflection 
retract at hysteresis curve (force versus distance) during unloading correspondent to adhesion 

 
2.4 Rheological analysis 
 
Malvern DSR rheometer – Gemini was used to generate data. This practice involves the determination of 
complex modulus and phase angle over a range of test frequencies and temperatures.  Dynamic shear 
rheometers – DSR in the range of the linear viscoelasticity through plate-plate geometry were used. The 
tests were performed at the temperature range of 5 to 65ºC and submitted to a frequency sweep in the 
range of 0.01 to 100 Hz.  Test specimens, nominally 8 mm or 25 mm in diameter are formed between 
metal plates, depending on the temperature of the test. Two parameters were measured: phase angle and 
complex modulus. The phase angle is used to quantify the lag that occurs between an applied stress and 
the resulting strain. It changes between 0º and 90º. It depends on bitumen elasticity, elastic solid presents 
phase angle close to zero whereas viscous fluid approaches to 90º. Couette geometry was used in the DSR 
for viscosity determination of maltenes – Ma and the whole sample. 
 
3. RESULTS AND DISCUSSION 
 
Figure 3, 4 and 5 shows the AFM images of the surface topography of samples 79, 81 and 83, before and 
after ageing, respectively. AFM topography image is a flat background in which another phase is 
dispersed. The impression of "bee-structures" comes from alternating higher and lower parts in the 
surface topography of the asphalt binder. According to Figure 3, two phases can be distinguished in the 
bitumen surface: the "bee-like" structures and the matrix phase surrounding these "bee-like" structures. 
The matrix phase shows as a sequence of pale and dark lines often referred to as ‘bees’ that are randomly 
distributed. After ageing the images do not change considerably. The “bee-like” structures of sample 79 
seem to be hindered before ageing but can clear be seen randomly distributed after ageing.  Image of 
sample 81 shows the “bee-like” structures that are not independent of each other forming “multi-arms star 
shape” structures. These star shapes are still present after ageing. These multiphase structures have already 
been shown by Masson [2]. “Bee-like” structures are not clearly observed on Sample 83. The topography 
image seems to be composed by a brown matrix phase with no bright areas and with some dark spots. It 
has a different shape and it is more homogeneous.  
Table 2 shows the results of adhesion force and stiffness after nanoindentation of the same samples 
mentioned above, before and after ageing at regions of hard and soft matrix phases – maltenes phase. The 
results are very similar for all three samples before ageing. The ageing process influenced the adhesion 
and stiffness properties, reducing their values mainly for sample 83. The explanation for that must be 
focused on the chemical composition and rheology.    
 
 

Before ageing After ageing 
Adhesion, nN  Slope of maltenes 

(stiffness) N/m 
Adhesion, nN  Slope (stiffness) N/m 

Sample 79 
155±15 3,56±0,11 121±7 3,28±0,10 

Sample 81 
141±12 3,62±0,11 119±11 3,53±0,11 

Sample 83 
159±4 3,59±0,08 44±5 2,21±0,16 

Table 2: Adhesion force and stiffness after nanoindentation of samples before and after ageing 
 
 
The rheology of the three samples (feed) and their maltenes – MA before and after ageing are indicated in 
Figure 6. Apparently, ageing is responsible for the increase of viscosity of all asphalt binder samples 
(feed), but not in its fractions. Due chemical composition change during ageing, the maltenes did not 
change its viscosity, or even reduce it. The viscosity of maltenes of sample 83 behaves differently from 



the other two. The maltenes of samples 79 and 81 kept almost the same viscosity after ageing, while 
sample 83 reduced. The stiffness determined by AFM /PFM at regions of hard and soft matrix phases 
(maltenes phase) lead to the same results. The maltenes stiffness of sample 79 and 81 before and after 
aging presented almost the same value, whereas the sample 83 decreased. 
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After ageing 

 

 

Figure 3: Surface topography of sample 79 before and after ageing 
 
 
Figure 7 shows the change of molecular weight of different fractions of each sample and the number of 
aromatic fused rings in different components of asphalt binder before and after ageing. Ageing induces a 
reduction in the phase angle in the whole sample and an increase in complex modulus at ambient 
temperature (not shown) probably due the increase in asphaltenes content. The increasing G* values 
observed due aging effect in the whole sample was due to asphaltenes content increase and its molecular 
weight growth. The asphaltenes molecular growth was resulted from the chemical change of maltenes 
molecules, some of them were transformed in asphaltenes and the remained maltenes molecules were less 
in quantity, less in size, less viscous, poor in fused rings, poor in aromatics. The region that was indented 



in this study was the matrix which is the maltenes region. This region showed less stiff and adhesion loss 
because on account of its chemical structure change but the asphaltenes region where the bees are located, 
probably might exhibit higher stiffness than before aging due of its size and fused rings number.   
 
 

Before ageing 
 

 
 

After ageing 
 

 
Figure 4: Surface topography of sample 81 before and after ageing 
 
 
The molecular weight of the whole sample that influences the complex modulus became the same or even 
reduced after ageing. An increase of the molecular weight – MW of asphaltenes components was seen 
while little change in the molecular weight is observed for the whole sample. Their maltene fractions 
(MA) suffered a small decrease. MW of whole sample 83 and its maltenes had even decreased. The 
stiffness is proportional to viscosity that by its turn depends on molecular weight. This reduction of 
molecular weight and viscosity of maltenes can explain the effect of reduction on stiffness determined by 
AFM in the matrix region. 
The reduction of phase angle for the three samples (not shown) can not explain the stiffness loss with 
ageing occurred for the matrix of the three samples, because it is referred to the whole sample, although 
the reduction of phase angle was very significant for sample 83. C5AS fractions have the highest MW 



when compared to MA, and C7AS. MW, of both C5AS and C7AS, increase with ageing. The stiffness 
increase probably might be observed at bee’s hard portion where the asphaltenes are located due its 
molecular weight increase. As this study the performed measurements were done only at matrix phase 
that became concentrated with compounds of lower molecular weight and viscosity after aging, the 
stiffness slightly reduced or drastically reduced in sample 83. This sample seems to be more prone to 
oxidation than the other two.    
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Figure 5: Surface topography of sample 83 before and after ageing 
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Figure 6: Viscosity x temperature of the samples and its maltenes before and after ageing 

 
 



It seems that ageing promotes reduction in the number of fused aromatic rings of the heavy part of MA 
(F1and F2), mainly for sample 83. This reduction could explain the adhesion loss with ageing, as the 
number of carbons in policondensed aromatic rings moieties played an important role in the increase of 
the surface energy that is related to adhesion thermodynamics. All samples have lost adhesion determined 
at matrix region by AFM and also less aromatic fused rings after ageing but sample 83 had the highest 
loss. The aromatic fused rings structures form a stiff plane, in which size and shape varies from one 
bitumen to each other. The agreement between chemical composition and bitumen microstructure 
(observed by PDM) is governed by the aggregation of fused aromatic rings into domains of various sizes 
and shapes according to Masson [2]. Moreover the fused rings play an important role in the 
microstructure of the non aged and aged samples causing reduction in the adhesion loss of the aged 
bitumens. The amount of MA and C7AS are decreased and increased, respectively, for each aged bitumen 
when compared to the original (non aged) samples. Among the asphaltene fractions, the increase of 
C7CHS is clearly observed for every set of bitumen. The change in the fractions distribution of sample 83 
before and after ageing is quite different from the others. For this sample, MA and C5AS reduce by 5 and 
3 wt%, respectively, while C7AS increase by 8 wt%. The molecular weight of the MA fractionated by 
GPC decreased from 3500 to 600 Daltons with the increase of fraction number, except for Fr6, which is a 
distinctly a highly polar fraction.  
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Figure 7: Change of Molecular weight and number of fused rings of the components with ageing 

0

500

1000

1500

2000

Feed Ma C5AS C7AS CHS CHI

M
W

L83
L84

0
1
2
3
4
5

F6 F5 F4 F3 F2 F1
C5AS

C7CHS
C7HI

M

L81
L82

0
1
2
3
4
5

F6 F5 F4 F3 F2 F1
C5AS

C7CHS
C7HI

M

L83
L84

0

500

1000

1500

2000

Feed Ma C5AS C7AS CHS CHI

L81

L82

0

500

1000

1500

2000

Fe
ed M

a
C5A

S
C7A

S
CHS

CHI

M
W

L79
L80

0
1
2
3
4
5

F6 F5 F4 F3 F2 F1
C5AS

C7CHS
C7HI

M

L79
L80



The total Fr1 to Fr5 for sample 83 ranged between 14 to 20wt%. For the aged sample, MA distribution 
showed a decrease of Fr1-Fr3, but an increase in Fr5 and Fr6, while Fr4 remained constant. This is in 
agreement with viscosity measurements, shown in figure 6. The viscosity of aged sample 84 MA is 
smaller and it is believed that a reduction in the average molecular size of MA could cause a decrease in 
the stability of the asphaltene micelles due to a decrease in their solubility range. 
The phenomenon observed by Jäger, correspondent to four different regions in the AFM images that 
exhibit higher stiffness related to adhesion loss and vice versa was not seen in this study. The ageing 
study was performed only at matrix region where the maltenes are located. At this region, the ageing 
causes molecular weight reduction, which is responsible for viscosity decrease and stiffness decrease. At 
this same region the number of fused rings reduces with ageing, causing adhesion loss. It seems to be 
different phenomena observed in the whole sample. This can presumably explain the stripping that 
happens in aged samples. The adhesion loss of maltenes might affect negatively the interaction between 
aggregates and bitumen. If the aged whole sample is extracted from the bituminous mixtures, the bitumen 
stiffness will be higher because of the higher molecular weight asphaltenes with but the maltenes phase of 
this extracted bitumen will be certainly softer than the non aged due of lower molecular weight and 
consequently lower viscosity. 
 
4. CONCLUSIONS 
 
This exploratory study tried to understand the effect of ageing in the microstructure of three asphalt 
binders. It was found that the AFM image is related to their chemical composition, mainly to molecular 
weight, the amount of aromatic rings and how much fused aromatic rings they have in their structure.  
Different types of AFM images were detected, all of them exhibiting several phases (multiphase images): 
with independent bee-like structures, with bee structures forming multi-arm stars and with no bee-like 
structures but with flakes. Most of those AFM images are similar to ones observed acquired by 
researchers referenced in the text. 
The presence of bee-like structures is not directly related to the asphaltenes content in the sample. 
The effects of ageing found in this study are the following: 

• Reduction of the phase angle and increase of complex modulus of the whole sample; 
• Increase of molecular weight of asphaltenes components; 
• Little change in the molecular weight of the whole samples and its maltenes; 
• Aged samples presented always higher viscosity although their maltenes can eventually show  

lower viscosity than non aged maltenes;  
• Ageing causes decrease in the stiffness modulus in the maltenes region; 
• At this region, the ageing causes molecular weight reduction, which is responsible for viscosity 

decrease and stiffness decrease; 
• Ageing induces loss in adhesion of the maltenes region; 
• The number of fused rings (M) was reduced with ageing for heavy maltenes fractions which can 

be related to the loss in the adhesion observed by AFM; 
• The stiffness loss found in maltenes phase can be associated to an increase in elasticity in the 

whole sample (shown by a phase angle decrease);  
• Ageing of sample 83 was more pronounced than in the others, as more asphaltenes were formed, 

resulting in a decrease in the maltenes content, lower molecular weight and fused rings number 
in the maltenes. The maltenes region became less stiff and presented an adhesion loss.   

The results obtained by this exploratory study stimulates further research work related to microstructure, 
molecular dispersion, chemical composition and micromechanical properties of asphalt binders not only 
under ageing but also for the study of the effect of paraffins, polymer modification, fillers and chemicals. 
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ABSTRACT 
 
To investigate the relations between binder characteristics and results of asphalt mixtures 11 polymer modified bitumen 
and one standard bitumen were aged in three steps and tested with conventional and performance related methods 
(force ductility, DSR, BBR). From this 12 bitumen 7 were chosen to produce a SMA8 with a constant mixture but 
different bitumen.  
As the SMA-mixtures had to be aged, an accelerated ageing method was developed, which allows an economical and 
practical ageing of asphalt, the Brunswick Aging (BSA).  
Before the BSA and afterwards prismatic specimen were produced to run uniaxial tensile tests and cooling tests to 
examine the low temperature behaviour and uniaxial swelling tensile tests to examine the resistance against fatigue. 
It was analysed, whether the results of bitumen tests correlate with the results of low temperature behaviour and fatigue 
tests. 
The BSA - that is the simulation of useful life - effected in a shifting of the curves resulting from low temperature 
behaviour up to 5 K to higher temperature regions. This means worse low temperature behaviour. The kryogenic 
stresses and tensile stresses can be well calculated by some results of bitumen tests (e.g. BBR, softening point rab and 
Fraass breaking point). 
In the tensile swelling tests, the BSA resulted in a positive effect at test temperatures above ±0 °C and in a negative 
effect below ±0 °C. Considering the results of the swelling tensile tests, only the number of endured load cycles at +5 
°C could be correlated with the results of bitumen tests. 
As result, it was determined that especially the high modified bitumen 40/100-65 showed a better behaviour at low 
temperatures and partially a better fatigue behaviour. The German specifications allow a wide range of mechanical 
behaviour of commercial modified bitumen, so that it is important to consider the special characteristics of each 
bitumen product. 
 
Keywords: Fatigue Cracking, low temperature behaviour, binder testing, SMA, correlations 
 
 
1. INTRODUCTION 
 
The behaviour and the life time of asphalt streets are influenced by their resistance against rutting and fatigue as well as 
their behaviour at low temperatures. It is provided that the influence of binder, especially polymer modified binder, on 
rutting is well known. A systematically research on the influence of binders on fatigue and low temperature behaviour 
has yet not been made in Germany. 
Therefore a research project [1] has been carried out, to describe the relation between the change of polymer modified 
binder in cause of ageing and the change in behaviour of asphalt mixtures on fatigue and low temperature, also in cause 
of ageing. 
 
 
2. EXPERIMENTAL WORKS 
 
To reach this aim some polymer modified binders of different producers were used to produce stone mastic asphalts.  
On one side merchantable polymer modified binders were aged in different steps and conventional and performance 
related tests (force ductility, DSR, BBR) were made. On the other side asphalt mixtures were aged in an oxidative way 
and fatigue tests and low temperature test were made. 
At last correlations between the results of binder testing and asphalt testing were calculated. 
 
The binder tests were performed on the following binder products: 
- 10/40-65 (former German classification: PmB 25 A) - 2 producers 
- 25/55-55 (former German classification: PmB 45 A) - 5 producers 
- 40/80-50 (former German classification: PmB 65 A) - 2 producers 
- 40/100-65 (former German classification: PmB 40/100-65 H) - 2 producers 
- 50/70 - 1 producer 
 
Every binder product was aged in three steps: 
- Fresh 
- Short term ageing by Rolling Thin Film Oven Test (RTFOT) EN 12607-1 and 
- Long term ageing by Pressure Aging Vessel (PAV) EN 14769 after RTFOT 



 
These 36 variations of binder were tested for: 
- softening point ring and ball (EN 1427) 
- Needle penetration (EN 1427) 
- Fraass Breaking point (EN 12593) 
- Elastic recovery (EN 13398) 
- Force ductility at 25 °C, results: maximal force and different areas under the curve (EN 12589 and EN 13703) 
- Dynamic Shear Rheometer (DSR): temperature and frequency sweep, results: complex shear modulus G* and  
  phase angle  (EN 14770) 
- Bending Beam Rheometer (BBR): three different temperatures, results: flexural creep stiffness S and m-value  
  (EN 14771) 
 
From these 12 binders 7 were chosen to produce stone mastic asphalts SMA8: one 10/40-65, three 25/55-55, one 40/80-
50, one 40/100-65 and the standard binder 50/70. 
 
 
3. AGEING OF ASPHALT AND PRODUCTION OF SPECIMEN 
 
The examination of the mechanical properties was made with specimen of fresh produced asphalt mixtures and 
oxidative aged asphalt mixtures. Therefore a former method of ageing asphalt mixtures was taken up and optimized to 
the Brunswick Ageing (BSA). It was the aim to increase the results of the softening point ring and ball about 12 K in an 
economical time and at the lowest possible temperature (T  80 °C). This could be reached by storing the granulated 
asphalt mixture in a heating chamber at 80 °C for 96 hours with a sufficient air circulation. This optimized process leads 
to a method which simulates a practical, oxidative ageing of asphalt layers during their life time.  
 
With the seven mentioned binders stone mastic asphalts SMA8 were produced with a constant composition, under 
variation only of the binder. 
From one halve of the mixture roller sector compacted slabs were produced and prismatic specimen were sawn out of 
them for further testing. 
The other halve of the mixture was aged by BSA and afterwards slabs were produced and specimen were sawn.  
In every case the compaction energy for producing the slabs was varied to reach a comparable void content of the 
specimen. 
For fatigue and low temperature testing 14 variations of SMA8 were available, 7 variations of “fresh” asphalt specimen 
and 7 variations of “aged” asphalt specimen. 
 
 
4. LOW TEMPERATURE TESTS AND CORRELATIONS TO BINDER TESTING 
 
4.1. Low temperature tests  
The low temperature tests consist of cooling down tests and uniaxial tensile tests at different temperatures according to 
German standard [2]. 
In a cooling test a specimen (Width x Height x Length = 40 x 40 x 160 mm³) hold at a constant length will be cooled 
down with 10 K/h. The arising induced thermal tensile stress (designated as kryogenic tensile stress) will be measured 
until the tensile strength is reached and the specimen will break. The kryogenic stress will be plotted into a diagram (see 
figure 1). The result of the test is the fracture strength and fracture temperature. 
 
In a uniaxial tensile test a specimen (same dimensions as in cooling down tests) will be cooled down to test temperature 
(+20, +5, -10 or -25 °C) holding it strainless. Afterwards the specimen will be pulled apart with 1 mm/min. The stress 
and strain at the breaking point will be measured as the result of the test (tensile strength and tensile strain). The 
determined tensile strength’s will be connected by a spline algorithm and plotted in the same diagram as the cooling 
down tests (see figure 1). 
 
The maximal difference between the tensile strength and the kryogenic tensile stress (designated as tensile strength 
reserve) is a characteristic curve for the low temperature behaviour. The maximum value of this curve and the 
corresponding temperature are characteristic values for the rating of low temperature behaviour. Figure 1 shows the test 
apparatus and schematic curves for a cooling down test, a tensile tests and the tensile strength reserve. 
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Figure 1: test apparatus for low temperature behaviour (left) and schematic curves for a cooling test, tensile tests and the 
tensile strength reserve (right) 
 
In the following figure 2 the influence of ageing on the low temperature behaviour is pictured for every of the seven 
produced SMA8. 
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ABSTRACT 
 
In this study, the accuracy of predicted rutting values utilizing the Mechanistic-Empirical Pavement Design Guide 
(MEPDG) software was evaluated.  The study consisted of analyzing 30 locations on each of the four different 
roadway sections in Florida.  Each of the sections was approximately 8-km long.  Thickness and volumetric 
properties from core data, coupled with field rutting measurements, were obtained approximately one year and 
approximately two to three years after construction.  Field rutting was measured using both transverse profilograph 
and road surface profiler.  The material properties of base, subbase, and subgrade layer were obtained from 
backcalculated moduli at each of the locations.  In addition, the quality control and acceptance data was obtained 
from Florida Department of Transportation.  The input parameters in the design guide were verified with the design 
data, contractor data, and from the volumetric analysis of the core.  On an average, the predicted values were 
within 25 % of the measured values, except for one section.  The section that had measured rutting 25 % more than 
the predicted exhibiting excessive deformation based on both the measured rutting values and the measured rut 
profile.  However, this behavior was not captured by the design guide.  The analysis of data showed that the 
calculated dynamic complex moduli were significantly lower for sections where the measured rutting in the second 
round of measurement was significantly greater than the predicted.  This appeared to indicate that the rutting 
model, which is based on dynamic complex modulus, is reasonably accurate for stiffer mixtures, but as the mixtures 
become softer, it cannot predict the rutting performance accurately.  This paper provides invaluable insight on the 
limitations of the design guide software in predicting rutting performance using level 3 inputs.  This study has 
greater importance at this time because several state agencies are beginning implementation of the design guide; 
studies such as these provide critical information about the accuracy of the design guide with level 3 inputs and for 
mixtures typically used in their region. 
 
Keywords: rutting, mechanistic-empirical, design guide, instability 
 
1.  INTRODUCTION 
 
In February 2004, a recommended mechanistic-empirical pavement design guide (MEPDG) [1] [2] was delivered to 
NCHRP under Project 1-37A.  A research version of the MEPDG and software was distributed to interested users in 
the public and private sector in June of 2004.  This research project provided a major advancement for pavement 
design and moved the pavement community from the existing empirical based procedures to M-E based procedures 
that combine the advantages of advanced analytical modeling capabilities and the field performance of in service 
pavements. 
In this study, the performance of thirty locations for each of four roadway sections constructed with Superpave 
mixtures was analyzed using the design guide software.  Extensive data was collected to evaluate the performance of 
Superpave mixtures in the state of Florida.  The purpose was to validate the design guide regional and national 
inputs (level 3 inputs) for the state of Florida.  The level 3 inputs are recommended whenever site specific data is not 
available.   
During the data analysis, the research team observed an interesting trend that in certain locations and projects, the 
measured rutting was closer to predicted rutting during the first round of rutting but deviated more during round II.  
Some of these locations showed instability [3].  The research team investigated various possible causes for this 
discrepancy.  After a thorough evaluation, the research team developed a hypothesis that the rutting model, which 
depends on the dynamic complex modulus, may not be predicting rutting accurately when the stiffness of asphalt 
concrete is low.  This paper outlines the process of data collection, independent verification of the data and 
determines the conditions, such as mixture type, under which the design guide rutting model may not be predicting 
rutting accurately. 
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2.  OBJECTIVE 
 
The objective of this study is the following: 
1.  To determine the accuracy of the design guide software in predicting rutting performance with national and 
regional inputs (level 3) and  
2.  To identify the cause of differences between field rutting performance and predicted rutting from MEPDG 
software. 
 
3.  RESEARCH APPROACH 
 
The following steps were taken to achieve the above stated objectives: 
 
Task 1  Data Collection 
 
To obtain input data needed in the design guide from all available sources of data.  Extensive data on pavement 
structure and materials for various traffic and environmental conditions, and corresponding performance data was 
collected, wherever available. 
 
Task 2:  Evaluating the accuracy of input and performance data   
 
To ensure greater accuracy, extensive effort was conducted to obtain input and performance data from different 
sources, such as laboratory data, as-built plans, and QC/QA data.  The data collected from different sources was 
essential in verifying the data before conducting analysis using the design guide.  The input values were verified 
with the design data, contractor data, and from the volumetric analysis of the core. 
 
Task 3:  Predicting rutting performance using design guide software 
 
Predict performance of all the sections using the design guide software after reasonably accurate input parameters 
were obtained.  
 
Task 4.  Comparing the measured and the predicted rutting and understanding the causes of differences. 
 
In this task, the predicted rutting performance was compared to measured field rutting performance.  An extensive 
effort was conducted to determine the cause of the differences.  Some of the issues that were evaluated were a) 
variability in both input and measured data; b) discrepancies between default level 3 input and actual input data and 
3) uniqueness in the pavement structure or material properties that could lead to the design guide software to not 
predict accurate performance.  Based on the analysis, conclusions were drawn on the cause of difference in 
prediction of rutting performance. 
 
4.  BACKGROUND 
 
4.1  Different levels of input in design guide 
 
Unlike the AASHTO 1993 [1], the ME Pavement Design Guide has three levels of input.  The input levels can be 
mixed and matched but the damage models remain the same, regardless of the input level.  A three-tiered 
hierarchical approach to design inputs is used to provide designers with the flexibility of putting data into the design 
process depending on the resources warranted by the project under consideration [1].  Level 1 and level 2 uses more 
site-specific data, such as traffic, laboratory measured dynamic complex, modulus.  This data is expensive to collect 
and therefore, many state agencies will primarily use level 3 inputs which rely heavily on national and regional 
default values.  If the MEPDG is used with local and regional (level 3) inputs, it is extremely important to identify 
data that matches reasonably well with default values.  Using incorrect default data may lead to grossly over 
designed or under designed pavement sections.  This will lead to premature failure or uneconomical pavement 
design.  Both of these factors together can cause significant loss of resources. 
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4.2  Studies Conducted On Mechanistic Empirical Design Guide Software 
 
The MEPDG has revolutionized the pavement design process by creating a user-oriented, comprehensive program 
that utilizes existing mechanistic-empirical technologies.  Several studies have focused on conducting sensitivity 
analysis of predictions on various input parameters, such as material properties and traffic and comparison to 
laboratory data [4] [5] [6].  While these previous studies provide invaluable insight into the design guide, it is also of 
greater importance to determine whether the predictions follow the expected trends.  An independent evaluation 
with field observations is needed to verify the accuracy of the performance models.  This study makes a concerted 
effort to evaluate the design guide predictions with respect to measured field data.  This study highlights the 
limitations of the MEPDG, and provided an understanding of the risk associated with using design guide.  
 
4.3  Rutting model in design guide 
 
The current Mechanistic-Empirical Pavement Design Guide (MEPDG) uses empirical models that incorporate 
Dynamic Modulus (DM) to predict rutting performance of asphalt concrete.  The current form, shown in equation 1, 
is a power model that is calibrated using the ’s and k’s to produce a rut profile.  The ’s are local calibration factors 
which are determined by users of the MEPDG to calibrate the rutting models to their region or area.  The k values 
are global calibration factors which were determined from regression analysis of 3,476 permanent strain data points 
[7]. 
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where: 
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rz  =resilient strain 

x, y, z = denotes stress in the x, y and z direction. 
p =  accumulated permanent strain. 

T =  temperature (°F) 
N =  number of cycles. 
  = Poisson’s ratio. 
r1, r2, r3 = local calibration factors. 

kr1, kr2, kr3 = global calibration factors. 
 
The dynamic complex modulus test is conducted within strict strain limits, which keep the specimen within the 
linear viscoelastic region.  Since rutting occurs in the nonlinear viscoelastic region, hot-mix asphalt (HMA) mixtures 
with similar DM values can have significantly different rutting performance [8]. 
 
4.4  Witczak model 
 
In addition to directly measuring dynamic complex modulus, it can also be calculated using the Witczak model for 
hot-mix asphalt from the viscosity of the asphalt binder, volumetric properties of the mix, aggregate gradation, and 
the loading frequency.  In this study Witczak model was used to determine complex modulus of asphalt mixture.  
The Witczak model can also take into account a range of temperatures and aging conditions through the viscosity 
input.  The Witczak equation is shown below [7]: 
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where 
 
 |E*| = dynamic complex modulus, psi (1psi = 6.895 kPa)  
  = viscosity of asphalt binder, million Poise 
 f = loading frequency, Hz 
 Va = air void content, percent 
 Vbeff = effective asphalt binder content, percent by volume 
 34 = cumulative percent retained on the 19 mm sieve 
 38 = cumulative percent retained on the 9.5 mm sieve 
 4 = cumulative percent retained on the 4.76 mm sieve 
 200 = percent passing 0.075 mm sieve 
 
In the following section the type and process of data collection and efforts conducted to independently verify the 
data are described. 
 
5.  DATA 
 
The data included in this study was collected on four roadway sections each approximately 8 km long.   Thirty 
locations were analyzed on each of the roadway sections.  Table 1 shows the summary of the roadway sections 
analyzed.  The level 3 design guide inputs requires the following:  1) general site information; 2)  structural data; 3) 
in-situ material properties of each layer, such as gradation, and Superpave volumetric properties; 3) asphalt binder 
grade, soil type of  substructure, and 4) Annual Average Daily Truck traffic volume, and growth rate.  Default 
values were used for the remaining input parameters.    Thickness and volumetric properties from core data, coupled 
with rutting measurements.  The field rutting was measured using a transverse profilograph and road surface 
profiler.  The material properties for base, subbase, and subgrade layer was obtained from backcalculated moduli at 
each of the locations because falling weight deflectometer data was collected for each of the locations.  
Table 2 shows the availability of input parameters.  As mentioned before, the field rutting was obtained from two 
sources, the road surface profiler (RSP) and the transverse profilograph (TP).  Since the main objective of the study 
is to compare the long term rutting performance to those projected from the design guide, the authors believe that 
having two different sources will strengthen the inferences made in this study.  The rutting performance and core 
data was collected at two occasions: round I (approximately 12 months) and round II (approximately 24 -30 months) 
after construction.  In addition the research team obtained hardcopy (as-built plans) data and quality control (QC) 
and quality acceptance (QA) data obtained from the Florida Department of Transportation (Florida DOT). 
 

Time of coring Project  
No Route Kilometer-Post 

From – To c 
Time of  

Construction Round-I Round-II 

1 I-10 WB 08.22 - 0.80 Jan-1998 Dec-1999 Dec-2000 

2 I-75 SB 40.93 - 32.91 May-1998 Dec-1999 Dec-2000 

3 I-95 NB 01.69 - 10.49 Jun-1998 Dec-1999 Mar-2001 

4 I-10 WB 31.65 - 25.21 Dec-2000 Oct-2001 Oct-2002 

 
Table 1 : Summary of projects 

 
5.1.  Traffic 
 
The actual traffic counts were obtained from Florida DOT for each of the four individual sections.  The estimated 
counts of the previous years were verified with the actual counts to establish the accuracy of the forecasted numbers. 
The growth rate for each of the sections was estimated from actual counts and the estimated counts.  The design 
guide load spectra and distribution were converted to the estimated 80 kN design Equivalent Single Axle Loads 
(ESALs) that were provided for each roadway section. 
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  Field Rutting Measurement   

ITEM Superpave 
Project 

(University 
of Florida 
laboratory 

data  

Superpave Project 
(Transverse 

Profilograph) 

Florida DOT 
(Road 

Surface 
Profiler) 

Hard Copy/ 
As-built 

plans 

Florida DOT 
(Quality 
Control / 
Quality 

Acceptance) 

General Site Info X   X X 

Structure (Asphalt 
Concrete) 

X   X X 

Structure(below asphalt 
concrete) 

X   X X 

In-situ material properties X   X  
Traffic    X  

Performance  X X   
Construction/ 

maintenance history 
X   X X 

 
TABLE 2 : Input parameters  

 
In this study, the rutting was predicted using the data mentioned above and the model described in equation 1.  The 
dynamic complex modulus of asphalt concrete mixtures was calculated using the Witczak equation.  The volumetric 
and gradation data were obtained from the between-wheel path cores and from the QC/QA data.  When there was a 
discrepancy in the data from different sources, the authors met with the state agency to determine how the data was 
collected.  This provided the insight into the accuracy of the data within each source and accordingly determined 
which data should be used for analysis.  In the following section the rutting prediction is evaluated.   
 
6.  RESULTS AND ANALYSIS 
 
6.1  Comparison of measured and predicted pavement performance 
 
In this study, one hundred twenty locations (30 each from four projects) were analyzed using the MEPDG software 
using level 3 inputs.  The primary distress mode evaluated in this study was rutting.  However, a similar approach 
can be used if other distresses were evaluated.  In all cases, the measured rutting was compared to predicted rutting 
in asphalt concrete only.  The measured rutting was the average of the two wheel path rutting values at the location.  
The FDOT typically uses stiff base and subgrade materials and rarely observes rutting in the layers below the 
asphalt [3].  In addition, the permanent deformation models tend to over predict the subgrade rutting in overlays [9].  
Therefore, for each of the locations the measured rutting was compared to predicted rutting in the asphalt concrete 
layer only.  The typical graphs of a good comparison between measured and predicted rutting is shown in Figure 1 
and that with a poor match is shown in Figure 2.   
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Figure 1 :  Typical data with good rutting prediction (project 8 location 6) 
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Figure 2 : Typical data with poor rutting prediction (project 2 location 2) 
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The average difference between measured and predicted performance at round II cycle of measurement along with a 
95 percent confidence interval is shown in Figure 3.  As observed from the confidence intervals, a significant 
variation in difference in measured and predicted rutting was observed between locations.  The variation was 
expected especially for small rutting amounts (<0.5 cm) that were encountered in this study considering that the 
FDOT requirement for action is 1.27 cm.  Each location was analyzed to determine the cause of variation in 
difference in measured and predicted rutting.  The analysis included verifying the input parameters, such as material 
properties and traffic and the measured data from independent sources.   
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Figure 3 :  Difference between measured and predicted rutting in round II versus projects 
 
As mentioned earlier, in certain locations and projects, the measured rutting was closer to predicted rutting during 
the first round of rutting but deviated more during round II.  Some of these locations showed instability [3].  Thus, 
the data showed that the design guide software could not predict rutting well whenever the measured rutting showed 
excessive premature permanent deformation.  Myers et al. 2005 [10] observed that the current rutting model in the 
MEPDG software that utilizes the DM as an input parameter is an inconsistent indicator of a specimen’s resistance 
to strain accumulation.  To understand the inconsistency, the dynamic complex modulus was calculated for each of 
the locations. 
 
6.2  Dynamic Complex Modulus 
 
The dynamic complex modulus was calculated using the Witczak equation for 37.8ºC at 0.1 Hz frequency of loading 
each of the locations.  A slower rate of loading and high temperature was selected for analysis.  Since the purpose of 
the analysis was relative comparison between projects, it would not eventually matter which frequency or 
temperature is selected.  The volumetric properties of the between-wheel-path core data was used for each of the 
locations.  The gradation data was obtained from the core data collected after construction.  The binder grade was 
obtained from the mixture specification.   
Using a constant binder grade from mixture specification for different locations in a project leads to little variation 
in calculated dynamic modulus because the dynamic modulus is highly dependent on the binder stiffness.  The 
average dynamic complex modulus along with 95 % confidence interval for each of the projects is shown in Figure 
4.  The confidence interval is barely visible, because, as mentioned above, the properties did not change significantly 
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within the project.  In reality, the recovered viscosity would likely have varied by 10,000 to 20,000 Poises, 
especially with mixtures containing RAP this discrepancy has a potential to create a large source of error in 
measured and actual dynamic complex modulus of the mixture.   
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Figure 4 :  Calculated dynamic complex modulus at 0.1 Hz and 37.8 C versus projects 
 
The average dynamic complex modulus was plotted against the average difference (along with 95 % confidence 
interval) in measured and predicted rutting for both round I and round II.  A trend was observed that as the dynamic 
complex modulus decreased, the error between measured and predicted rutting increased (shown in Figure 5).  The 
data showed that as the dynamic complex modulus at 0.1 Hz and 37.8 C drops lower than 0.5 GPa, the average 
difference between measured and predicted rutting increases, especially in round II.  The detailed explanation is 
provided in discussion section. 
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Figure 5 : Error in rutting prediction versus dynamic complex modulus at 0.1 Hz and 37.8 C 
 
7.  DISCUSSION 
 
The data appears to show that as the dynamic complex modulus decreases, the difference between measured and 
predicted rutting increases.  This trend makes sense because; soft mixtures have a greater propensity to undergo 
instability.  As mentioned earlier, the design guide rutting model is based on the dynamic complex modulus, which 
is applicable in the linear viscoelastic strain regime.  The permanent deformation is predicted by extrapolating 
resilient strain (as shown in equation 1) based on the number of repetitions and the temperature expected during 
service.  The data shows that the rutting model predicts rutting well for high stiffness mixtures, but as the dynamic 
complex values drop, the accuracy of rutting, which is based on resilient strain, gets worse.  This effect is manifested 
by large differences in measured and predicted rutting values for mixtures with lower dynamic complex values.  . 
Dongre et al. [11] observed that for lower moduli, around 0.69 GPa, the Hirsch Model is more accurate than the 
Witczak model.  The findings of this study appears to support the validity of the Witczak model and its impact on 
rutting model because the rutting prediction appear to get worse at lower moduli values (< 0.5 GPa).  However, a 
definite minimum dynamic complex modulus threshold value that would define the limits of applicability of the 
level 3 design could not be established. 
 
8.  SUMMARY 
 
The summary of findings based on the analysis conducted is: 
1.  On an average, the predicted rutting values were within 25 % of the field measured rutting values. 
2.  Certain sections demonstrated excessive deformation and this pattern could not be predicted by the design guide. 
3.  The power rutting model appropriately predicts rutting for stiffer mixtures (the dynamic complex modulus at 0.1 
Hz and 37.8 C approximately greater than 0.5 GPa).  On the other hand as the mixture stiffness drops, the error in 
prediction increases significantly. 
 
9.  CONCLUSION AND RECOMMENDATIONS 
 
The conclusions based on the study conducted are: 
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1.  An independent verification of the input parameters and performance data from multiple sources were critical in 
assessing the accuracy of the level 2 design guide predictions. 
2.  The verification of default values, such as the traffic distribution was essential in accurate validation of level 3 
design guide. 
3.  The study appeared to show that the primary differences in measured and predicted rutting were due to the rutting 
model.   
4.  The sections where the design guide could not predict excessive permanent deformation had a lower stiffness 
than the section that showed reasonable prediction of rutting. 
 
The recommendations based on the study are: 
1.  The input parameters of the design guide should be independently verified by using multiple sources. 
2. If default values are used, it is extremely important to ensure that the default values are appropriate for the region.  
Using incorrect default data may lead to grossly over designed or under designed pavement sections.   
3.  The state agency must exercise caution, while using design guide.  The accuracy of the design guide level 3 
within the region needs to be thoroughly assessed before implementing the design guide. 
 
10.  SIGNIFICANCE OF THIS STUDY TO RESEARCHERS AND PRACTITIONERS 
 
This paper provides invaluable insight on the limitations of the design guide software in predicting rutting 
performance using level 3 inputs.  As several state agencies begin implementation of the design guide, studies such 
as these provide critical information on understanding the level of accuracy to expect using level 3 inputs and for 
mixtures typically used in their region. 
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ABSTRACT 
 
The purpose of this paper is to present a detailed framework on how to validate the design guide using level 3 inputs.  
The performance models in the MEPDG were calibrated using Long Term Pavement Performance (LTPP) data from 
highway sections all over the United States.  Therefore, the design guide with level 3 inputs must be validated for soil, 
environmental and traffic conditions typically observed in a specific region.  In this study, accurate input and 
performance data from seven LTPP sections in the state of New Jersey was obtained.  To ensure accurate data was 
used in the design guide, the data was collected from multiple sources, such as the as-built plans and NJDOT 
databases.  A case-by-case comparison was conducted between predicted and measured performance data for every 
section and each distress, such as rutting, fatigue cracking, longitudinal cracking, transverse, cracking and roughness.  
The analysis determined the conditions where the level 3 inputs may not be appropriate.  This step is critical before any 
state agency starts implementing the design guide.  This paper provides the state agency with the tools and the 
knowledge needed to successfully implement the design guide.  The framework will also serve as practical guide to state 
agencies and research institutions as the pavement community begins to adopt the new design guide. 
  
Keywords: validation, mechanistic-empirical, design guide, nationally calibrated, implementation 
 
1.  INTRODUCTION 
 
1.1  Background 
 
The design of new and rehabilitated pavements in the United States during the past 50 years has relied on sound 
empirical procedures that have been improved incrementally over time.  However, those procedures have limitations 
because of their empirical nature. To overcome these limitations, further improvements depend on a new generation of 
design tools that combine the knowledge and experience gained from empirical procedures with the real-time effects of 
traffic loadings, environmental factors, and engineering materials. 
In February 2004, a recommended mechanistic-empirical pavement design guide (MEPDG) [1] was delivered to 
NCHRP under Project 1-37A.  A research version of the MEPDG and software [1] was distributed to interested users in 
the public and private sector in June of 2004.  This research project provided a major advancement for pavement design 
and moves the pavement community from the existing empirical based procedures to M-E based procedures that 
combine the advantages of advanced analytical modeling capabilities and the field performance of in service 
pavements. 
 
1.2  Problem Statement 
 
Going to a mechanistic-empirical design process represents a huge paradigm shift for the majority of states, such as 
New Jersey.  It will require tremendous amount of education, training, new testing equipment and requirements, and 
data collection [2].  The state of New Jersey, one of the lead states in this effort, has taken the first critical step towards 
implementation by developing a catalog of pavement designs using the level 3 inputs of the MEPDG. 
The ME Pavement design guide, unlike the AASHTO 1993, has three levels of input.  The input levels can be mixed 
and matched but the damage models remain the same, regardless of the input level.  A three-tiered hierarchical 
approach to design inputs is used to allow agencies the flexibility of adjusting the data collection effort depending upon 
the resources warranted by the project under consideration.  The level 3 inputs rely heavily on national and regional 
default values.  If the local and regional values for a given state agency are not reasonably close to the default values, it 
may lead to grossly over designed or under designed pavement sections, resulting in a diminished capital investment for 
the agency.  Also, the level 3 inputs may not be appropriate for all types of pavements and local conditions.  This makes 
it essential for state agencies to validate the level 3 inputs of the design guide before implementation.  The process of 
validation becomes even more complicated because state agencies are accustom to collecting data for the 1993 
AASHTO Guide for Design of Pavement Structures which requires only 5 flexible pavement inputs, as compared to 
more than 35 in the ME design guide.  The purpose of this paper is to present the detailed framework on steps that 
should be taken to validate level 3 inputs.   
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2.  OBJECTIVE 
 
The objectives of the paper are: 
a. To present the findings of validation of the design guide using level 3 inputs; 
b. To establish a process and present a framework to validate the design guide using level 3 inputs that can be 

incorporated by any state agency. 
 
3.  RESEARCH APPROACH 
 
The following steps were taken to achieve the above stated objectives: 
 
Task 1:  Data Collection 
 
To determine all available data needed in the design guide.  Extensive data on pavement structure and materials of 
existing roadways were collected.  The roadways were selected to encompass a broad range of traffic, soil, and 
environmental conditions in the state of New Jersey.  In addition, field performance data of those roadways were also 
collected, such as rutting, cracking and roughness. 
 
Task 2:  Evaluating the accuracy of input and performance data   
 
An extensive effort was conducted to obtain input and performance data from multiple sources to ensure accurate data 
is used in the design guide software.  The data collected from different sources was critical in verifying the input and 
data before conducting an analysis using the design guide. 
 
Task 3:  Predicting performance using design guide software 
 
Predict performance of all the sections using the design guide software after reasonably accurate input parameters were 
obtained.  
 
Task 4.  Comparing of the design life predictions and understanding the causes of differences. 
 
Compare the predicted performance to measured field performance.  A significant effort was conducted to determine 
the cause of the differences.  Some of the issues that were evaluated were a) variability in both input and measured data; 
b) discrepancies between default level 3 input and actual input data and 3) uniqueness in the pavement structure or 
material properties that could cause the design guide software to predict inaccurate performance. 
 
Task 5.  Develop a framework for validation of level 3 inputs as a critical step towards developing a pavement 
catalog. 
 
In this task, the authors captured what they learnt during the entire process of validation in the form of a framework.  
The framework is a step-by-step process of validating the design guide for level 3 inputs, a critical step towards 
implementing the design guide. 
 
4.  SIGNIFICANCE OF THIS STUDY TO RESEARCHERS AND PRACTITIONERS 
 
A few state agencies, such as New Jersey have taken some steps towards implementation of design guide.  This paper 
will provide the state agency with the tools and the knowledge to validate the design guide.  These include methods to 
verify input and performance data, verify the level 3 inputs of the design guide for the region, and a process of analysis 
of data for each section and distress.  This paper will also serve as a practical guide to the state agencies and the 
research institutions as the pavement community begins to adopt the new design guide.  
 
5.  STUDIES CONDUCTED ON MECHANISTIC EMPIRICAL DESIGN GUIDE SOFTWARE 
 
The M-EPDG has revolutionized the pavement design process by creating a user-oriented, comprehensive program that 
utilizes the mechanistic-empirical method.  Many studies have been performed on myriad aspects of the current version 
of the Guide [3,4,5,6,7,8].  

Several studies [3,4,5,6,7,8] have focused on conducting sensitivity analyses of predictions on various input 
parameters, such as material properties and traffic and comparison to laboratory data.  These studies provide an 
invaluable insight into the design guide; it is of greater importance to determine whether the predictions compare 
reasonably well with field performance.  An independent evaluation of the design guide is needed to verify the accuracy 
of the performance models.  This study makes a concerted effort to evaluate the design guide predictions with respect to 
measured field data.  This study highlights the limitations of the MEPDG, and provides an understanding of the risk 
associated with using the design guide. 
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7.  DATA 
 
7.1  Input Parameters and Performance Data 
 
The level 3 design guide inputs requires the following:  1) general site information; 2)  structural data; 3) material 
properties of each layer, such as gradation, Superpave volumetric properties, asphalt binder grade, soil type of  
substructure, and 3) Annual Average Daily Truck traffic volume, and growth rate.  Default values were used for the 
remaining input parameters.  However, as mentioned earlier, more detailed data could be used when it is available. 
To validate the design guide, the research team also collected data on the following performance indicators:  a) rutting 
b) cracking, which includes fatigue cracking, thermal cracking and longitudinal cracking and c) roughness, as measured 
by International Roughness Index (IRI).  The research team obtained the pavement data of New Jersey roads from 
LTPP and the New Jersey databases, HPMA, and PaveView.  
 
7.2  Databases 
 
7.2.1  Long Term Pavement Performance Database 
 
The research team decided to use LTPP sections because the design guide was calibrated using LTPP data and therefore 
was a logical place to start.  They contain the most detailed and readily available data (categories are shown in Table 2).   
 

ITEM LTPP HPMA Pave  
View 

Hard 
Copy 

State Agency 
Website 

General Site Info X X  X  

Structure (AC) X X  X  
Structure(below AC) X X  X X (soil data) 
Material properties X   X  

Traffic / 
Growth rate and WIM Data 

X X X  X 

Performance X X  X   
Construction/ 

Maintenance history 
X X  X  

 
Table 1:  Input Data 

 
7.2.2  PaveView and HPMA Database 
 
The state of New Jersey also has two databases within their Pavement Management System, PaveView and HPMA 
database (see Table 1 for datasets within each source of data).  HPMA database is still in its infancy.  It was primarily 
used as only a check to LTPP and PaveView databases.  In addition, the research team obtained hardcopy (as-built 
plans) data available at the state agency.  The authors utilized all the above sources of information to compare the 
necessary input and performance data.  The team analyzed the LTPP sections for the following two conditions: 1) 
default truck distribution, and 2) actual truck distribution (shown in Table 2). 
 

LTPP Section Route (MP) Default Truck Distribution Actual Truck Distribution 

1033) 202S (4.1) X X 

1034 55S (58.5) X X 

1638  55N (57.5) X X 
6057  95S (1.2) X X 

0508  195W (10.8)  X 

1003 15N (10)  X 

1031 55N (36.5)  X 

 
Table 2: Data sections analyzed 
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7.3  Evaluation of the accuracy of the input and performance data 
 
The accuracy of the predicted pavement distresses depends heavily on the accuracy of the input parameters.  The first 
step towards validation is to compare the predicted performance to measured performance.  The challenge, therefore, 
was not only to ensure the accuracy of the input parameters, but also of the field performance data. 
 
7.3.1  Structural, Material and Pavement Performance Data 
 
The structural and materials data was obtained from the following sources: LTPP, HPMA, PaveView, as-built plans, 
and materials data.  The performance data was obtained from LTPP, PaveView and HPMA.  Collecting multiple 
sources, though time consuming was a worthwhile effort in making sure the data is accurate.  When there were 
inconsistencies, engineering judgment was used to ascertain the best possible value.  The inconsistencies provided a 
good perspective to the authors and the state agency about the need to modify their data collection and storage 
capabilities in lieu of the significantly increased expectation of MEPDG. 
 
7.3.2  Traffic Data and Growth Rate 
 
Several studies have shown that in addition to the volume of traffic, the growth rate and the truck distribution have a 
tremendous influence on predicted pavement performance [4,5].  In addition to the two databases, the truck distribution 
was also obtained from the New Jersey Weigh-in-Motion (NJWIM) data closest to the section evaluated.  The research 
team compared the data from the three datasets LTPP, PaveView and WIM data from the New Jersey Department of 
Transportation website.  The truck growth rates and truck volumes were compared between sources to ensure accuracy 
of the data.   
 
8.  RESULTS AND ANALYSIS 
 
A detailed comparison was conducted between the measured and predicted performance.  A thorough analysis was 
critical in determining whether level 3 was appropriate, and if so under which conditions.  Considering the fact that 
measured data can have large variability, the research team made every effort to use multiple data sets because 
conclusions based on a single value from one source could be misleading.  In this section the results and analysis 
conducted using the design guide software is presented for only rutting distress. 
 
8.1  Rutting 
 
Using the design guide software with level 3 inputs, rutting performance was predicted for the LTPP sections.  The 
PaveView data contained rutting values within 33 m of each other, therefore all the data within 800m of the point of 
interest was considered as multiple measurements.  These multiple measurements gave us insight into the variability in 
the measured data. 

Figure 1 of section 6057 showed that the measured rutting was reasonably close to the predicted asphalt 
concrete layer rutting, and considerably lower than that of the predicted total rutting.  The predicted rutting in the 
subgrade was high, which is counterintuitive because the pavement had been constructed 30 years back and an overlay 
was done relatively recently.  A detailed explanation is provided in the Discussion section.  On the other hand, the 
section 1034 (Figure 2) showed that rutting prediction was closer to the total rutting.  The detailed explanation of the 
differences is outlined in the following section.  In the interest of brevity, the rutting predictions of only two sections are 
shown.  In all other LTPP sections, the measured rutting was close to asphalt concrete layer rutting only, similar to the 
section 6057 [10]. 
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Figure 1 : Rutting prediction for All Layers and Measured Rutting for Route I95 S (LTPP section 6057). 
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Figure 2 : Rutting prediction for All Layers and Measured Rutting for Route 55S (LTPP section 1034). 
 
8.1.1  Truck Distribution 
 
To determine the distribution of different classes of trucks either default level 3 inputs or site specific information can 
be used.  For the first four sections, an analysis was conducted using the design guide software for both default and site 
specific truck distribution.  The asphalt concrete rutting from the actual truck distribution matched the measured rutting 
reasonably well (Figure 3).  The rutting from default truck distribution was clearly greater than that of the actual truck 
distribution.  After the first four sections, it was clear that the default truck distribution was not appropriate for level 3 
analysis in the state of New Jersey.  Therefore, the subsequent analysis was then conducted only using site specific 
distribution.  The explanation for the difference is outlined in the Discussion section. 
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Figure 3 : Rutting prediction for Asphalt Concrete Layer for Default Truck Distribution and Actual 

Truck Distribution for Route 55N (LTPP Section 1638). 
8.2  Cracking 
 
In this paper three modes of cracking were investigated: 

a. fatigue cracking: bottom-up load related cracking under the wheel path 
b. longitudinal cracking:  top-down thermal fatigue cracking 
c. thermal cracking:  top-down crack/ a cold-event transverse cracking  

In each of the following sections, the measured distress, primarily from LTPP, was compared with predicted distress 
and every case was analyzed to understand the cause of differences. 
In all sections analyzed, the thermal cracking prediction was within 90 m/km of the measured values.  A detailed 
explanation of the results is provided later.  The measured and predicted fatigue cracking were within 30 percent of 
each other, a typical result is shown in Figure 4 for section 6057.  The measured longitudinal cracking for all sections 
were also within 90 m/km of predicted longitudinal cracking [9] with a failure limit of 180 m/km.  The discussion 
regarding the accuracy of the predictions is provided in the following section. 
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Figure 4 : Measured and Predicted Fatigue Cracking Route 95 S (LTPP section 6057) 

 
8.3  Roughness 
 
The International Roughness Index (IRI) is most commonly used to quantify roughness.  In many cases, the default 
starting value IRI of 1 mm/km was lower than the IRI after several years in service.  Therefore the focus was on 
comparing the rate of increase in IRI with time rather than the absolute value.  The predicted rate of increase in IRI for 
the most part was slightly greater than that of measured.  The explanation of these differences is discussed in the 
following section. 
 
9.  DISCUSSION 
 
The objectives of the discussion section is to explain the cause of differences in predicted and measured performance 
and subsequently determine the conditions under which the design guide may not work for the state agency.  In the 
following section each of the major performance parameters will be discussed, such as rutting, cracking and roughness 
(IRI). 
 
9.1  Rutting 
 
9.1.1  Subgrade rutting 
 
In LTPP section 6057, an initial jump in rut depth of 2.5 mm or more in the first 24 months of pavement life in sub 
layers was observed.  This is unusual, because the underlying pavement layers and subgrade have not been changed in 
over 30 years.  Moreover, those underlying layers have been extensively compacted due to vehicular traffic; thus, the 
stiffness of those layers has undoubtedly increased dramatically.  One would expect the initial rut depth in the subgrade 
for a new pavement, not one that has been compacted for over 30 years.  The reason for this inaccurate rutting 
calculation is that the model in the design guide is predicting incorrect trends for rutting in the unbound layers.  
According to the design guide manual, the rut depth in the subgrade layer decreases as the subgrade resilient modulus 
decreases, this is counter intuitive.  Modified models have been developed, but have not been incorporated.   
The rutting predictions in the substructure were reasonably closer to observed rutting (Figure 2) for pavement structures 
with new construction (defined as having no overlays).  This was expected because significant compaction was 
observed in the thick sandy-silt base.   
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9.1.2  Impact of truck distribution 
 
The rutting from default truck distribution was greater than that of rutting with the actual truck distribution and 
measured rutting.  The NJWIM system which records traffic levels as well as the number of different classes of vehicles 
showed that average distribution of Class 12 and class 13 was less than one percent.  The default distribution, which is 
based on a nationwide default values, have a relatively high percentage (18%) of both class of trucks, which is much 
higher than those observed in the state of New Jersey.   
 
9.2  Cracking 
 
As mentioned earlier, the cracking results were fairly accurate as well, considering the large range of error in prediction 
as mentioned in the design guide manual. The average error in transverse cracking prediction is 86.5% and standard 
error in longitudinal cracking prediction is 224m/km.  For fatigue cracking the standard error was 12% [10].  Overall, 
considering most of the predictions were done solely based on a PG grade or binder grade, level 3 inputs have done 
reasonably well for cracking predictions. 
 
9.3  Roughness (IRI)  
 
Roughness is a very important performance indicator that the design guide can predict.  The significant deficiency of 
the IRI calculation is that the starting IRI (1mm/km) is inconsistent with measured.  During the analysis, the researchers 
focused mainly on comparing the predicted rate of increase in IRI with the measured rate of increase in IRI values.  The 
predicted rate of IRI increase for the most part was greater than the measured.  A thorough investigation on the IRI 
prediction model [12] was done to understand the cause of difference. The explanation of the possible reasons for the 
differences is beyond the scope of the paper. 
 
10.  FRAMEWORK 
 
The authors learnt a lot during the process of validation using design guide software which is in its ever evolving beta 
version and where the stakeholders are still getting full grasp of what is needed to fully implement the design guide.  
The key is to move ahead with caution and to learn from others mistakes to avoid costly errors in the future.  A 
framework, in a form of a step-by-step process (Figure 5) is established that captures the lessons learned.  It will guide 
the state agencies and researchers when they are trying to implement the design guide.   
 
11.  SUMMARY 
 
The summary of findings based on the analysis conducted is: 
1.  Multiple sources of information will help independently verify input parameters and performance data. 
2.  In the state of New Jersey, the predicted subgrade rutting was much higher than expected for overlays.  Asphalt 
concrete rutting was used as total rutting for overlays. 
3.  The rutting predictions using default truck distribution is greater than the measured rutting for the state of New 
Jersey.  The rutting predictions with actual truck distribution compared well with the measured rutting performance. 
4.  In the state of New Jersey, the fatigue, thermal and longitudinal cracking predictions compared well with the 
measured cracking performance. 
5.  The predicted rate of increase in IRI is greater than the measured rate of increase in IRI for the state of New Jersey. 
6.  A framework was established for the state agencies and the research institutions to follow as they take steps toward 
implementing the design guide. 
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12.  CONCLUSIONS AND RECOMMENDATIONS 
 
Based on the above summary, the following conclusions were made: 
1.  Default truck distribution was not appropriate for the state of New Jersey and it should be investigated for the 
respective state agencies.   
2.  The independent verification of the all the data was critical in ensuring accurate validation. 
3.  Understanding the outliers and the distress prediction models was critical in understanding the limitations of level 3 
analyses using the design guide software. 
 
The recommendation based on the findings and conclusions is that the state agency must proceed with the design guide 
with caution.  The framework (Figure 5) outlined in this study, provides a step-by-step process of validation.  This 
framework should be used by the state agency and the partnering research institution to validate and implement the 
design guide.  This process also outlines methods on how to use all the tools available at the agencies disposable to 
minimize the risks associated with implementing the design guide. 

Review the input parameters needed for 
level 3 design guide software. 

Start with the LTPP sections within the state 
Obtain all the necessary data from LTPP online database as well as from stand-alone version. 

Collect similar data for the same sections from other sources, such as the agency pavement management 
system, hardcopy of as-built plans and the website. 

Determine the performance indicators needed, such as 
rutting, cracking and roughness.  Include the ones that are 

most predominant in the state. 

Compare datasets, hash-out 
inconsistencies, document the 

cause of differences and select the 
appropriate value for the analysis in 

the design guide. 

Figure 5 : Framework for implementing Level 3 Design Guide 

After confidence is established in all the input parameters and field performance data, conduct analysis 
using design guide software. 

Compare every predicted distress 
with measured field performance for 
all sections.  Analyze all datasets and 
determine the cause of differences, if 

any.   

Confirm traffic 
distribution and growth 

rate for each section 
with data from 

independent sources. 

Confirm field 
performance data from 
independent sources – 

use all sources for 
validation. 

Do not dismiss any outliers. 
They may provide critical 

information about the 
limitations of level 3 design 

guide. 

Avoid making 
generalizations until 
you have sufficient 
dataset to make that 

case. 

For every distress mode determine the conditions, such as pavement structure, traffic or environment where 
the predictions do NOT compare reasonably well with the measured. For example, default truck 

distribution versus actual truck distribution and source of rutting (total versus asphalt concrete rutting) 

Provide the state agency with the tools and the knowledge base 
needed for the successful implementation of the design guide 
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ABSTRACT 
 
Reflective cracking in asphalt concrete overlays continues to be a major contributor towards the reduced service life of 
an asphalt concrete overlay placed on an existing deteriorated pavement.  Reflective crack relief interlayer (RCRI) 
systems have shown promise as a means to extend the overlay life by separating the new overlay system from the 
existing deteriorated pavement (jointed and cracked Portland Cement Concrete (PCC) pavement, for instance).  While 
recent improvements in fundamental fracture tests and models have closed the technological gap towards truly 
mechanistic overlay design, the validation of these tools under controlled, full-scale loading environments to date has 
been very limited.  This paper describes how a new asphalt testing suite, including creep, fracture, and complex 
modulus testing, used in conjunction with a cohesive zone fracture modeling approach was used to design full-scale 
sections for accelerated pavement testing (APT).  The ability to model the nucleation, initiation, and propagation of 
cracks while considering other aspects of the pavement structure such as, bulk and interface material properties, effects 
of temperature changes and gradients, and effects of rolling wheel loads is demonstrated.  The significant advantage of 
utilizing these tools in the developmental stages of the APT program to target optimal material properties and layer 
thicknesses, sensor locations, etc., is described in detail. 
 
Keywords: Reflective cracking, asphalt, overlay, fracture, accelerated pavement testing, interlayer 
 
1. INTRODUCTION 
 
This paper describes the details of an integrated testing and modeling approach that is currently being utilized for the 
design of an accelerated pavement test (APT) section for the study of reflective cracking in asphalt concrete overlays.  
Details of the pavement test sections and the associated instrumentation are also described below.  The overall objective 
of this study is to develop a systematic plan for the design and execution of an accelerated pavement testing program 
which can be utilized for validation and calibration of a pavement simulation model.  The initial portion of the paper 
briefly introduces the integrated testing and modeling approach and provides the proposed plan for the accelerated 
pavement testing project.  This is followed by brief descriptions of the laboratory testing suite and pavement simulation 
model.  The integrated approach is demonstrated next by means of some preliminary computer simulations performed 
for the accelerated pavement test sections.  The final portion of paper provides details of the proposed accelerated 
pavement testing program, including layout and layering of test sections, mixture and interlayer design methodology, 
instrumentation, and the proposed accelerated testing program. 
 
2. INTEGRATED APPROACH 
 
Accurate prediction of pavement distress, particularly those associated with rehabilitated/composite pavement systems, 
represents a very challenging task to the pavement analyst.  An integrated approach based on measurements of 
fundamental material properties and their utilization in realistic numerical prediction models can provide a truly 
mechanistic approach to the analysis and design of pavements.  Such an approach was developed and implemented in 
the National Science Foundation (NSF) sponsored Grant Opportunities for Academic Liaison with Industry (GOALI) 
study by Paulino et al. [1].  As part of the GOALI study a laboratory testing suite was developed that consists of 
fundamental bulk and fracture characterization tests for asphalt concrete [2].  A rigorous pavement simulation model for 
prediction of reflective and thermal cracking was also developed and used to simulate seven pavement sections at three 
locations within the United States [3]. More details on this approach are provided in section 4. A similar integrated 
approach was also utilized for a Transportation Pooled Fund Study 776 on low-temperature cracking [4].  Two major 
components of the integrated reflective cracking prediction approach, (a) laboratory testing suite and (b) pavement 
simulation model, are discussed in the subsequent sections. 
Validation of the newly developed integrated design and analysis approach is in progress, and is being pursued in the 
context of a comprehensive, highly controlled full-scale testing program.  Parameters such as Portland cement concrete 
(PCC) joint opening, extent of crack propagation, direction of crack propagation, extent of load transfer at the joint, etc., 
are necessary for rigorous validation and calibration of several model parameters within the integrated approach.  The 
University of Illinois Accelerated Loading and Testing System (ATLaS) facility is being utilized for the aforementioned 
testing, involving four test sections, four material types, and three PCC joint conditions.  The project can be described 
via a flowchart shown in Figure 1.  As indicated in the flow chart, the objectives and motivations for this project were 



developed based upon experiences with previous projects.  Also, based on the experience from previous studies and 
preliminary simulations, the tentative test sections and the asphalt concrete overlay and RCRI mixtures were proposed.  
Currently, a set of twelve mixtures are being tested using the laboratory testing suite.  The testing results in conjunction 
with numerical simulations will be utilized for finalizing the cross-sections and materials for the test-sections.  This will 
be followed by construction and instrumentation of the sections.  In order to have accurate representation of materials 
used in the test section, samples of asphalt mixtures will be collected at the time of construction and will be tested as per 
the laboratory testing suite. Very shortly thereafter, accelerated pavement testing will be conducted.  The results from 
the testing suite and accelerated pavement testing will be used for validation and calibration of the numerical model.  If 
necessary, several iterations will be performed for optimizing the numerical model.  By following this systematic 
procedure, the integrated testing and simulation approach will be calibrated and validated and will be available for use 
as a mechanistic tool for the design of asphalt concrete overlay systems to resist reflective cracking.  With minor 
adjustments, the same tool can also be utilized for analysis of other pavement distresses such as thermal cracking. 
 

 
Figure 1:  Project Flow Chart 
 
3. TESTING SUITE 
 
Accurate measurement of material properties are required in order to successfully simulate reflective cracking in asphalt 
concrete overlays. For the current problem, both bulk and fracture (i.e. separation) properties are required for the asphalt 
concrete mixtures and interlayers.  Bulk properties include the relaxation modulus master-curve for time and 
temperature dependent viscoelastic behavior and coefficient of thermal expansion.  Fracture characterization requires a 
true fracture test, where crack mouth opening and load data are collected and can be used to assess the material’s 
strength and fracture energy.  Tensile strength testing, while not absolutely necessary, can also provide useful inputs to 
some fracture modeling approaches.  Wagoner et al. [2] described a testing suite that was capable of capturing 
viscoelastic and separation properties.  The testing suite consisted of two specimen geometries (see Figure 2), namely 
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indirect tension and disk-shaped compact tension testing [DC(T)].  The testing suite is capable of measuring the creep 
compliance, indirect tensile strength, coefficient of thermal expansion, and fracture energy.  The creep compliance and 
indirect tensile strength utilized the Superpave® indirect tension test conducted according to the American Association 
of State Highway and Transportation Officials (AASHTO) T 322 standard [5].  The coefficient of thermal expansion 
was measured using the same instrumentation for the indirect tension test and followed the procedures described by 
Mehta et al. [6].  The disk-shaped compact tension test was utilized for measuring the fracture energy in accordance 
with the American Society of Testing and Materials (ASTM) D 7313-06 standard.  The DC(T) test is described in detail 
elsewhere [7, 8, 9].  The testing suite has been successful in providing the required material properties for two major 
research studies [1, 4].  
 

 
Figure 2:  Example of Indirect Tension Specimen (Left) and Disk-Shaped Compact Tension Specimen (Right) 
 
4. PAVEMENT SIMULATION MODEL 
 
An approach for the analysis of pavement structures with reflective cracking potential using numerical methods has 
been developed as part of the NSF-GOALI study [1].  This approach has been successfully utilized for the prediction of 
reflective and thermal cracking potential in asphalt concrete overlays and pavements.  In the current approach, a 
commercially available finite-element software package ABAQUS has been used as the analysis engine.  Custom user 
subroutines were developed to extend the capabilities, including a cohesive interface element with the ability to handle 
softening and cracking in mode-I as well as mixed mode. (Song et al. [10]).  Cohesive zone fracture models have been 
successfully utilized by de Souza et al. [11], Song et al. [10], Baek and Al-Qadi [12], Dave et al. [3], Marasteanu et al. 
[4] and many others for the simulation of cracking in pavements.  Several other minor customizations have been 
performed and are described by Dave et al. [3] and Paulino et al. [1].  In addition to the cohesive zone fracture modeling 
capability, some other model features include: 
 

 Generalized Maxwell model for viscoelastic behavior asphalt concrete behavior under thermal and mechanical 
loading, 

 Frictional contact interface between the PCC pavement and the granular base to allow for slippage and 
separation (see Figure 3), and; 

 One-directional infinite elements to represent semi-infinite subgrade boundaries. 
 
Two major loading categories imposed on a pavement during its service life are temperature and tire loads.  
Temperature conditions within pavement structures vary continuously with time, where the severity depends on the 
climatic conditions.  The Enhanced Integrated Climatic Model (EICM) originally proposed by Larson and Dempsey et 
al. [13] and utilized in the recently released AASHTO Mechanistic Empirical Design Guide provides a mechanistic tool 
for the determination of temporal and spatial variations of temperature in a pavement structure.  A load discretization 
scheme developed by Kim and Buttlar [14], which is based upon the principle of virtual work, is employed to apply the 
tire load in the simulation model.  Due to the very large domain sizes of the pavement model and difference in the 
length scales in areas of high stress concentrations and the areas near the boundary, the finite-element meshes were 
developed by utilizing combinations of transition and radially graded meshing schemes.  Figure 3 shows the model 
domain, finite element mesh and various features of the simulation model.  It should be noted that in the current model 
the AC Overlay is considered fully bonded to the PCC pavement. 



 
 

(a) Pavement Model Domain 
 
 

 
 

(b) FE Mesh Showing Complete Domain 
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(c) FE Model Details in Vicinity of PCC Joint 
 
Figure 3:  Finite Element Pavement Model Domain and Details 
 
5. PRELIMINARY SIMULATION RESULTS 
 
As mentioned in the previous sections, a series of preliminary simulations were performed which provided insight for 
planning of the test sections.  These initial simulations were conducted for two pavement structures, the control and 
treated sections.  The pavement section details are illustrated in Figure 4. 
 

 
Figure 4:  Pavement Sections Studied in Preliminary Simulations 
 
The simulations can be sub-divided into two categories based on the loading conditions:  one set with temperature 
loading and a second set with combined temperature and tire loading.  The temperature loading was evaluated using the 
EICM.  The loading was applied to simulate a 24-hour period with pavement surface temperature varying from 
approximately 2°C to -12°C.  The tire load was applied as a single 9000-lb (40-kN) tire load with 100-psi (690-kPa) tire 
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pressure.  Various asphalt mixtures were studied for each section.  The mix properties utilized in the simulations were 
based on previously characterized asphalt concrete materials.  The PG64-22 mix was a 9.5-mm nominal maximum 
aggregate size (NMAS) mixture studied by Wagoner [15].  The PG58-28 mix was a 9.5-mm NMAS mixture studied in 
the GOALI project [1].  As the mixture designations suggest, these mixtures were produced using Superpave 
performance graded binders PG64-22 and PG58-28 respectively.  The reflective crack relief interlayer, or RCRI, 
mixture was also extensively characterized as part of the GOALI project [1].  A summary of the simulation results are 
illustrated in Figure 5, which shows the extent of cracking and softening (damage) in the asphalt concrete overlay under 
different loading conditions (temperature only and combined temperature and tire loading).  Figure 5 shows the cross-
section of the pavement in the longitudinal direction near the underlying PCC joint.  The temperature loading 
simulation results are presented in Figure 5(a).  The simulations indicate that the control section with the PG64-22 
mixture is susceptible to reflective cracking, whereas the control section with the PG58-28 mixture undergoes softening 
(damage) through approximately 15% of the asphalt concrete overlay thickness.  The simulation of the RCRI treated 
section predicted no softening or cracking in the asphalt concrete overlay due to temperature loading during the cooling 
event.  Figure 5(b) shows the simulation results for the combined tire and temperature loading conditions.  The 
simulations were performed for a single type of asphalt concrete overlay with a PG58-28 mixture.  Simulation results 
predicted approximately 55% softening through the overlay thickness of the control section and approximately 22% 
through the thickness of the overlay in the treated section.  The results indicating the extent of cracked and softened 
asphalt concrete overlay are tabulated in Table 1. 
 

 
Figure 5:  Results from Preliminary Simulations 
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Control Section Treated Section Section Type 

PG64-22 PG58-28 PG64-22 PG58-28 
Percent of Thickness Softened --- --- 0% 0% 
Percent of Thickness Cracked 100% 15% 0% 0% 

 
 (a) Simulation Results for Temperature Loading  
 

Control Section Treated Section Section Type 
PG58-28 

Percent of Thickness Softened 55% 22% 
Percent of Thickness Cracked 0% 0% 

  
 (b) Simulation Results for Tire and Temperature Loading  
 
Table 1:   Summary of Preliminary Simulation Results 
 
6. PAVEMENT TEST SECTIONS 
 
6.1 Project Site 
 
The full-scale accelerated loading facility is located in the town of Rantoul, Illinois, United States.  The facility is part 
of the Advanced Transportation Research and Engineering Laboratory (ATREL) at the University of Illinois at Urbana-
Champaign.  Several projects have been completed or are being performed at the test site, including projects 
investigating continuously reinforced concrete pavements (CRCP), full-depth asphalt pavements, effectiveness of tack-
coat, and subgrade rutting.  The location of the proposed test lane is between two existing CRCP pavements (see Figure 
6) to utilize the full length (500 feet) of the test site.   
Extensive subgrade investigation was carried out during the construction of the CRCP test lanes. The western half of the 
site consists of a clayey-brown silt material (Drummer soil) classified as ML (Unified Soil Classification System) and 
A-2-4 (AASHTO Classification System).  The eastern half of the site consists of dark brown loess classified as ML 
(Unified Soil Classification System).  The undisturbed subgrade had a CBR of 4 or less. The loess was found to be 
greater than 4 feet thick through much of the eastern half of the project site.  Further details of the subgrade are reported 
by Kohler et al. [16]. 
 

 
Figure 6:  Location of Proposed Test Lane 
 
6.2 Pavement Structure 
 
In order to minimize the effects of parameters other than those being studied in this project the same underlying 
structure will be used for all the test sections.  A jointed plain concrete pavement (JPCP) is being constructed as the 
underlying pavement structure for testing of asphalt concrete overlays.  Different pavement test sections will be 
discussed in following section.  With accelerated testing in mind, thinner pavements were used to reduce the number of 
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load cycles required to propagate reflective cracks.  The thickness of the JPCP for this project will be 6-inches (150-
mm), which will allow for larger deflections at the joints without the need for severe overloads, but thick enough to 
facilitate the use of dowel bars at selected joints to increase the load transfer efficiency (LTE).  Edge drains will be 
installed along the longitudinal edges of the pavement.  The purpose of the edge drains is to reduce the effect of large 
gradients in the subgrade properties and behavior due to moisture.  Along with the edge drains, 12 inches (304-mm) of 
granular subbase will be placed under the JPCP to provide drainage and a uniform base layer for the JPCP.  Figure 7 
provides a cross section of the underlying pavement. 

 
Figure 7:  Cross Section of Underlying JPCP Pavement 
 
6.3 Test Layout 
 
The total test lane length selected was 500-feet (152.4-m), which allowed four ATLaS test locations (see Figure 8) to be 
used.  The test locations are defined as the location where ATLaS (length = 125-feet (38.4-m)) would apply the loads.  
The proposed joint spacing is 12.5-feet (3.81-m), which maximizes the number of joints per test location.  The loading 
length of ATLaS is between 75-85-feet (23-26-m) depending on load and speed.  Each test location will have seven 
joints (see Figure 9).   
 

 
Figure 8:  Layout of Proposed Testing Lane with Four Test Locations 
 

 
Figure 9:  Example of Proposed Test Sections with 12.5-Foot (3.81-m) Slabs 
 
6.4 Material Selection 
 
The material selection procedure is of critical importance in this project.  Experience from field projects and previous 
studies have provided guidance in determining the tentative pavement test sections.  A total of four pavement sections 
each with different pavement structure will be studied.  These sections will be comprised of two asphalt concrete 
overlay mixtures and two RCRI mixtures. Twelve asphalt mixtures are currently being studied, based on laboratory test 
results and the numerical simulations.  Four-out-of-twelve mixtures will be selected according to the following: 
 
(1) Typical Asphalt Concrete Overlay Mixture: Overlay mixture representing an asphalt overlay that is placed in 
climatic regions similar to Illinois.  It is anticipated that this type of overlay would start to exhibit reflective cracking 
during the course of the first winter due to thermal and ATLaS loading. 
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(2) Premium Asphalt Concrete Overlay Mixture: Overlay mixture that would be superior to the typical overlay mixture, 
this can include superior bitumen grade and possibly use of polymer modified bitumen binder. The design criterion here 
is to be able to use thinner applications of this mixture compared to typical overlays and to use these types of superior 
mixtures in conjunction with interlayer treatments. 
(3) Interlayer: This will be an RCRI material, to be designed and supplied by SemMaterials L.P. 
(4) Transitional Interlayer: A special type of material which will be utilized as a treatment layer placed on top of the 
RCRI.  The objective for this material is to retard reflective cracking into the overlay by mechanisms such as reflective 
cracking of overlays in the interlayer treated section (crack jumping) and at the same time provide structural support and 
have lower material costs.  The transitional interlayer will also be designed and supplied by SemMaterials L.P. 
 
6.5 Test Section 1 (Control Section) 
 
The control section will have a four-inch (100-mm) thick overlay constructed using the typical overlay mixture.  Two 
joint conditions will be present, namely doweled joints and saw-cut joints.  The doweled joints represent a very good 
joint condition with the load transfer efficiency better than 90%.  The saw-cut joints would represent the worst 
conditions with the LTE < 30%.  The saw-cut joints would be created by using a wet masonry saw and cutting through 
the 6-inch (150-mm) concrete pavement.  The proposed joint conditions and the test section are shown in Figure 10. 

 
 
Figure 10:  Test Section 1 (Control Section) 
 
6.6 Test Section 2 (Interlayer Section-I) 
 
The second test section will represent a typical interlayer treatment for a PCC pavement.  In this case one-inch (25.0-
mm) of RCRI is placed over the Portland cement concrete and three-inches (75.0-mm) of the overlay is placed on top.  
The joint layout of Test Section 2 will be the same as with Test Section 1 with doweled and saw-cut joints (see Figure 
11).  The overlay material would be the same that is placed on Test Section 1. 

 
Figure 11:  Test Section 2 (Interlayer Section I) 
 
6.7 Test Section 3 (Interlayer Section-II) 
 
This pavement section will consist of one-inch (25.0-mm) of RCRI, one-inch (25.0-mm) of a transitional RCRI 
material, and two-inches (50.0-mm) of the typical overlay mixture. The joint layout of Test Section 3 will consist of two 



joint conditions, namely aggregate interlock and saw-cut joints (see Figure 12). The aggregate interlock joint condition 
will represent an intermediate load transfer condition which is not as high as doweled joints and not as low as saw-cut 
joints. 

 
Figure 12:  Test Section 3 (Interlayer Section II) 
 
6.8 Test Section 4 (Interlayer Section-III) 
 
The pavement structure for the last section will consist of one-inch (25.0-mm) of the RCRI, and a premium overlay 
mixture of variable thickness.  The saw cut joint condition will be used throughout the test section in order to keep the 
overlay thickness as the only varying parameter.  The premium overlay will have variable thickness ranging from three 
inches to ¾ of an inch (75 to 19.0-mm) over the test section.  The test section layout and cross-section are shown in 
Figure 13. 

 
Figure 13:  Test Section 4 (Interlayer Section III) 
 
7. ACCELERATED PAVEMENT TESTING 
  
7.1 Loading Conditions 
 
The ATLaS equipment has the capability to load the test sections with varying loads, tire configurations, and speeds.  
The load magnitudes are a function of the tire configurations.  For typical highway tires, dual tire configuration or 
super-single configuration, the maximum sustained load is 13,000-lb (57,826-N).  The proposed load magnitude is the 
standard 9,000-lb (40,033-N) loading.  If the standard load is not sufficient, then the load can be increased up to 13,000-
lb (57,826-N) using the same highway tire to accelerate reflective cracking.  If necessary, over loads above 13,000-lb 
(57,826-N) can be achieved by switching to an aircraft tire. The proposed speed of the equipment is 5-miles per hour 
(2.2-meters per second).  This speed will allow for 12,000 to 15,000 cycles per 24 hour period.  
 
7.2 Instrumentation 
 
The instrumentation for the test lane can be divided into two categories: static and dynamic.  The static instrumentation 
can be used to monitor the long term properties of the pavement such as temperature, joint opening movement due to 
environmental conditions, subgrade conditions, etc.  The dynamic instrumentation will monitor the pavement during the 
accelerated loading phase of the project.  The dynamic instrumentation has the flexibility to locate to different locations 



that correspond to the location of the ATLaS, thus reducing the quantity of instrumentation required.  The proposed 
measurements from the dynamic instrumentation are vertical and horizontal joint deflections, vertical surface 
deflections, and temperature profile through the pavement depth. 
7.3 Static Instrumentation 
 
The static instrumentation will monitor the pavement condition over the length of the project.  Linear variable 
displacement transducers (LVDTs) will measure the horizontal joint deflections.  The transducers will be mounted on 
the edge of the PCC pavement close to the top of the joint.  The proposed joints for the sensors would be the 7 joints 
within each test location (see Figure 14). 
The pavement temperature profile will be measured using a series of thermocouples located through the depth of the 
pavement.  Each test location would have a set of thermocouples.  The proposed location of the thermocouples (Type T) 
would be at the bottom and top of the PCC pavement, mid-depth of the asphalt concrete overlay, and at the surface 
(~0.5-inch/12.7-mm deep) of the asphalt concrete overlay (see Figure 14).  The static thermocouples allow for accurate 
climatic data that can be later utilized with the modeling portion of the project.  The subgrade moisture condition will be 
monitored using a water content reflectometer.  The proposed locations (see Figure 14) of the reflectometers are at each 
end of the test lane.  
The static instrumentation would be conditioned and acquired using Campbell Scientific dataloggers with a custom 
program to collect the data at predetermined intervals.  The researchers have experience in using these types of 
dataloggers from previous projects.  The dataloggers also have the capability to collect climatic data such as air 
temperature, wind speed and direction, solar radiation, etc. 

 
Figure 14 : Location of Static Instrumentation 
 
7.4 Dynamic Instrumentation 
 
The purpose of the dynamic instrumentation is to measure the pavement deflections and movements during the 
accelerated loading.  The instrumentation would be portable and capable for movement between the test locations.  The 
main objectives of the dynamic instrumentation are to measure the joint movements, crack propagation, and 
temperature profile during loading.  Within each section all seven joint locations are proposed for monitoring.  For each 
joint, four LVDTs would be placed there to measure the horizontal movement, differential PCC slab movement, and the 
vertical deflection at the joint.  Figure 15 illustrates these details.   Pavement interfaces will be monitored for debonding 
and if deemed relevant will be included in the modeling approach. 
Along with the joint movements, the progression of the reflective crack can be tracked with foil-type crack detection 
gages placed within the asphalt concrete overlay, mainly at lift interfaces. Each test location will have thermocouples 
placed through the thickness of the pavement to acquire the real-time temperature during the accelerated loading. 
 

 
Figure 15 : Location of LVDTs for Dynamic Instrumentation 
 
8. SUMMARY 



 
An accelerated pavement testing program is currently underway at the University of Illinois at Urbana-Champaign, the 
main objectives for this project are: 
 

 Use integrated laboratory testing and computer simulation based approach for designing asphalt concrete 
overlay sections for pavement testing,  

 Measure parameters necessary for validation and calibration of a pavement simulation model, 
 Perform calibration and validation of the pavement simulation model, 
 Gain insight on the mechanism of interlayer systems in the prevention of reflective cracking, and 
 Gain insight on the effect of different RCRI and asphalt concrete overlay materials in prevention of reflective 

cracking under different loading conditions. 
 
Based upon the results obtained to date on this project, it appears that it is now feasible to use an integrated testing and 
modeling approach to design an accelerated testing facility using true fracture tests and models capable of capturing 
crack initiation and propagation in asphalt concrete under thermal-mechanical loads.   This approach can be used to 
increase the amount and quality of calibration and validation data that can be obtained from accelerated testing. 
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ABSTRACT 
 
In the Czech Republic and other EU countries, growing use of modified bitumens and demand for better testing methods 
triggered implementation of new standards for assessment of bitumen binder quality. Many of these new standards were 
adopted from SuperPave testing system, developed on the basis of SHRP (Strategic Highway Research Program). These 
methods are much more demanding in terms of personnel qualification, investment costs etc. For successful 
implementation of the methods, perfect understanding of their principles, proper installation of apparatus, and 
thorough training of laboratory personnel are necessary. 
The paper presents above mentioned new methods and selected results of the research project “Implementation of new 
EU methods for testing and quality improvement of bituminous binders and related products” supported by Czech 
government (Ministry of Industry and Trade of the Czech Republic). The main goal of the project is the evaluation of 
bituminous binders produced in the Czech Republic from different raw materials by different technologies, as well as 
comparison with binders usually imported from EU countries. In this project considerable amount of data was 
obtained, which will be useful both for further research and development in bituminous binder production in the Czech 
Republic and for development of new generation of bituminous binders specification in CEN/TC336.  
 
Keywords: bitumen, performance tests, ageing, cohesion, rheology 
 
1. INTRODUCTION 
 
The role of bitumen as a binder in bitumen/aggregate mixtures consist mainly in its ability to sustain and absorb 
deformations related to the stress originating from traffic load and climatic changes. Properly manufactured and used 
bituminous binder prevents permanent deformations and damage of pavement. The ability to fulfill the above 
mentioned role depends on viscoelastic properties of the bitumen binder itself, which can be improved by addition of 
modifying agents, i.e. thermoplastic or elastic polymers etc.  
Currently introduced so-called performance related characteristics better correlate with actual behavior of binders upon 
stress caused by traffic load, therefore they better reflect resistance against rutting at high temperatures and cracking at 
low temperatures. [3] It was the reason for CEN/TC336 to adopt the performance characteristics into European standard 
system, and begin the preparation of specifications for new generation asphalt binders in 2002. Both current simple 
system for bitumen grading according to EN 12591 and new performance-based system are considered to be used 
simultaneously; the former for routine testing and the latter (expensive and time consuming) for complex tests of binder 
type approval.  
 
2. EXPERIMENTAL 
 
2.1 Selection of bitumen types and testing methods 
 
The main goal of the work presented was testing common available pavement grade bitumen binders produced in The 
Czech Republic, and obtaining complete data sets according to current standard system and performance related testing 
system. The three-year (2006 – 2008) project “Introduction of new EU standards for evaluation and improvement of 
pavement grade bitumen binders and related products” was established under financial support of Czech government.  
In total, 27 samples of Czech bitumen binders and 6 samples of imported binders, produced by three important 
European manufacturers, were taken for testing: 
 
Samples  Specification 
10  EN 12591  (50/70) (Czech Nr.1-6 and 18, foreign Nr.28, 30, 32) 
11  EN 12591  (other grades) (Czech 70/100 Nr.7-12 and 19-20, 160/220 Nr.13-14, 21) 
2  EN 13924  (10/20 Nr.15, 20/30 Nr.16) 
9  EN 14023  (Czech with SBS Nr.24, 27, with Elvaloy Nr.22, 23, 25, 26, foreign Nr. 29, 
31, 33) 
1  Special multi-grade binder (Czech 30/50 Nr.17) 
 



During first phase of the project, two apparatus for rheological measurements were brought into operation: dynamic 
shear rheometer (DSR) and bending beam rheometer (BBR), with appropriate methods according to corresponding 
standards. 
Determined physical properties comprised empirical as well as performance-based characteristics according to 
recommendation CEN/TC336 in the document TR 15352 Development of performance-related specifications. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Composition and Empirical properties 
 
The group composition using TLC-FID method and flocculation ratio (spot tests) showed certain differences in 
composition of bituminous binders of the same grade (50/70 or 70/100) even if manufactured from the same raw 
material – Russian Export Blend (REB) crude oil. These differences may be caused by deviations in key parameters of 
the production technology; this finding will help to improve production control to manufacturers.  
Actual paraffin content was determined by revised EN 12606-1. The results showed that Czech bituminous binders 
produced from REB crude oil having relatively high sulfur and paraffin content contain 1 to 2 wt. % of paraffin, none of 
them exceeded limit of 2.2 wt. %. 
Data obtained during annually repeated inter-laboratory tests were taken into account at evaluating results of empirical 
methods. Especially values of Fraass breaking point have to be assumed as less reliable, namely for modified binder, as 
it was found for manual, semi-automatic, and automatic determination. Regarding temperature sensitivity of binders, 
PVN (pen-vis number) was found to be more significant than penetration index for modified and multi-grade binders 
having extremely high values of softening point. For determination of dynamic viscosity, simple method according to 
EN 13302 (rotating spindle viscometer) was used. Density of binders was measured according to new standard 
EN 15326 (using wide-mouth Hubbard pycnometer) for better accuracy. 
 
3.2 Cohesion 

The advantage of binder modification by polymers (SBS co-polymers, reactive ter-polymers - RET) is evident from 
improving two physical properties – cohesion and elasticity. As shows the Table 1, cohesion tests using pendulum 
according to EN 13588 resulted in values not exceeding 0.4 J.cm-2 for raw binders, while all modified binders had their 
maximum values above 0.5 J.cm-2 at temperatures in the range of 50 °C to 60 °C. Force ductility tests according to 
EN 13589 allowed distinguishing non-modified and modified binders much more precisely; non-modified binders had a 
maximum 0.3 J.cm-2, while modified ones above 2.8 J.cm-2. In addition to the precise indication of modified binders, 
EN 13589 test gives information analogous to classical ductility test; it requires 400 mm elongation to complete the 
procedure. Some types of modified binders, as well as samples after special treatment (ageing, extraction from 
emulsions etc.) do not pass the test due to insufficient elongation, although the sample is elastic. In such cases, it is 
necessary to change test temperature similarly as for EN 13588. However, cohesion specifications do not allow the 
change of test temperature.  
The third cohesion test (EN 13587) is performed at elongation in the range of 0 to 200 mm, therefore it can prefer 
binders with low ductility. Soft binders with high portion of modifying agent have better results than harder non-
modified ones upon this test.  
It can be concluded that EN 13398 is the simplest and most reliable test for indication of modified binders. 

 

Sample 3 24 25 26 27 29 33 

Grade 50/70 PMB  
25-55/55 

PMB 
25-55/60 

PMB 
45-80/60 

PMB 
60-105/75 

PMB 
45-80/50 

PMB 
45-80/60 

Producer CeR Pa Pa Pa Pa Imp Imp 
Modifier - SBS RET RET SBS ? SBS 
Pendulum test  (J.cm-2) 0.32 0.67 0.60 0.70 1.15 0.77 0.86 
Force ductility  (J.cm-2) 0.01 6.43 3.41 4.88 5.60 4.54 4.63 
Elastic recovery (%) <0> 76 72 85 92 72.5 97.5 

Imp - imported EU-binders; Pa - Paramo; CeR -Ceska rafinerska; RET - reactive elastic ter-polymer 
 
Table 1:  Cohesion of bituminous binders 
 
3.3 Dynamic Shear Rheometry 
 
Nowadays, there are four DSR apparatus for determination of performance-related characteristics available in the Czech 
Republic. To ensure reliability of results, they are compared by inter-laboratory tests. 
The selection of measured characteristics was done to fulfill requirements of the document TR 15352. It comprises 
measurement of complex shear moduli and phase angles at 10 rad.s-1 and temperatures of 10, 25, 40, 60, and 80 °C. 



Parameters G*/sin  (as defined by Superpave) have to be calculated and critical temperatures (Tc), at which G*/sin  is 
equal 1 kPa obtained by interpolation in measured values vs. temperature. [1,2] According to TR 15352, measurements 
are carried out at three temperatures with a difference of 20 °C. On the other hand, Superpave procedure is following: 
DSR measurements have to be done at two adjacent temperatures in six-degree scale, one under estimated Tc and the 
other above. It was confirmed, that the latter procedure gives more accurate results, TR 15352 gave values with an error 
up to 3.5 °C, therefore the Superpave procedure for Tc was used. 
The difference between Tc and softening point was 19 °C for most of the samples. Higher differences above 20 °C were 
found for harder and modified binders; based on the values of softening point one could underestimate the resistance of 
such samples against plastic deformations. Two samples had the difference far below 19 °C. 
Moduli were also measured at varied frequencies of oscillations in the range of 0.1 to 10 Hz and temperatures 25 and 
60 °C. For selected samples, frequency sweep measurements were also carried out at temperatures 40, 10, 0, and -15 °C 
for the purpose of master curves preparation. Measured values for selected samples are illustrated in Fig. 1. 
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Figure 1: DSR frequency sweep measurements for selected samples  

 
The determination of low-shear viscosity (LSV), zero-shear viscosity (ZSV) or temperatures equivalent to the viscosity 
value of 2 kPa.s (EVT) is also required by TR 15352. Above mentioned values, as well as softening point and DSR data 
are presented in Table 2. 
 
 
Sample 13 21 19 3 18 28 30 16 
Grade 160/220 70/100 50/70 20/30 
Producer CeR Pa Pa CeR Pa Imp Imp Pa 
SP (°C) 38 37.5 45.3 48.6 49.7 50.2 49.2 62.1 
LSV– EVT1 (°C) 37.1 38.1 45.4 49.1 50.3 50.6 49.5 65.3 
LSV– EVT2 (°C) 37.3 38.8 46.1 50.4 51.6 51.8 50.8 66.2 
DSR – Tc     (°C) 55.5 56.2 63.6 67.6 69.5 69.5 69.2 87.5 
ZSV@60 °C   (Pa.s) 54 68 196 368 451 453 390 4675 

 
Table 2: Parameters of selected binders measured by DSR 
 
It is evident that equi-viscosity temperatures EVT1 (measured at 0.1 rad.s-1) and EVT2 (measured at 0.001 rad.s-1) are 
close to softening points (SP) for all samples. Hence, both methods seem to be suitable for assessment of resistance 
against plastic deformations. EVT1 better corresponds to the softening point values; it was higher by 0.4 °C in average 
than SP. Harder binders show somewhat higher difference between EVT1 and SP, for 20/30 grade binder it was 3.2 °C. 



Close relation was found between EVT, Tc, and softening point for non-modified binders (see Fig. 2). Apparent 
viscosity at 60 °C and low shear is 2 kPa.s, and SP is 57 °C. The value of softening point indicates a binder with 
virtually no tendencies to rutting at common climatic conditions. 
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Figure 2: Relation between TC, EVT, and softening point 

 
 
So-called Black’s diagram can be created from values of complex modulus G* and phase angle  of tested binders. 
Figures 3 and 4 contain curves of G* vs.  for selected samples.  
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Figure 3: Black’s diagram (relation between complex modulus G* and phase angle ) for neat binders 
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Figure 4: Black’s diagram for polymer modified binders 

 
 

3.4 Bending Beam Rheometry 
 
Three apparatus for measurement of the flexural creep stiffness modulus are in operation in the Czech Republic. For the 
purpose of the project, binders were evaluated at -10, -16, and -22 °C. Critical temperatures for given S-values 
(300 MPa) and m-values (0.300) were obtained by extrapolation of the results (Tables 3 and 4). 
 

 

Sample 16 17 18 3 28 19 21 
Grade 20/30 30/50 50/70 50/70 50/70 70/100 160/220 
Producer Pa Pa Pa CeR Imp Pa Pa 
Fraass BP  (°C) -7 -10 -14.0 -9 -8 -14.0 -14.5 
Tc (300 MPa) (°C) -18.2 -22.1 -22.5 -21.4 -19.7 -23.3 -22.3 
BP – Tc (°C) 11.2 12.1 10.1 12.4 10.6 9.3 7.8 

T (DSR-BBR) 105.7 104.1 93.6 89.0 89.2 86.9 78.5 
 
Table 3: Low-temperature properties of neat binders 
 
 
Sample 24 25 26 27 29 31 33 
Grade PMB 

25-55/55 
PMB 

25-55/60 
PMB 

45-80/60 
PMB 

60-105/75 
PMB 

45-80/50 
PMB 

45-80/50 
PMB 

45-80/60 
Producer Pa Pa Pa Pa Imp Imp Imp 
Modifier SBS RET RET SBS ? ? SBS 
Penetration@25  55 40 66 79 66 71 75 
Fraass BP (°C) -11.4 -11 -15 -15 -14 -13 -14 
Tc (300 MPa) (°C) -24.1 -23.6 -23.1 -20.5 -22.3 -21.0 -23.7 
BP - Tc (°C) 12.6 12.6 8.1 5.5 10.5 8.0 12.0 

T (DSR-BBR) 107.1 108.3 100.8 102.6 93.4 94.1 105.1 
 
Table 4: Low-temperature properties of polymer modified binders 
 
Very good low-temperature properties with respect to BBR measurements were found for semi-blown binders (sample 
16 to 19). These materials had lower temperature sensitivity than samples 21 and 28 and relatively low Tc. Samples 16 
and 17 had a behavior typical for multi-grade binders. BBR appears to have better ability to describe low-temperature 
properties of road bitumen than Fraass breaking point (BP), since it gives more detailed information on the binder 
quality at winter conditions. 



Modified bitumen binders showed varied differences between Tc by BBR and breaking point, probably as a result of 
different modifiers used. The variation could also be caused by the error of Fraass BP determination for some modified 
binders thanks to their heterogeneous character. 
S-values of modified binders at -10 °C had clear relation to penetration of samples. However, at lower test temperatures 
the stiffness of the samples decreased at different rate. SBS-modified binders had steeper dependence of S-value vs. 
temperature than binders with chemically cross-linked modifiers (RET). Thus the second type of modifiers has better 
resistance against low-temperature cracking than the first one. 
 
3.5 Viscoelastic properties – creation of master curves 
 
It is generally believed that asphalt binders are viscoelastic materials. Theoretical background is known for more than 
60 years. First attempts how to capture such a behavior on binders are dated to the late 50’s and 60’s of the 20th century 
[4,5,6].  However, development of methodologies dealing with viscoelastic behavior is still in progress.  One of the 
possibilities is to apply a Time-Temperature-Superposition (TTS) principle to bituminous binders [7,8]. The advantage 
is in broader frequency range, which enables to describe material behavior in long (short) loading times and/or low 
(high) temperatures. Following figures 5, 6  show examples of modified and non-modified bitumen, where magnitude 
of complex modulus as a function of reduced frequency is portrayed. Following master curves were shifted to reference 
temperature Tref. 60 °C. 
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Figure 5: Master curves of magnitude of complex modulus for neat and modified binder 
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Figure 6: Master curves of complex viscosity for neat and modified binder 



3.6 Resistance to short-term hardening 
 
Changes in properties of selected non-modified binders upon RTFOT test are described in Table 5.  
 
Sample 3 16 17 18 19 20 28 30 
Grade 50/70 20/30 30/50 50/70 70/100 50/70 50/70 
Producer CeR Pa Pa Pa Pa Pa Imp Imp 
Change of mass (%) -0.05 -0.03 0.00 0.15 0.06 0.17 -0.01 0.02 
Retained pen. (%) 64.0 71.4 65.7 66.1 65.9 70.8 64.8 59.4 
Increase in SP (°C) 5.2 8.5 7.7 5.2 6.0 3.6 5.5 5.6 
Increase in BP (°C) 2 0.5 3.0 0.5 0.0 2.0 0.0 1.0 
Increase of SP-BP (°C) 3.2 8.0 4.7 4.7 6.0 1.6 5.0 4.6 
Increase of  PI 0.24 0.76 0.51 0.27 0.57 0.17 0.33 0.17 
Increase of PVN 0.13 0.58 0.18 0.20 0.10 0.04 0.10 0.01 
Ageing index @135°C 1.50 2.10 1.24 1.42 1.24 1.22 1.49 1.48 
Increase of Tc/DSR (°C) 0.9 3.7 5.1 -1.5 -0.4 -2.6 0.1 1.0 
Increase of Tc/BBR (°C) 0.8 3.2 0.3 2.0 2.0 0.8 0.8 2.8 
 
Table 5: Resistance to short-term thermo-oxidative hardening (RTFOT) 
 
Mass losses of samples were mostly close to 0 ± 0.1 °C. Most of samples fulfilled the limit for retained penetration. It 
was proved that changes in softening point were the most reliable indicator of the resistance against short-term 
hardening of the samples. The value of SP for sample No. 15 exceeded 80 °C which requires change of testing bath 
filling. Big change of SP negatively affects values of penetration index; therefore, it is recommended to use the same 
bath for SP determination before and after RTFOT. 
Since the increase of SP is mostly bigger than increase of Fraass BP (having larger experimental error), binders differ in 
change of the range of plasticity. Increase of SP and viscosity (ageing index) is more significant for hard binders. 
Extension of plasticity range and increase in penetration index is also noticeably bigger for hard semi-blown bitumen 
samples. 
As a consequence of hardening, Tc measured by DSR increased for hard binders, while binders of 50/70 and 70/100 
grade showed only slight increase or even decrease of Tc. Critical temperatures measured by BBR increased in most 
cases. Ageing of binders causes shift in the Black’s diagram (Fig. 7) due to increase of G* (hardening) and decrease of  
(raise of elasticity). 
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Figure 7: Black’s diagram for neat binders after RTFOT 

 

Table 6 shows changes in quality of modified binders after RTFOT test. As for non-modified binders, the mass of 
samples did not change significantly. Softening point increased by 6 °C to 7 °C for most samples, except highly SBS-
modified binder, where SP remained at the same level after RTFOT. Oxidative hardening of the sample is probably 
eliminated by thermal decomposition of modifying agent. Aggravation of breaking point was ca. 1 to 1.5 °C bigger than 



for non-modified binders. Modified binders also differed in change of plasticity range – from decrease by 4.3 °C 
(sample No. 27) to increase by 8.9 °C (sample No. 24). Critical temperatures of SBS-modified binders measured by 
DSR decreased due to insignificant hardening of the samples. Critical temperatures measured by BBR increased for all 
samples, the difference was higher for RET-modified binders. Therefore SBS-modified binders would be evaluated as 
low PG summer grades or better winter grades in view of RTFOT.  

 

Sample 23 24 25 26 27 29 33 

Grade PMB 
10-40/65 

PMB 
25-55/55 

PMB 
25-55/60 

PMB 
45-80/60 

PMB 
60-105/75

PMB 
45-80/50 

PMB 
45-80/60 

Producer Pa Pa Pa Pa Pa Imp Imp 
Modifier RET SBS RET RET SBS ? SBS 
Change of mass (%) 0.00 -0.03 0.00 0.03 0.00 -0.04 -0.02 
Retained pen. (%) 82.6 70.9 72.5 63.6 77.2 66.7 67.0 
Increase in SP (°C) 7.0 6.4 8.6 6.0 0.2 6.7 6.7 
Decrease in BP (°C) 2.0 -2.5 1.0 3.5 4.5 4.0 4.5 
Increase of SP-BP  5.0 8.9 7.6 2.5 -4.3 1.9 2.2 
Increase of  PI 0.52 0.49 0.63 0.07 -0.76 0.53 0.15 
Increase of PVN 0.81 0.29 1.10 0.22 -0.26 0.09 -0.11 
Ageing index/135° 2.39 1.65 3.15 1.77 1.06 1.52 1.50 
FD Change (J/cm2) -2.2 +2.8 -1.7 -1.3 -2.5 - - 
Increase Tc/DSR (°C) 6.8 -6.8 1.6 0.5 -13.1 - -4.9 
Increase Tc/BBR (°C) 2.1 3.9 5.7 3.3 0.6 - -0.3 
 
Table 6: Resistance of polymer modified binders to short-term hardening (RTFOT) 
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Figure 8: Black’s diagram for polymer modified binders after RTFOT 

 
 

3.6 Resistance to long-term ageing 
 
PAV procedure according to EN 14769 was used subsequently after RTFOT. Following Table 7 presents overview of 
changes in basic characteristics of non-modified binders 50/70 and 70/100 after both RTFOT and PAV ageing tests. 
Increase in softening point is supposed to be the most significant indicator of long-term ageing of bituminous binders 
used for pavement construction. The lowest value was found for sample 20; concerning this parameter, binders 
produced by Czech manufacturers were better than imported ones. However, the critical temperature determined by 
BBR procedure increased  by 3 °C to 4.3 °C for all of the samples. 
 



Sample 3 18 19 20 28 30 
Grade 50/70 50/70 70/100 50/70 50/70 
Producer CeR Pa Pa Pa Imp Imp 
Change of mass (%) -0.34 -0.3 -0.33 -0.28 -0.3 -0.32 
Retained pen. (%) 38.4 40.3 39 34.8 38.2 35.9 
Increase in SP  (°C) 15.1 13.9 12.8 10.6 18 15 
Increase in BP (°C) 10 1.5 1 7.5 3 4 
Increase of SP-BP  5.1 11.9 13.8 4.1 4.8 0.8 
Increase of  PI 1.14 0.6 0.41 0.34 1.24 0.95 
Increase of PVN -0.58 0.57 0.3 0.07 0.58 0.31 
Ageing index/135° 3.11 3.04 2.45 2.27 3.29 2.79 
Increase of Tc/BBR  (°C) 4.1 4.3 3.2 3.8    3.9 
 
Table 7: Resistance of neat binders to long-term ageing (RTFOT+PAV) 
 
Table 8 contains data for modified binders. The results for some binders showed high increase in softening point or high 
ageing index.  
 
 
Sample 23 24 25 26 27 29 31 

PMB PMB PMB PMB PMB PMB PMB 
Grade 10-40/65 25-55/55 25-55/60 45-80/60 60-105/75 45-80/50 45-80/50 
Producer Pa Pa Pa Pa Pa Imp Imp 
Modifier RET SBS RET RET SBS ? ? 
Change of mass (%) -0.36 -0.31 -0.34 -0.29 -0.28 -0.32 -0.28 
Retained pen. (%) 43.5 41.8 35 37.9 46.8 38.2 38.6 
Increase in SP (°C) 24.5 18.3 24.6 9.6 -12.5 18 13 
Decrease in BP (°C) 7 3.5 5.5 4 5 14 5 
Increase of SP-BP  17.5 14.8 18.9 5.6 17.5 30.8 8.1 
Increase of  PI 1.22 1.36 1.32 0.64 3.85 1.32 0.53 
Increase of PVN 2 0.7 0.3 0.08 0.49 0.27 0.06 
Ageing index 135° 17.93 3.62 4.3 2.57 1.37 2.87 2.36 
Increase of Tc/BBR (°C) 6.8 8.1 10.2 5.5 1.7     
 
Table 8: Resistance of modified binders to long-term ageing (RTFOT+PAV) 

 

3.7 Correlation between empirical and performance based parameters 

Correlation equations used in this chapter are based on the work of Hagner [9]. Following parameters were obtained 
upon DSR measurements at temperatures 10, 25, 40, 60, and 80 °C:  

- storage modulus G´ and loss modulus G´´, 
- G*/sin  according to SHRP, 
- log (G*/sin  at 25 and 60 °C as a resistance to rutting. 

 
Relations between complex modulus and penetration, as well as G*/sin  and softening point (both at 25 °C) were 
calculated from the data measured for tested binders. 

Correlation between critical temperatures according to BBR and breaking point was found as follows: 

Tc = -19.33 + 0.28 BP 

Further correlation between G*/sin  and breaking point was calculated by Hagner:  

at T = 20 °C:    G*/sin = 7.816 + 0.095 BP 

 

In this work, very close values of correlation parameters was found using similar procedure: 

at T = 10 °C    G*/sin = 8,433 + 0,056 BP 
at T = 25 °C    G*/sin = 7,664 + 0,066 BP 

Complex modulus, phase angle, and S, m at -16 °C could be correlated using following equation: 



at T = 10 °C    G* = -5898210 + 246676 S-16 

= 13.73 + 87.79m-16 

at T = 25 °C    G* = -4776270 +   81062 S-16 
        =  10.14 + 53.84 m-16 

Correlation between G* and penetration at 25 °C was closer, when calculated using logarithmic scale: 

at T = 25 °C     log G* = 8.8 – 1.28 log Pen 

Correspondingly, correlation between G*/sin  at 60 °C and softening point was obtained as follows: 

p i T = 60 °C    log (G*/sin = 0.806 + 0.052 SP 

 
4. CONCLUSIONS 
 
Extensive database was created for qualitative parameters of different bitumen binders used in Czech Republic. It 
allows not only comparison between products manufactured by using different technologies from different raw 
materials, but also correlation between results of empirical and newly introduced performance related parameters.  
The entire project helped obtaining experience with using new methods, whose results are supposed to improve quality 
of road bitumens manufactured and used in Europe. 
This paper represents only small part of results which was used to demonstrate differences among different materials 
and correlation between measured parameters. In the future research, emphasis will be given to the structural changes in 
bitumen binders during loading at various frequencies and temperatures.    
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ABSTRACT 
 
Neither conventional Softening Point Ring & Ball nor the temperature derived from G*/sin  do reflect reliable enough 
the contribution of PMBs with higher polymer content to rut resistance in practice. Studies are underway worldwide to 
find suitable alternative binder test methods applicable for the whole spectrum of bituminous binders embracing 
unmodified as well as polymer modified paving bitumens.  
In earlier studies Zero Shear Viscosity (ZSV) has proved very good correlations in rut resistance tests. In the European 
standardization work two test methods addressed to ZSV have been drafted recently. One of them is based on low 
frequency oscillation using a Dynamic Shear Rheometer (DSR), approximating ZSV by application of very low shear 
rates resulting in “Low Shear Viscosity” (LSV). It is the subject of this paper: 
In the first step of the test, a temperature sweep is carrying out at low shear rate to determine the equiviscous 
temperature related to a performance based minimum viscosity value of the binder which can be postulated to be 
necessary to prevent rutting. The second step is a frequency sweep using the same sample. The shear rate can be 
approximated closer to zero. This equiviscous temperature close to ZSV is proposed as a performance related new 
“Softening Point LSV”. 
The link of the new test method to performance of asphalt pavements regarding rut resistance is as follows: 
 The test result is related to the dashpot element of rheological models used for structural design of asphalt 

pavements. To prevent rutting, a minimum binder viscosity is necessary (according to experience in practice, in this 
paper a minimum requirement of 2 kPa·s is supposed for heavy traffic). 
 The test result is the equiviscous temperature related to the recommended minimum binder viscosity (2 kPa·s), 

providing rational information on the maximum in-service-temperature, depending on tests on unaged or aged binder 
samples. 
 Low shear rates simulate very low vehicle speed which is a critical condition regarding rutting. 
 Low shear rates (close to zero) generally provide better defined viscosity values for Non-Newtonian binder types like 

PMBs. 
In comparison to conventional SP Ring&Ball the new test method runs at well defined shear rate. In contrast to this, the 
shear rate during the R&B test varies  with increasing temperature from very low to very high values, presumedly 
depending on the rheological type of the binder sample. 
For routine tests with the potential to reduce the sweep intervals, the new test method “Softening Point LSV” is 
competitive to methods Ring&Ball and G*/sin  with respect to time consumption and cost aspects. 
 
Keywords: Performance testing, Permanent deformation, Zero shear viscosity, Complex modulus, CEN 
 
1. INTRODUCTION 
 
Two different types of bituminous binders are shown in Figures 1 to 3. While the viscosity of the unmodified binder is 
nearly constant over the increasing shear rate, the viscosity of the polymer modified one (PMB) is increasing with 
decreasing shear rate approaching zero. For this type of binder well defined viscosity values are the viscosity 
approaching shear rate zero (Zero Shear Viscosity 0, ZSV) on the left hand edge of the graph, and “limiting viscosity” 

 for very high shear rates on the right side (Figure 2). The values to be measured between 0 and  are varying and 
indicated by “apparent viscosity”.  
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Figure 1: In the region of very low   shear 
rates, PMB´s generally reveal higher viscosity 
in comparison to comparable grades of 
unmodified bitumen  
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It is known that very slow speed or standstill of heavy traffic on asphalt pavements at high in-service temperatures are 
critical conditions regarding rut resistance. ZSV corresponds with very slow shear strain and has proved a good 
correlation with the contribution of the binder to rut resistance of asphalt [1] [2] [3]. 
From test results[3] a requirement of a minimum viscosity of 2 kPa·s was derived for viscosity tests at very low shear 
rates near zero to ensure a sufficient contribution of the binder to rut resistance of the asphalt pavement under heavy 
duty traffic at high in-service temperatures. Heukelom [4] proposed 1969 a viscosity of 0,6 kPa·s at 60 °C for high 
traffic loading (but not related to comparable low shear rates). This approach was based on unmodified binders only as 
PMBs appeared later in the market. For further comparison: The Softening Point Ring&Ball-temperature corresponds to 
a viscosity of about 1 kPa·s, at shear rates varying with the increasing temperature from very low to very high values. 

During ARBIT-test programme 1998/99 involving 36 unmodified and modified paving bitumens of the German market 
[3] a first approach of a test method was drafted for low shear with extrapolation to zero viscosity using DSR in 
oscillation mode. Revealing the best correlation to rutting tests on asphalt mixes in comparison to SP R&B and G*/sin ,  
the LSV test was proposed to be included in the standardization work of CEN TC 336, WG 1 (Bituninous binders). In 
its Task Group “High Temperature Properties” the test method has been improved, and a Round Robin Test on 
unmodified and polymer modified binders involving 15 European laboratories yielded reasonable precision data. The 
work on the related document prCEN TS 15324 [5] is not yet completely finished [6]. The reason of this paper is to 
discuss the fundamentals of the proposed test method at the current advanced stage of development. 

 
 
 
2. NEW TEST METHOD “SOFTENING POINT LSV” IN BRIEF  
 
2.1 Test part 1: Temperature sweep 
 
The DSR should be calibrated and able to run in strain controlled oscillatory mode. Prepare a binder sample using 
parallel plates with a diameter of 25 mm and a gap of 1mm. Carry out a temperature sweep, running from lower 
temperature to higher temperature in steps of 1°C, monitoring two full cycles at every temperature and recording G* 
(i.e. the ratio of sinusoidal amplitude of stress  and sinusoidal amplitude of strain ) and phase angle . This 
temperature sweep should cover the viscosity range of about 3 kPa s to 1 kPa s. Carry out this temperature sweep at a 
frequency of  0,01 Hz and a strain amplitude of   = 0,1. This corresponds to a shear rate of   = 0,0063 s-1. The test 
shall be carried out in the linear viscoelastic region. For bituminous binders usually a strain amplitude of   = 0,1 is 
within the linear elastic region. For bituminous binders with higher polymer concentration the region of the linear 
vicoelastic behavior can be below   = 0,1 and should be experimentally determined by an amplitude sweep at a 
temperature corresponding to the target viscosity (LSV 1) of 2 kPa s.  
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Figure 2:  
So-called pseudoplastic or shear thinning 
substances like PMB show varying viscosity 
values. Zero shear viscosity at very low shear 
rate and limiting viscosity at very high shear 
rate are suitable values to determine material 
properties.

Figure 3:  
Linear approach by a plot of viscosity versus log 
shear rate in the region of very low shear rates. 
After finding out the equiviscous temperature for 
the performance related viscosity 2 kPa·s by a 
temperature sweep in the first step (s. Figure 4), 
a closer approximation to zero shear viscosity 
can be gained by a frequency sweep in a second 
step (s. Figure 5).  
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Record the values of G* (or alternatively peak shear stress *  and peak shear strain *) for every temperature increment 
(steps of 1°C). Record additionally the values of phase angle .    
Calculate viscosity  according to Equation (1) for every cycle. 
 

 
*

*
G           (1) 

where  
G*= * / *,   with peak shear stress *  and peak shear strain * in harmonic sinusoidal  oscillation 

:   viscosity (calculated from complex modulus, measured at low shear rate) in (Pa s); 
* :  norm of complex viscosity, ratio of peak shear stress to peak shear rate in harmonic sinusoidal  

oscillation, in (Pa s); 
)(28318,6)/( Hzfsrad    where f :  frequency of sinusoidal oscillation, in (Hz).  

 
Calculate the mean value of  of both cycles. Plot the mean values in a plot log  versus temperature (Figure 4). 
Determine parameters a and b of Equation (2) by linear regression. 
 

bTa )C(log          (2) 
where 

a  and  b   are positive constant parameters. 

Calculate the equiviscous temperature EVT 1 by Equation (3). EVT 1 is related to LSV 1 = = 2 kPa·s. In this test 
method LSV 1 is the minimum viscosity of the binder to prevent rutting in asphalt at high in-service temperatures.  
LSV 1 is related to a frequency of 0,01 Hz and a shear strain of 0,1, corresponding to a shear rate of 0,0063 s-1. 
 

a

blog
1EVT    

      (3) 

 
2.2 Test Part 2: Frequency sweep 
 
 
 
 
 
 
 
 
 
 
 
 
 

log(LSV) = -0.0549*T + 6.9748
R2 = 0.9998

100.0

1000.0

10000.0

100000.0

50 55 60 65 70 75 80
Temperature, °CTemperature T (°C)

=     2,0 kPa·s
requirement for rut 
resistance 

100

10

1

0,1

lo
g 

vi
sc

os
ity

 
(k

Pa
s)

log = - a · T (°C) + b 
Figure 4: Example for a first approximation 
of the equiviscous temperature for the 
performance related viscosity 2 kPa·s by a 
temperature sweep, in a plot log viscosity 
versus temperature. The result is equiviscous 
temperature EVT 1. 
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1Figure 5: The frequency sweep at equiviscous 
temperature EVT1 with extrapolation to a 
frequency of  0,0001 Hz  leads to a closer 
approach to Zero Shear Viscosity with the 
increase of viscosity .  
The plot of viscosity versus log frequency is 
suitable for linear regression. 
 



 4

 
The frequency sweep has to be carried out immediately (without rest period, to avoid steric hardening) after the 
temperature sweep using the same sample at the same strain amplitude   0,1 to be in the linear viscoelastic region. Set 
the test temperature controller of the DSR to the equiviscous temperature EVT1, resulting from the temperature sweep 
(or for simplification: to that temperature at which in the temperature sweep was found a viscosity most close to the 
target viscosity 2 kPa·s). Carry out the frequency sweep running from the higher to the lower 
frequency. A typical frequency sequence is 1 Hz- 0,3 Hz - 0,1 Hz - 0,03 Hz - 0,01 Hz - 0,003 Hz. Calculate  
according to Equation (1) for each frequency step.  Plot the results as  versus the logarithm of the frequency (Figure 5). 
Determine parameters c and d of Equation (4) by linear regression. 
 

 = - c · log(f) + d         (4) 
where 

c  and  d   are positive constant parameters. 

Calculate the viscosity 
F2 for a frequency of 0,0001 Hz. (At the shear strain  = 0,1, the shear rate corresponds to   

 = 0,000063 s-1, a shear rate very close to zero. Using also Equation (4), calculate 
F1  for the frequency of 0,01 Hz 

(at which the temperature sweep was carried out). Calculate  T  by: 

aaa
T F

F

FF 2

1

21

logloglog)(log       (5) 

where 
F1  is the viscosity calculated by Equation (4) for the frequency of 0,01 Hz   

F2  is the viscosity calculated by Equation (4) for the frequency of 0,0001 Hz  
 

Finally, calculate EVT 2, the performance related new “Softening Point LSV” by equation (6) 

EVT 2 = EVT 1 +  T         (6) 
where 
 EVT 1 is the equiviscous temperature according to Equation (3), the result of test part 1. 
  
3. PRELIMINARY RESULTS 
 
Results of rut tests with a SMA standard mixture involving 11 different unmodified and polymer modified bituminous 
binders are shown in Figure 6. In this earlier test programme [3] the viscosity at 60 °C was measured with DSR in 
oscillation mode at low shear rates and extrapolated to zero. The good correlation of Zero Shear Viscosity with rut 
depth in asphalt was encouraging to refine the method. For this test programme  the mode of extrapolation to ZSV was 
a preliminary one and has been improved during the later standardization process, with the result reported in this paper. 
 

Zero Shear Viscosity at 60°C after short term 
ageing (RFT) versus Rut depth (HWT) in SMA at 
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Figure 6:  
Rut depth in Stone Mastic Asphalt (SMA) in 
Hamburg Wheel Tracking test versus three 
different binder properties [3]:  
a) Softening Point Ring&Ball 
b) Temperature at G*/sin  = 2,2 kPa 
c)  Zero Shear Viscosity at 60 °C, measured 
with DSR in oscillation mode at low shear  
rates and extrapolated to zero. 

a) 

b) 

c) 
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During the standardization work two Round Robin Tests were carried out on 2 unmodified and 3 polymer modified 
binders involving 15 European laboratories. Two repeated tests were carried out for each binder and by each laboratory. 
The results are shown in Tables 1 and 2.   
 

Binder Bitumen A 
(unmodified) 

Bitumen B 
(unmodified)

PMB 1 PMB 2 PMB 3 

EVT1 General mean (°C) 44,7 69,3 60,8 67,5 60,6 

Repeatability 
standard deviation (°C) 0,7 0,7 0,7 1,0 0,6 

Repeatability limit (°C) 1,9 2,0 2,0 2,8 1,6 

Reproducibility  
standard deviation(°C) 0,7 1,0 1,5 1,6 1,9 

Reproducibility limit (°C) 2,0 2,8 4,3 4,6 5,3 
 

Table 1:  Repeatability and reproducibility data of EVT 1 (EVT 1 is the result of the temperature sweep: 
Equiviscous temperature at 2,0 kPa·s at a shear rate of  0,0063 s-1 as the first approach) 
 
 

Binder Bitumen A 
(unmodified) 

Bitumen B 
(unmodified) 

PMB 1 PMB 2 PMB 3 

EVT2 General mean (°C) 45,4 70,9 63,1 71,6 66,7 

Repeatability 
standard deviation (°C) 0,6 0,8 0,7 0,7 0,7 

Repeatability limit (°C) 1,7 2,2 1,9 2,0 2,1 

Reproducibility  
standard deviation(°C) 1,0 1,8 2,2 2,5 2,3 

Reproducibility limit (°C) 2,9 5,1 6,0 7,0 6,3 
 

Table 2:  Repeatability and reproducibility data of EVT 2  (EVT 2 is the result of the frequency sweep: 
Equiviscous temperature at 2,0 kPa·s  caused by increased viscosity at very low shear rate of 0,000063 s-1  ).  
EVT 2 can be called “Softening Point LSV”. 
 
Up to now the precision data of the new test method show bigger spans in comparison to Softening Point R&B with its 
repeatability limit of 1 to 1,5 °C and reproducibility limit of 2 to 5,5 °C according to EN 1427. Knowing that in many 
cases the new test method was unknown for the laboratory people, it can be expected that there is some potential to find 
out sources for scattering and deviation and to improve the precision of the new test method “SP LSV”.  
Looking on Table 3:  

T is the difference between EVT 1 and EVT 2. The increase in equiviscous temperature T (°C) is a promising value 
to provide an additional fingerprint of the type of the binder, unmodified, polymer modified, or modified with higher 
polymer concentration. T was found here between 0,7 °C for an unmodified binder and 6,1 °C for PMB 3.  
 

Binder Bitumen A 
(unmodified) 

Bitumen B 
(unmodified) 

PMB 1 PMB 2 PMB 3 

EVT 1 (°C) 
@   0,01 s-1 

44,7 69,3 60,8 67,5 60,6 

EVT 2 (°C) 
@   0,0001 s-1 

45,4 70,9 63,1 71,6 66,7 

T (°C) 0,7 1,6 2,9 4,1 6,1 

 
Table 3: The increase in equiviscous temperature T (°C) revealed by closer approach to shear rate zero with 
frequency sweep. According to Figure 1, the increase is higher for PMB´s in comparison to the unmodified 
bitumen samples. Thus T can be seen as fingerprint of the binder type. 
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Table 4: Temperature sweep  
@ f = 0,01 Hz        = 0,1      = 0,00628 s-1 

The nearest viscosity value to 2,0 kPa·s was found at 
67 °C. This temperature is chosen for the frequency 
sweep.

Especially in the region of very low shear rates the phase angle  proved to be another interesting value providing more 
information on the rheological behavior of the binder. Test results with the test method described in this paper (applying 
shear rates in the magnitude of 0,01 to 0,0001) revealed differences between unmodified and polymer modified binders, 
which are more significant in comparison to generally applied tests with DSR at shear rates in the magnitude of 1. 
While  was found very close to 90° for unmodified binders at equiviscous temperatures corresponding to 2 kPa·s, for 
polymer modified binders  was measured with values around 70°. In well known rheological terms,  = 90 ° is the 
indicator for pure viscous behavior This means for a PMB sample a clear difference of 20° (to the limit value of 90°) in 
comparison to an unmodified binder of only 2° or 3°. As to be seen in frequency sweeps with higher shear rates the 
difference between unmodified and polymer modified binders is decreasing.  
 
4. TEST EXAMPLE 
 
To facilitate the application of the new test method in the laboratory practice, the determination of “SP LSV” including 

T and phase angle  is explained in the following, exemplarily using a PMB sample: 
 
Sample: Binder grade “aaa”  
Rheometer type: “bbb”  
Test setup: 25 mm parallel plates, gap: 1mm  
 
Test part 1: Temperature sweep, Determination of EVT 1 (for  = 2,0 kPa·s) 
Test conditions:  
Frequency f = 0,01 Hz  (  = 0,0628 rad / s) 
shear strain  = 0,1 
shear rate  = 0,0063 s-1    
The temperature sweep is performed from 60 to 75 °C to meet the target viscosity of 2,0 kPa·s approximately in the mid 
of the span. Values of complex modulus G* and phase angle  have to be recorded for two full oscillation cycles at 
every temperature increment. Table 4 contains the mean values G* and  of the two cycles. (The  values are recorded 
to get additional information on the rheological behavior of the binder sample, not necessary for further calculation). 

For every temperature increment the viscosity  is calculated 
according to Equation (1). This example embraces a span in 
viscosity of 5125 to 749 Pa·s. Like Figure 4, the values of 
viscosity  are plotted in a graph log  versus temperature T. 
By Equation (2) parameters a and b are determined by linear 
regression.  
With a = 0,0556 and b = 7,0397 the equation is 
 

  0397,7)C(0556,0log T   

EVT 1 is determined by Equation (3) with   
 

C2,67
0556,0

0397,7)102log(1EVT
3

 

 

The result of the temperature sweep is: The Temperature EVT 1= 67,2 °C is the temperature at which with increasing 
temperature the ”stiffness” of the binder meets the minimum requirement of the performance related viscosity  

 = 2,0 kPa·s at low shear rate in the first approach (at shear rate of  = 0,0063 s-1).  
Depending on its rheological type (e.g. unmodified or polymer modified) binders reveal in different extent an additional 
reserve in viscosity at high in-service temperatures at shear rates which are significant lower than used in the 
temperature sweep. To determine this reserve in viscosity, a frequency sweep at a temperature near EVT 1 has proved 
to be a practicable way in the laboratory practice. The frequency sweep enables a further approximation to shear rates 
very close to zero by extrapolation. 
 
Test part 2: Frequency sweep, Determination of T and EVT 2  
 
Test conditions:  
Temperature 67 °C (close to EVT 1 = 67,2 °C) 
shear strain  = 0,1 

Temperature 
°C 

  G* 
Pa 

 
° 

 
Pa·s 

 60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 

322,0 
281,0 
246,9 
216,6 
189,2 
166,6 
146,0 
127,9 
112,3 
98,7 
86,8 
77,0 
68,0 
59,8 
54,3 
47,1 

69,1 
69,4 
70,5 
70,1 
70,4 
71,1 
71,0 
71,2 
71,9 
72,1 
72,1 
72,6 
72,6 
72,9 
73,3 
73,3 

5125 
4473 
3930 
3447 
3012 
2651 
2324 
2036 
1787 
1571 
1381 
1226 
1083 
952 
864 
750 
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Table 5:     Frequency sweep @  67 °C    = 0,1 

The frequency sweep is performed from 1,596 Hz down to 0,008 Hz. Values of complex modulus G* and phase angle  
have to be recorded for two full oscillation cycles at every frequency increment. Table 5 contains the mean values G* 
and  of the two cycles. For every frequency increment the viscosity  is calculated according to Equation (1). The 

values are plotted according to Figure 5. By 
Equation (4) parameters c and d are determined by 
linear regression.  
 

With c = 449,69 and d = 1227,32 the equation is 
 

32,1227)log(69,449)log( fdfc  
 

Using this equation, F1  and F2  are calculated 

F1  (at 0,01 Hz)      = 2126,7 Pa·s 

                      F2  (at 0,0001 Hz) = 3026,1 Pa·s 
The result is: Due to further reduced shear rate (closer approached to zero), the binder sample revealed an increase in 
viscosity from 2128 Pa·s (at 0,01 Hz, with  = 0,1 corresponding to a shear rate = 0,0068 s-1) to 3026 Pa·s (at 
0,0001 Hz, with  = 0,1 corresponding to a shear rate = 0,000068 s-1) related to the preliminary equiviscous 
temperature EVT 1 = 67,2 °C. The higher viscosity value of 3,026 kPa·s is equivalent to an increase in 
equiviscous temperature T related to the performance requirement of 2,0 k Pa·s. According to Equation (5) T is 
calculated with 

       CT 8,2
0556,0
3026
2127log

   
 

For this example is T = 2,8 °C.  The transformation of  into T is demonstrated in Figure 7. Finally, EVT 2 is 
calculated according to Equation (6) 
 

EVT 2 = EVT 1 +  T = 67,2 + 2,8 = 70.0 °C 
 

 
The result of the test:  
In this example a binder grade was tested to get information on its properties regarding contribution to rut resistance of 
asphalt at high in-service temperature. For this reason the viscosity of the binder was measured at low shear rates close 
to zero. The  temperature at which the binder meets a performance related minimum requirement of a binder viscosity 
of 2,0 kPa·s is EVT 2 = 70,0 °C. (EVT 2 is an equiviscous temperature and can be called simply “Softening Point 
LSV”). With a sufficient data base, this temperature point promises the capacity to give improved information to the 
upper limit of the temperature interval for the application of the binder under practice conditions in connection with the 
volume of heavy traffic.  
With the values T and  the test gives additional information: From temperature difference T = 2,8 °C and phase 
angle  = 71° (  is related to EVT 1  67 °C, s. Table 4) can be drawn the conclusion that the binder sample is a PMB. 
For comparison: For unmodified binders T values have been found around 1 °C and  with angle values close below 
90° (e.g. 88°). From a small phase angle like 70° can be concluded to a resistant elastic component of the binder 
remaining also at high in-service temperature combined with long loading time, simulated in the test by very low 
oscillation frequency.  

Frequency 
   f (Hz)             (rad / s)   

G* 
(Pa) 

 
(°) 

 
(Pa·s) 

1,591 
0,424 
0,113 
0,030 
0,008 

10,0 
2,66 
0,71 
0,19 
0,05 

12002,0 
3649,1 
1125,2 
351,5 
112,2 

68,2 
69,0 
70,0 
70,3 
70,2 

1200,2 
1369,8 
1584,8 
1869,7 
2244,6 

log(LSV) = -0.0549*T + 6.9748
R2 = 0.9998
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Figure 7: 
Increase of viscosity , revealed by a 
closer approach to Zero Shear 
Viscosity.  corresponds to an 
increase in equiviscous temperature 

T related to a target viscosity of  2,0 
kPa·s.  
EVT 2 is the result of the new test 
method described in this paper and 
can be called simply “Softening Point 
LSV”.  T is an additional fingerprint 
of the binder: T is bigger for PMB´s 
than for unmodified binders. 
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Although the phase angle  is not necessary for calculation of the complex viscosity in this test method, it is 
recommended to record the phase angle as an additional very informative term. 
 
5. CONCLUSIONS, LINK TO PERFORMANCE OF ASPHALT PAVEMENT  
 
A new performance related test method, called “Softening Point LSV”, is proposed to evaluate the contribution of the 
bituminous binder to rut resistance of asphalt pavement, applicable for unmodified up to higher polymer modified 
binders. The new test method is based on Zero Shear Viscosity as a fundamental and well-defined material property of 
Non-Newtonian substances in connection with a requirement of a minimum value of binder viscosity to prevent rutting 
at high in-service temperatures of the pavement. Former test series have shown good correlations of Zero Shear 
Viscosity of the binder to rut resistance of asphalt mix. Because the maximum in-service temperatures vary depending 
on the climate conditions, test methods running at a fixed temperature, e.g. 60 °C, seem to be questionable. A better 
alternative is to require a performance-related minimum viscosity of the binder and to find out the maximum 
temperature up to which the binder is able to withstand the pressure of heavy wheels. The new test method “Softening 
Point LSV” corresponds to this philosophy. After good experience in a former test programme in Germany involving 36 
unmodified and polymer modified bituminous binders, the test method was proposed to be included in the 
standardization work of CEN TC 336, WG 1 (Bituminous binders). In its Task Group “High Temperature Properties” 
the test method has been improved, and a Round Robin Test on unmodified and polymer modified binders involving 15 
European laboratories yielded reasonable precision data. Additional to the performance related temperature value  
“Softening Point LSV”, two supplementary values are available to provide fingerprints of the binder, i.e. the increase in 
equiviscous temperature  T (with significant higher values for PMB´s) and the phase angle  at very low shear rates 
close to zero and elevated temperatures corresponding to high in-service temperatures (with significant bigger distance 
to 90° for PMB´s). 
 
For routine tests with the potential to reduce the sweep intervals, the new test method “Softening Point LSV” is 
competitive to methods Ring&Ball and G*/sin  with respect to time consumption and cost aspects. 
 
The link of the new test to performance of asphalt pavements regarding rut resistance is as follows: 
 The test result is related to the dashpot element of rheological models used for structural design of asphalt pavements. 

To prevent rutting, a minimum binder viscosity is necessary (according to experience in practice, a minimum 
requirement of 2 kPa·s is supposed for heavy traffic). 
 The test result is the equiviscous temperature related to the recommended minimum binder viscosity (2 kPa·s) at low 

shear rates, providing rational information on the maximum in-service temperature, depending on tests on unaged or 
aged binder samples. 
 Low shear rates simulate very low vehicle speed which is a critical condition regarding rutting. 
 Low shear rates (close to zero) generally provide better defined viscosity values for Non-Newtonian binder types like 

PMBs. Test methods running at “normal” shear rates generally meet the domain of “apparent viscosity” in its span of 
varying values (Figure 2). 
In comparison to conventional Softening Point Ring&Ball, the new test method “Softening Point LSV” runs at well 
defined shear rate. In contrast to this, the shear rate during the R&B test varies with increasing temperature from very 
low up to very high values, presumedly varying, depending on the rheological type of the binder sample. 
 
6. LIST OF ACRONYMS AND ABBREVIATIONS 
 
ZSV  Zero shear viscosity, i.e. the limiting value of viscosity at low shear rate  
LSV  Low Shear viscosity, i.e. viscosity at low shear rate 
LSV 1  Minimum viscosity of the binder to prevent rutting in asphalt at high in-service temperatures. In the test 

method described in this paper LSV 1 = 2,0 kPa·s is supposed, related to a frequency of 0,01 Hz and a 
shear strain of 0,1, corresponding to a shear rate of 0,0063 s-1 

LSV 2  Low shear viscosity, which is the result of test part 2, frequency sweep,  at a frequency of 0,0001 Hz and a 
shear strain of 0,1, corresponding to a shear rate of 0,000063 s-1 

EVT  Equiviscous temperature  
EVT 1  Equiviscous temperature (in this paper the temperature at which the viscosity of a bituminous binder 

sample is 2 kPa·s as the result of test part 1, temperature sweep) 
EVT 2  Equiviscous temperature (in this paper the increased temperature at which the viscosity of a bituminous 

binder sample is 2 kPa·s as the result of test part 2, frequency sweep) 
HWT  “Hamburg wheel tracking test”, according to German specification TPA-StB 1997, FGSV 756/2 (steel 

wheel, asphalt sample immersed in water) 
SP R&B  Softening point “Ring and Ball” (EN 1427) 



 9

SP LSV  “Softening point Low shear viscosity”, new test method described in this paper (according to prCEN/TS 
15324 and [6]) 

DSR  Dynamic shear rheometer 
SMA  Stone mastic asphalt 
PMB  Polymer modified bitumen 
CEN  European Committee for Standardization 
EN  European Standard 
TS  Technical Specification 
TC  Technical Committee 
WG  Working Group 
TG  Task Group 
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ABSTRACT 
 
Finding relevant performance criteria on bituminous binders is one of the targets of the CEN /TC336. 
 
If these criteria can help to predict the mechanical and rheological behaviour of the mixes, other criteria are relevant 
in order to answer to on-site set of issues and situation assessments such as:  

 Ability of the binder to emit fumes under some given conditions? Qualitative and quantitative analysis of the 
fumes ? 

 Pollutant presence determination in a binder or a mix 
 Understanding aging mecanisms and preventing bitumens and polymer modified bitumens from aging and 

degradation effects. 
 
In order to answer to these kinds of questions we have developed some new laboratory methods based on 
chromatographic and thermal analysis. 
Concerning gas chromatography, two test methods have been perfected : 

 Measurement of the emitted volatile fractions , caused by pollution or due to a special recomposition of the 
bituminous binder (this method is also called “simulated distillation”) 

 Qualitative and quantitative VOC measurement (this method is also called “ head space chromatography”) 
 
The thermogravimetric analysis is a quick and easy method . The information is directly correlated to the degradation 
mechanism of the binders when submitted to high temperature : only evaporation occurs under inert gas experimental 
condition , both evaporation and oxydation occur under air . 
 
Some application exemples are described; they exhibit that the fine analysis of bituminous binders using theses 
innovating techniques turned out to be helpful to understand better the chemical composition and solve complex 
problems.  
 
Key words:  Chemical properties, equipment, analysis, emissions  
 
 
1.INTRODUCTION 
 
The road bitumens meet the requirements of the NFEN 12591 standard thus guaranteeing consistency (penetration, 
softening point) and resistance to ageing upon mixing (RTFOT) for the user. These characteristics alone are not 
sufficient to ensure performance. The identification of the performance criteria of bituminous binders in relation to the 
performance of asphalts formulated using the same binders, is currently the subject of a study carried out by the 
CEN/TC336 [1] Working Group. These criteria are based on rheological measurements. 
 
Although these criteria make it possible to predict the mechanical and rheological behaviour of the material, they 
nevertheless depend greatly on the chemical composition of the bitumen. This varies over time. It depends on the nature 
of the raw elements used and on the distillation process. It is known that bitumen properties are strongly influenced by 
the intermolecular forces governing bitumen molecule self-association and in particular that of asphaltene polar 
molecules [2] :  

- If strong association, an organised and therefore more rigid network is formed inducing a certain fragility  
- If weak association, the asphaltenes are solvated by the aromatic oils; the network is little structured and is 

deformed more easily when under constraint 
 
The appropriateness of bitumens for polymer-modified binder formulation or emulsion formulation not only relies on 
known macroscopic criteria but also calls upon finer knowledge of the binder's composition, including heteroatom and 
trace metal content. 
 
Finally, it would appear that specific tools are necessary to respond to concerns relating to on-site situations such as: 

 qualitative and quantitative analysis of emissions during observation of "bitumen fumes" and understanding 
their origin  

 Evaluation of the presence of pollution in a binder or an asphalt  
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We were therefore brought to develop new analysis methods to be able to respond to these questions.  
 
In terms of chromatography, the following methods were selected: 

- Thin-layer chromatography for composition analysis (4 families) 
- Gas chromatography for analysing the bitumen's volatile fractions which may indicate either pollution, or a 

specific bitumen composition type  
- "Head space" chromatography for measuring VOCs emitted  
- Liquid exclusion chromatography, of the gel permeation type, to comprehend the profile and mass of the larger 

bitumen molecules, the asphaltenes. 
 
Among other techniques, thermogravimetric analysis is a simple and rapid characterisation method which provides 
information directly relating to the mode of deterioration of binders in temperature. Spectroscopic analysis (infra red 
and ICP) provides more detailed information concerning the chemical nature and composition in elements other than 
carbon and hydrogen. 
 
A systematic study of bitumens of different origins and grades, mainly 160/220, 50/70 and 10/20 was carried out using 
several of these techniques. The analysis of the various batches makes it possible to identify variability. 
 
Some examples of applications are given which show that the fine analysis of bituminous binders using these 
techniques provides a response to the more delicate concerns. 
 
2. EXPERIMENTAL 
 
2.1 Materials 
 
In table 1 are listed the bitumens used. 
 

Refinery/origin B160/220 B50/70 B10/20 
A A’ (*) X   
B B’(*) X   

C X X X 
D X X X 
E X   
F X   
G X X  
H X   
I X   
J X   
K  X  
L   X 
M   X 
N   X 

(*) bitumen with acid additive 
Table 1 :Bitumens from several refineries (A to N) , grades 160/220, 50/70, 10/20 
 
If bitumens from the softer categories is obtained from similar distillation processes (direct distillation/vacuum), 
grade10/20 bitumens derive from different processes and produce a very broad PI range (-1 to +1.5). 
Other bitumens from various origins and having posed specific problems are included in this study. 
 
2.1 Methods 
 
2.1.1Thermogravimetric analysis (TGA) 
 
Principle 
Thermogravimetric analysis is an analytical technique used for the precise measurement of mass variation (10-4 mg) of a 
sample, according to temperature, in an inert atmosphere (pyrolysis) or in an oxidising atmosphere (combustion). 
 
Apparatus 
TA instruments Q 500.  
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Methodology 
Temperature programme: Rapid increase up to 170 °C, then speed of 50 °C/min up to 650 °C. Resolution and 
sensitivity coefficients are adjusted to obtain optimal peak separation [3]. 
 
Repeatability 
This was evaluated on 10 samples of the same bitumen analysed in identical conditions. The variation coefficient 
corresponding to peak temperature is approximately 1%, that relating to mass loss percentage is less than 5%. 
Repeatability is slightly improved in an inert atmosphere. 
 
2.1.2 Head space gas chromatography [4 -5] 
 
Principle 
This method is used to characterise bitumens in terms of their propensity to emit volatile compounds. Volatile Organic 
Compounds (VOC) and Polycyclic Aromatic Hydrocarbons (PAH) are those sought after.  
Volatile compounds contained in a closed and heated vial, diffuse into the head space (gaseous phase) until they reach a 
steady state with the sample governed by their partition coefficient  
 
The gaseous phase aliquot taken using a specific syringe is then injected into the column into which the various 
molecules are drawn by the carrier gas where they are separated from one another. On exiting the column, these 
molecules are ionised when they cross the flame ionization detector. The ionization produces a signal which is shown as 
a peak on the resulting chromatogram. The chromatogram shows the intensity of the signal emitted ( V) according to 
the retention time (min). 
The molecules causing the peaks to appear are identified using standard substances. Coupling with a mass spectrometer 
makes it possibly to identify peaks more precisely as several molecules may correspond to the same retention time. 
This technique was also used (6) to quantify the emission of more than 80 VOCs during hot asphalt production. 
 
Equipment 
- Gas chromatograph CP 3800 (Varian) equipped with a flame ionization detector. 
- Capillary column VF 624-ms (60m x 0.32mm; DF 1.8 m, Varian). Its stationary phase is apolar to moderately polar. 
This column is specific to VOCs.  
- Automated flexible Combi-Pal (CTC Analytics) contains a syringe for HeadSpace injections, an incubation/agitation 
oven that can be heated up to 200°C and a sample changer (see photo 1).  
 

 
Photo 1: Gas chromatograph / mass spectrometer coupling 
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Methodology 
The operating parameters implemented for the chromatographic analysis of the various bitumens are shown in detail in 
table 2. 

Parameters Conditions 

Temperature of the HeadSpace syringe 85°C 

Carrier gas Helium 

Gas for the FID Hydrogen + Air 

Temperature of the detector 300°C 

Temperature of the oven 
40°C for 2min       10°C/min up to 260°C 

Maintained at 260°C for 6min  
(total time: 30min) 

Test portion 3 g 

Temperature incubation time 30 minutes (the temperature depends on the bitumen 
category = usual temperature of use) 

Table 2: Gas chromatography operating conditions 
 
Repeatability 
This was evaluated on 10 samples of the same bitumen analysed in identical conditions. The variation coefficient 
corresponding to the peak area is less than 5%  
 
2.1.3 Simulated Distillation Gas Chromatography 
 
Principle 
Simulated distillation is a chromatography technique used to detect and quantify the portion of volatile products in the 
bitumen. The quantity and nature of these products depend on the origin of the raw distillation product, the distillation 
method or on outside organic pollution. 

The basic principle of simulated distillation by gas chromatography is the elution of the chemical compounds making 
up the sample to be analysed in the order of their specific boiling temperatures. It is possible to establish a correlation 
between the retention times of the compounds on the chromatograph column and their boiling points using an n-paraffin 
standard mix (n-C7 to n-C44).  

A known quantity of nC7 is added to each sample. This molecule serves as an internal standard.  

In the case of asphalts, the binder is extracted directly by dissolution in dichloromethane and the phase obtained is 
centrifuged in order to decant the fines deriving from the asphalt. In this way the binder is not subjected to heating 
which may lead to evaporation of any potentially pollution-related light fractions.  

 
Material 

o Gas chromatograph CP 3800 (Varian) equipped with a flame ionization detector. 
o SUPELCO (OV17) Petrocol packed column, 20’’ in length and 1/8’’ in diameter. 
o Helium carrier gas with a flow of 80ml/min. 

 
Methodology 

o Injector programmed from 35°C to 350°C with a temperature increase of 180°C/min 
o Column temperature of –20°C to 350 °C with an increase rate of 20°C/min (3 min plateau at –20°C). 
o Sample concentration 1g/10 ml (dichloromethane solvent). 

 
2.1.4 Thin layer chromatography  
 
Principle 
After separation of the asphaltenes by dissolution of the maltenes in n-heptane, the maltenes are separated using thin 
layer chromatography and proportioned using a flame ionization detector. 
 
 
Material 
Chromatograph IATROSCAN Type New MK5 by BIONIS 
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Methodology 
The saturated oils are eluted using pentane, and the aromatic oils using a toluene/chloroform mix. The resins are not 
eluted. These three compound families are thus separated. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Tables of results  
 
Bitumen* pen TBA PI Iatroscan TGA (1st peak) in air** 
 1/10mm °C  ASP 

% 
RES 
% 

Aromati
c oils % 

Saturated 
oils % 

T°C Mass loss % 

B160/220 A’ 164 41.0 -0.5 11.2 13.9 64.0 10.9 336.3 28.81 
B160/220 A 162 41.0 -0.5 16.9 12.2 63.6 7.2 327.2 30.55 
B160/220 B’ 172 40.0 -0.7 11.0 13.5 68.8 6.6 361.9 31.60 
B160/220 B 168 39.2 -1.1 11.3 13.0 68.9 6.6 353.1 29.52 
B160/220 C 186 38.2 -1.2 12.7 18.1 60.9 8.3 290.1 38.93 
B160/220 D 181 38.8 -1.0 10.8 10.7 72.1 6.5 368.1 27.87 
B160/220 E 170 40.2 -0.7 10.2 11.8 67.1 10.9 365.1 26.70 
B160/220 F 166 40.6 -0.6 7.4 13.3 67.5 11.8 358.7 28.22 
B160/220 G 169 38.8 -1.3 10.8 11.5 71.0 6.7 356.9 29.45 
B160/220 H 162 41.6 -0.3 12.1 11.5 71.0 6.7 356.9 29.45 
B160/220 I 147 39.4 -1.6 3.6 13.8 79.2 3.4 347.2 33.12 
B160/220 J 200 39.4 -0.3 11.8 11.5 66.0 10.7 331.3 28.31 
B50/70 K 51 50.6 -1.0 13.1 14.0 69.3 3.6 361.9 24.34 
B50/70 B 55 49.4 -1.1 19.4 10.0 65.1 5.5 342.5 25.44 
B50/70 D 56 48.4 -1.1 13.1 11.3 70.3 5.2 366.6 24.53 
B50/70 G 59 49.0 -1.1 16.0 10.1 68.2 5.8 357.2 25.95 
B50/70 C 61 48.2 -1.2 14.7 14.9 63.9 6.5 316.3 30.68 
B10/20 B 12 67.4 -0.5 23.5 13.2 60.4 2.8 360.6 20.76 
B10/20 C 19 61.2 -0.8 17.8 16.5 61.8 3.9 338.7 23.10 
B10/20 D 17 64.0 -0.5 21.2 12.7 63.6 2.5 359.6 19.53 
B10/20 N 17 76.6 +1.4 28.7 8.1 54.3 8.9 352.0 21.21 
B10 /20 L 17 71.0 +0.6 26.7 9.8 56.4 7.1 311.6 25.85 
B10 /20 M 15 70.6 +0.4 31.2 5.4 60.4 3.0 322.8 22.41 
* For certain bitumens, several batches were tested; only one of them is recorded in this summary table 
Bitumen designation is as follows  B grade Z’  , with Z= refinery code,’ = if acid addition 
** Only the results in air are recorded here, identical tests were carried out in nitrogen 
 
Table 3 : Results table (pen/ TBA/ IP/ Iatroscan / ATG respectively for the three bitumen grades 160/220, 50/70, 
10/20 
 
 
bitumen pen TBA PI Distilled fraction (%) 
    160-216°C 216-314°C 
Reference B160/220 D  162 40.2 - 0.8 0.1 0.1 
"polluted" B160/220 D  181 38.8 - 1.0 0.0 0.8 
    160-350°C 350-540°C 
Reference B35/50  46 50.2 -1.3 0.2 2.2 
B35/50 "fumes"  X 44 56 -0.1 0.2 4 
B35/50 "fumes"  Y 41 54.8 -0.5 0.2 3.9 
Table 4 : Results table (simulated distillation gas chromatography) 
 
 
3.2 Composition analysis in 4 generic families (IATROSCAN) 
 
For each of the bitumen types the following content was determined: 

- asphaltenes 
- resins 
- Saturated oils 
- Aromatic oils 
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It was observed that this analysis is not sufficiently fine to differentiate the various bitumen types. 
For hard bitumens the asphaltene content is an important criterion and is directly related to the method by which the 
bitumen was obtained. The change in this criterion over time or after ageing simulation (RTFOT or RTFOT + PAV) 
demonstrates in particular sensitivity of the bitumen to ageing 
 
3.3  Analysis of volatile fractions by gas chromatography (simulated distillation) 

 
The chromatograms obtained make it possible to:  

- On the one hand identify and quantify the presence of very volatile fractions, bitumen pollutants, likely to 
generate fumes during the hot coating process  

- On the other hand verify the quality of the bitumen on the basis of the peak profile corresponding to the most 
volatile fractions 
 

Two types of bitumen of identical origin are shown in figure 1. The chromatogram in red corresponds to polluted 
bitumen B160/220 D and that in blue to the reference bitumen. These chromatograms highlight the presence of 
pollutants (approximately 0.8%) of which the distillation temperature is estimated between 216°C and 364°C in the first 
of these bitumens. 
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Figure 1: Chromatograms obtained by Simulated Distillation of 2 bitumen types B160/220 D 

 
The case presented in figure 2 is that of the bitumens which emitted fumes during asphalt production; bitumen types X 
and Y are compared to control bitumen from the same 35/50 grade. We will focus in particular on the peak 
corresponding to the volatile fractions of the bitumen itself. Compared to bitumen deriving from a conventional 
distillation process (in red), the profile of the bitumens in blue (X) and green (Y) clearly shows a higher level of volatile 
fractions and indicates the presence of a very soft base in these bitumen types. 

 
Figure 2: Chromatograms obtained by Simulated Distillation of 3 grade 35/50 bitumen types 

 
This technique thus makes it possible to detect the presence of very small quantities of abnormally volatile fractions (< 
1%) even if the binder conserves penetration and softening point characteristics that comply with the NFEN12581 
standard for the bitumen category in question. 
 
3.4 VOC analysis using head space gas chromatography 
 
For paraffin-bitumens, deriving from similar distillation processes such as those deriving from refineries B, D, E, F, G, 
H and J, we obtain fairly similar chromatograms in terms of the type of peaks detected. We also observe that their 
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intensity decreases between the peak corresponding to the most volatile compound and that corresponding to the least 
volatile compound. See figure 3. However, relative intensity may vary significantly from one bitumen type to another. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3: Chromatogram of bitumen B160/220 G 
 

For naphtenic bitumen B160/220 C for which the chromatogram is shown in figure 4, we obtain a different emission 
profile with a low number of peaks including 2 (marked by an arrow) that are particularly characteristic. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 4: Chromatogram of bitumen B160/220 C 
 
In any case the profiles of 50/70 grade bitumens are very similar to those of grade160/220 bitumens of the same origin.  
10/20 grade bitumens, deriving more often from a different distillation process (air rectification, desasphalting) present 
a different profile and unique characteristics. 
 
When bitumen is polluted, the chromatogram obtained shows several high intensity peaks, identified by coupling with 
the mass spectrometer. For example, in figure no. 5 we observe n-alcane-characteristic peaks, which mask the usual 
emission profile of this bitumen.  

 
 
 

 
 
 
 
 
 

 
 
 
 
 

Figure 5: Chromatogram of polluted bitumen B160/220 D (same bitumen as in figure 1) 
 
This analysis complements that of simulated distillation as it makes it possible to obtain information concerning safety 
through knowledge of the compounds emitted in the given temperature conditions. 
Quantitative proportioning is accessible through the standard addition method.  
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3.5 TGA Analysis 
 
On a bitumen thermogravimetric curve we generally observe three successive mass losses of which the derivative gives 
three corresponding peaks. Asphaltene analysis alone shows that asphaltenes decompose for the main part (in nitrogen) 
at a temperature higher than 400°C (area corresponding to the third peak in nitrogen) but a mutual decomposition 
temperature area exists for the 2 maltene and asphaltene families. 
 
For tests carried out in air we notice that the whole sample is calcinated at 600°C, whereas at the same temperature 15 
to 20% combustion residue remains for analyses carried out in nitrogen. 
 
The 1st peak appears to be the most clearly defined and the most discriminating for identifying bitumen of a given 
origin. However, an analysis programme was developed to compare the entire thermogravimetric curve profile to those 
already contained in the database.  
Figure no. 6 shows overlapping thermogravimetric curves of six bitumen types from category 160/220 and from 
different origins (in an oxidising atmosphere). 
 

 
Figure 6: TGA Analysis in air of grade 160/220 bitumens 
 
After having enriched our data base, it will be possible for us to determine the specific average characteristics for each 
bitumen origin studied. 
 
Bitumens with very similar TGA characteristics, are certainly obtained from raw bases and similar processes (for 
example B160/220 D and B160/220 E) 
 
For a single origin, this analysis technique also makes it possible to easily differentiate the various categories, on the 
basis of the temperature value of the first mass loss peak. 
 
This method is above all highly appropriate for detecting any changes in the quality of a given bitumen type, which 
cannot always be detected on the basis of conventional characteristics alone and for explaining any potential changes in 
terms of performance during application. We were able to demonstrate this for bitumen emulsion applications and 
modified bitumen applications. 
 
 
4. CONCLUSION 
 
Methodologies applied to bituminous binders were developed using chromatography and thermal analysis techniques. A 
bitumen panel from grades 160/220, 50/70 and 10/20 were made the subject of this study.  
 
These techniques enabled us to better understand bitumen composition and to highlight the differences between the 
binders, which conventional methods are unable to identify. 

B160/220 H 
B160/220 E 
B160/220 C 
B 160/220 B 
B160/220 I 
B160/220 D 
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In certain cases we were able to relate the variations in performance observed to changes in the chemical composition of 
the binders. 
 
Gas chromatography techniques are also able to detect and identify the proportion of even small quantities of pollutants 
responsible for fume emission. It is therefore possible to identify their potential unsuitability by recreating gas emission 
conditions in relation to the bitumen in a laboratory. 
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ABSTRACT 
 
Several research projects realized by the Chair of Pavement Engineering at the Dresden University of Technology aim 
at the development of an analytical design method comprising a multitude of factors effecting the pavement condition. 
The stress and strain behaviour of a pavement can be predicted or the remaining life cycle of the pavement structure is 
calculated by means of such a method. These advantages are especially important regarding warranty claims. The 
developed dimensioning model is based on the fundamental idea of freely choosing any possible construction (flexible 
pavement). In this way a particular pavement structure can be set depending on layer thickness and layer material. 
Furthermore the dimensioning model aims at the optimization of the pavement construction considering traffic loading 
and weather-induced factors. Using different materials the particular thickness of each layer is optimized on the basis 
of failure hypotheses. The described approach is illustrated by a calculation comparing various constructions (common 
German and International constructions) and examining separately cracking and rutting as the two main reasons for 
material failure. On the basis of the calculation example relevant influence parameters (layer thickness, resilient 
modulus of unbound base layers, material composition) are determined and the general feasibility of the method is 
shown. The calculation results exhibit a suitable first approximation considering all simplifications made during the 
approach. In the first place the results are used for a qualitative evaluation of the described parameters. 
 
Keywords: Pavement design, Material properties, Optimization 
 
1 INTRODUCTION 
 
Several research projects realized by the Chair of Pavement Engineering at the Dresden University of Technology aim 
at the development of an analytical design method comprising a multitude of factors effecting the pavement condition. 
The stress and strain behaviour of a pavement can be predicted or the remaining life cycle of the pavement structure is 
calculated by means of such a method. These advantages are especially important regarding warranty claims. 
The developed dimensioning model is based on the fundamental idea of freely choosing any possible construction 
(flexible pavement). In this way, a particular pavement structure can be set depending on layer thickness and layer 
material. 
Furthermore, the dimensioning model aims at the optimization of the pavement construction considering traffic loading 
and weather-induced factors. Using different materials, the particular thickness of each layer is optimized on the basis 
of failure hypotheses. The described approach is illustrated by a calculation comparing various constructions and 
examining separately cracking and rutting as the two main reasons for material failure. 
 
2 FACTORS WITH INFLUENCE ON PAVEMENT CONSTRUCTIONS 
 
The designing method regards three different categories of influence factors. These are 

 Traffic loading 
 Climatic conditions 
 Material properties and layer positioning 

 
2.1 Traffic loading 
 
Traffic loading is one of the factors, which must be predicted. The developed dimensioning model is very customisable 
regarding different aspects of traffic loading. The axle load cycles are divided into ten categories of loads. According to 
current definitions, each load category covers the range of two tons. The number of load categories can be selected to fit 
the needs of each single project. 



 

 

 
 
Figure 1: Example of traffic loading data 
 
A predefined load configuration can be assigned to each load category describing the positioning of the loads and each 
value.  
With the described information, the load of each axle-load-cycle can be determined and the resulting stresses and strains 
can be calculated regarding the effects of the exact load value. Only with this way of determining the stresses and 
strains, the estimation of any kind of rutting or sensitivity for rutting is possible. 
The determination of equivalent single axle loads is not necessary anymore. This prevents any inaccuracies caused by 
the use of the fourth power law. 
 
2.2 Climatic conditions 
 
Constructions with asphalt layers are sensitive regarding the temperature. Asphalt is a thermo viscous material. The 
material stiffness will change according to the temperature. At temperatures below +20°C cracking is the main failure 
criteria. Below +2.5°C additional thermo induced stresses increase the risk of cracking. If the temperature rises above 
+35°C the decreasing stiffness pushes the risk of permanent deformation (rutting) to the foreground.  
To consider the climatic conditions 13 temperature curves inside the asphalt layers based on 13 surface temperatures 
[see figure 2] are determined. The number of curves can be adapted to the actual climatic conditions. With this method, 
the temperature at any depth inside the construction can be ascertained.  
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Figure 2: example of surface temperatures specific for the northern part of Germany 
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In addition to the surface temperatures the frequency of the specified surface temperature has to be provided. The 
combination of this frequency and the number of load cycles per year indicates the number of load cycles per year for 
each surface temperature.  
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Figure 3: Temperature curves  
 
2.3 Characteristic properties of materials 
 
The material properties necessary to calculate stresses and strains are determined using the method of FRANCKEN and 
VERSTRAETEN. This method is able to predict the Young’s modulus of asphalt materials on the basis of mixture data. 
Using this method with mixture data of modified asphalt may lead to different results compared to test specimen. This 
depends on the kind of modification of the binder. In these cases the prediction can be adjusted to fit the test results. 
 

 
 
Figure 4: example of Young’s modulus corresponding to different temperatures 
 

Temperature 

Y
ou

ng
’s

 m
od

ul
us

 



 

Fatigue cracking 
 
A fatigue law can be assigned to each set of material parameters. The maximum number of tolerable axle load cycles 
was determined by following equation:  
 

kaN         (1) 
With: 

N [-]  number of tolerable load cycles 
a, k  [-]  parameters determined for the material 
 [‰]  strain at the bottom of the asphalt 
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Figure 5: example for the fatigue  function 
 
The fatigue law is an important part to determine the allowable load cycles.  
 
Permanent deformation 
 
The determination of the critical stress level for materials can only be done by appropriate tests. Tri axial tests or 
indirect tensile tests. Figure 5 shows the results of a material tested at different stress levels.  
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Figure6: example for the critical stress level 
 
If the level of stress is too high, the material fails instantly [figure 5; left 0.69 line]. By reducing the stress, the number 
of load cycles until failure rises. For small values of stress, the permanent deformation will stay on a certain level after 
the post compaction period. The maximum allowable stress level can be determined by selecting the stress level without 
increasing deformation after the post compaction period [figure 5; horizontal line]. To prevent permanent deformation 
the occurring deviator-stress must not exceed this level.  
 

Critical stress level



 

3 DESIGNING PROCESS 
 
3.1 Composition of layers 
 

Figure7: Composition of layers 
 
By selecting a material for one of the six possible asphalt layers, the pavement construction can be defined step by step. 
All parameters needed for the calculation are determined by this selection. Only the thickness has to be adjusted to 
complete the design of the asphalt layers. 

The number of unbound granular layers, the thickness and the bearing capacity for each unbound layer must be 
specified. The last step is to select the bearing capacity for the underground.  

This selection is the basis to build the model for the calculation. The asphalt layers will be divided into sub layers 
with 1 cm thickness each and linear elastic behaviour will be assumed ( = 0.35). The Young’s modulus is calculated 
regarding the temperature of the sub layer. The modulus for each unbound layer was calculated according to the 
evaluation of the plate-bearing test. 

The material parameters for the model are determined separately for each temperature curve.  

 
Figure87: Young’s modulus for an asphalt construction with three layers  
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3.2 Calculations 
 
Asphalt Layers 
 
Stresses and strains within the layers are calculated separately for each load category and for each temperature gradient.  

The calculation will be done in two steps. The first is to calculate all temperature states in combination with all 
selected load categories. These combinations can reach the number of 130 or more depending on the number of load 
categories and the number of surface temperatures. The first step are calculations according to the multi layer (course) 
theory. 

The second step is performed using the finite element method to examine for example critical temperature states by 
using material specific calculation models. 

In case of complete adhesion of the asphalt layers the highest values for the tensile stresses occur on the bottom of 
the asphalt base.  

For each result the number of tolerable axle load cycles are determined and compared with the existing load cycles 
of the according load category. The results are accumulated by the hypothesis of MINER.  
 
Accumulated damage: 
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With: 
Na (b, c, ...)  [-] number of existing load cycles in state a (b, c, …) 
NBa (Bb, Bc,…)  [-] number of tolerable load cycles in state a (b, c, …) 
 
If the sum of the MINER-Term is equal to 1 the fatigue cracking of the asphalt layers starts. Figure 8 shows the 
progress of the sum of MINER for the service life that was supposed to be 30 years. The MINER value of 1 is equal to 
the 100 percent of figure 8. This pavement construction will start cracking after 21.5 years of service. Intensive 
maintenance must be expected. 

 
Figure9: Example for cracking within the service life (after approximately 21.5 years) 
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Unbound layers 
 
The unbound layers were treated the same way as the asphalt layers. The number of allowable load cycles was 
determined by using equation 3. If the number of the existing axle load cycles is lower than the tolerable load cycles, 
permanent deformations in the unbound layers are almost impossible. 
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with: 
 NB [-]  number of tolerable load cycles 
 EV2  [MN/m²] stiffness of the sub-base/sub grade,  

measured with the plate bearing test 
Z [MN/m²] vertical (compressive) stress on the top of the unbound layers 
 [-]  safety factor 

 
The safety of standard pavement constructions, which have been commonly used in Germany so far, against permanent 
deformation of the unbound layers, is about three times higher than the safety of the asphalt layers. A failure of the 
unbound layers is improbable. 
 
4 EXAMPLE 1 – GERMAN ROAD CONSTRUCTION 
 
Basis data for the construction 
- Traffic loading of 500,000 axle load cycles per year from 2 tons to 20 tons. 
- Climatic conditions as shown in Figure 2 and 3 
 
The construction is selected regarding the assumption that the operating life is 30 years. 
 

 
Figure 10: Selected construction 

 
4 cm surface course 
 SMA 0/11 S Bitumen B 50/70 
8 cm binder course 
 ABi 0/16 S Bitumen B 30/45 
14 cm asphalt base 
 ATS 0/22 CS Bitumen B 50/70 
64 cm unbound granular material 
 
 

 
4.1 Calculation results 
 
Fatigue cracking 
 

 
 
Figure 11: Progress of fatigue cracking within the service life 
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The construction shows a MINER value of 0.91 (equivalent to 91 %). This result indicates that this construction is 
capable to overcome the service life of 30 years. Cracking starts after approximately 32 years. 
 
Permanent deformation 
 
Focusing on the permanent deformation the result shows a high value for the critical deviator stress. The material used 
for this construction should not fail in the indirect tensile test with a load of 0.76 N/mm² or permanent deformations of 
the asphalt construction must be accepted.  
If using suitable material to resist a this stress level is not possible a strict limit to the maximum axle load is necessary. 
 

 
 
Figure 12: Critical stress value 
 
5 EXAMPLE 2 – NEW ZEALAND ROAD CONSTRUCTION 
 
A number of roads in New Zealand are build using a thin asphalt layer covering a layer of unbound granular material 
with high bearing capacity. The traffic loading of this type of roads is up to 75,000 axle load cycles a year.  
 
The number of axle loads for this example is set to 2.6 million. The thickness of the asphalt layer is 4 cm and the 
bearing capacity of the unbound layer is 250 N/mm² according to the plate bearing test. 
 

 
 
Figure 13: fatigue cracking of the asphalt layer 
 
As reported by local staff the asphalt layer has to be replaced in terms of 8 to 10 years. The calculation result of the 
design method proves this statement. 
 
6 SUMMARY 
 
The developed method offers the possibility of calculating safety levels of flexible pavement layers taking the material 
properties of asphalt and unbound layers into account. Different road constructions with different layer thickness, layer 
stiffness and mixture composition can be evaluated and compared. The two main directions of the evaluation are 
cracking and permanent deformations. The method is capable to check the possibility of alternative constructions with 
the same safety level against failure. 
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ABSTRACT 
 
In the context of this project, on the basis of lab tests, it should be tested and checked in what respect the use of 

epoxy can supply a contribution as a binder additive and the epoxy bitumen resulting thereof for the 

development of a highly stable and long lasting bitumen surface course lining. 

In a specially selected epoxy system with different concentrations (15 per cent and 25 per cent of epoxy), the 

most important characteristic values of the Epoxy Asphalt mixture were determined with the utilization of 

standardized testing procedure and were compared to the characteristic values of conventional asphalt (with 

road bitumen and with polymer modified bitumen). 

Both epoxy variants possess a clearly improved deformation resistance, as the results of the wheel tracking tests 

have shown. The specimen of Epoxy Asphalt exhibited substantially smaller deformations than the specimen of 

the reference variants. 

With the addition of epoxy, the adhesion between binder and aggregates as well as the adhesion of the mixture 

could substantially be improved compared to the reference variants. 

Furthermore it could be ascertained that with the addition of epoxy to the asphalt mixture, the resistance against 

cyclic loads and so the fatigue resistance are clearly improved. 

The potential of Epoxy Asphalt as an alternative and innovative construction method for highly frequented traffic 

areas and with a high durability could be proven without a doubt in the Laboratory standard. Several of the 

tested substantial performance characteristics of the epoxy asphalt were clearly proven better compared to the 

two reference mixtures.  

 
Keywords: Additives, design of pavement, durability, modified binders 

 

1. INTRODUCTION 

 
Despite all innovations and developments, obtained and realized in the past both within the range of individual 

building material components as well as in the resulting mixture by intensive research and testing, the knowledge 

of the material asphalt is still more based on experiences. The behavior of the “system” asphalt presents itself as 

very complex, because the characteristics of the individual components are depending on each other or mutually 

influence each other and it is additionally to a high degree depending on the given marginal conditions. 
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With unfavorable marginal conditions like track driving canalized heavy traffic at bus stops, traffic jam areas as 

well as signal-regulated intersections the occurrence of deformations in the form of waving and rutting is almost 

unavoidable. 

The stability and durability of asphalt surface courses can be achieved in different ways: Depending on the type 

of mixture (asphalt concrete, mastic asphalt, stone mastic asphalt) as well as the type of bitumen and possible 

additives, the performance against the arising demands and stresses can be influenced. 

With this in mind, the Organization for Economic Cooperation and Development (OECD), conducted a study, in 

order to determine whether new and innovative construction methods would economically justify the utilization 

of long-life pavements on highly frequented roads. 

This analysis concludes that the development of innovative surface courses could imply a significant economic 

advantage. With an expected life span of 30 years surface course coatings for highly congested roads can be 

economically practical. 

An orientation on the construction materials presently existing on the market indeed shows the existence of 

possibilities, to develop such long-life pavements. One of these possibilities is the utilization of epoxy as a 

binder additive or a partial substitution of the entire bitumen quantity in the asphalt mixture and the resulting 

Epoxy Asphalt. 

In the context of a research project it was therefore examined how such Epoxy Asphalt can supply a contribution 

for the development of a highly stable and long-life asphalt surface course. Substantial requirements to an 

asphalt mixture such as deformation resistance, adhesive performance and fatigue resistance were tested. 

Afterwards, the determined characteristic values were compared against those of conventional asphalt mixtures 

with road bitumen and polymer modified bitumen. 

The test program of the research project was altogether very extensive, because all fundamental characteristics 

and requirements to an asphalt mixture were addressed. Therefore only some substantial tests as well as their 

results can be represented here. 

 

2. EXPERIMENTAL 

 
2.1 Materials 
 
2.1.1 Aggregates 

For the aggregates of the manufactured asphalt both, the sieve size > 2 mm and the crush sand Diabas were used.  

Limestone was used as filler. 
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2.1.2 Binder 

The utilized bitumen for the asphalt mixtures were a road bitumen 50/70 as well as a polymer modified bitumen 

PmB 45 A.  

The characteristic values of the utilized bitumen can be found in table 1. 

Table 1: Characteristics of the utilized bitumen 

Bitumen 
Penetration 

[mm/10] 

Softening point 
TR&B 

[°C] 

Breaking point 
(Fraass) 

[°C] 

Density 

[g/cm3] 

50/70 68 50,9 -14,1 1,037 

PmB 45 A 47 60,7 -19,4 1,023 

 
 

For the modification of the binder in the Epoxy Asphalt mixtures a standard epoxy on bisphenol A basis as well 

as an anhydrous curing agent was used. 

Table 2: Characteristics of the utilized epoxy 

Characteristic Unit Value 

Epoxy value mg KOH/g 0,535 ± 0,015 

Viscosity at 25°C MPa*s 10000 ± 2000 

Density at 25°C g/cm³ 1,17 ± 0,01 

 
 

Table 3: Characteristics of the utilized curing agent 

Characteristic Unit Value 

Equivalent mg KOH/g 178 

Viscosity at 25°C MPa*s 240 ± 40 

Density at 25°C g/cm³ 1,24 ± 0,02 
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2.1.3 Mix design 

The table 4 shows the mix design for the used stone mastic asphalt mixture, figure 1 contains the grading curve. 

 

Table 4: Mix design of the SMA 

 

 

Figure 1: Grading curve of the SMA 

 

 



 - 5 - 

2.2 Test methods 
 
2.2.1 Deformation resistance 

The wheel-tracking test of the asphalt specimen (slabs with a thickness of 40 mm) supplies statements with 

regard to the resistance against plastic deformations. 

The specimen were tested in accordance with the “Technical Test Regulation for Asphalt, Part 22: Wheel 

Tracking Test (TPA-22) [A]. Rubber wheel, air bath and a temperature of 60°C were set as the test conditions. 

The rut depth was evaluated after 20.000 cyclings. 

 

2.2.2 Affinity 

The investigation of the adhesion characteristics of the binder and the aggregates were made in accordance with 

DIN EN 12697-11, “ Test Methods for Hot Mix Asphalt, Part 11: Determination of the affinity between 

aggregate and bitumen [B]. 

A defined quantity of aggregates enclosed with binder is poured into a water filled bottle. A glass rod is inserted 

afterwards and the bottle is rolled for several hours (Rolling Bottle Test, see figure 2). 

After a duration of 6 and 24 hours a visual determination of the remaining enclosure degree takes place. 

 

Figure 2: Rolling Bottle Test 

 

 

2.2.3 Fatigue resistance 

The examination of the fatigue resistance took place by means of a 3-point-bending-test (see. fig. 3). In detail, 

the test conditions were as follows: 

• Specimen dimension: 40 x 40 x 160 mm³ 

• Sinus shaped stress curve 
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• Stress frequency: 5 Hz 

• Upper load: 0,3 kN 

• Lower load: 0,01 kN 

• Temperature: 15°C 

 

 

Figure 3: Fatigue Resistance Testing 

 

The evaluation criterion was the number of load cycles necessary until the specimen broke. 

 

 

3. RESULTS 

 
3.1 Deformation resistance 
 
The results of the tests can be taken out of figure 4. Displayed in each case is the process of rutting as an average 

value of two individual tests for each variant. 
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Figure 4: Rutting of the tested asphalt mixtures 

 

The determined results show, that the manufactured Epoxy Asphalt exhibits a substantially improved rutting 

resistance compared to a conventional asphalt with road bitumen or with polymer modified bitumen. 

Furthermore it is to be stated that the addition of 25% epoxy contributes only a small improvement compared to 

an epoxy portion of 15%. 

 

3.2 Affinity 
 
In figure 5 the results of the affinity test of the four variants is displayed. Represented in each case is the 

enclosure degree with bitumen as an average value of three specimens after a rolling time of six and 24 hours. 

 

Figure 5: Results of the Rolling Bottle Tests 
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Concluding from the results represented above, the quantity of epoxy, which is added to the bitumen, does not 

have influence on the adhesion with aggregates. Both variants, 15% as well as 25% epoxy, showed the same 

results in the Rolling Bottle Test. 

Altogether, the results gained from the Rolling Bottle Test allow the conclusion that by adding epoxy, the 

adhesion between the aggregates and the binder mixture is substantially improved in comparison to the bitumen. 

 

3.3 Fatigue resistance 
 
Figure 6 shows the development of the vertical deformation in the duration of test and table 5 shows the number 

of load cycles up to the break of the specimen for every of the tested variants. In both tests, each case represents 

the average value out of three individual tests. 

 

 

Figure 6: Fatigue resistance of the tested asphalt mixtures 

Table 5: Maximum load cycles until break of the specimen 
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Summarizing it can be stated that with the addition of epoxy to the asphalt mixture the resistance against 

repeated stress cycles and subsequently the fatigue resistance have clearly improved.  An increase of the epoxy 

content from 15% to 25% does not bring any further improvement. 

 

 

4. CONCLUSIONS 

 
The aim of the conducted examinations was the development of a highly stable and long-life asphalt pavement. 

For this, two epoxy variants (15% epoxy and 25% epoxy) with two reference variants made from conventional 

asphalt were compared against each other. 

Both epoxy variants possess a clearly improved deformation resistance, as the results of the wheel tracking test 

have shown. The specimen out of Epoxy Asphalt exhibited substantially smaller deformations than the specimen 

of the reference variants. 

Thus the demand for a high stability can be regarded as achieved. 

Both, the adhesion of the binder and aggregates and the adhesion in the mixture could be substantially improved 

by the addition of epoxy compared to the reference variants. 

Furthermore it was determined, that with the addition of epoxy to the asphalt mixture the resistance against 

repeated stress cycles and subsequently the fatigue resistance has clearly improved. 

Therefore, the objective of durability can also be regarded as achieved. 

Furthermore, the test results also show that an additional amount of 25% epoxy only displays isolated, 

insignificantly better results as with only 15%, however, in many places the results were almost identical. 

Therefore, after concluding the conducted tests, it is to be stated, that an addition of 15% epoxy in the asphalt 

mixture is sufficient for the preservation of a high stability and durability. 

After conclusion of the examinations described before, the effects of epoxy in the asphalt mixture are widely 

known and the alterations of the characteristics could be identified. 

The potential of Epoxy Asphalt as an alternative and innovative construction method with a high durability for 

highly congested traffic areas could be proven in the lab test. Several of the tested substantial performance 

characteristics of the Epoxy Asphalt proved as clearly better compared to the two reference mixtures. Therefore, 

future examinations in the in form of a plant of test tracks in the scale of 1:1 are to be strived for. 
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ABSTRACT 
 
Properties of bituminous binders are measured by standardized laboratory test methods to verify their conformance to 
the industry standard specification limits.  Significant effort has been expended by the users and producers of bitumen 
binders to understand and quantify testing repeatability and reproducibility of the specification parameters so that 
realistic bitumen quality limits could be set.  This paper illustrates how testing variability affects bitumen grade 
classification relative to specification values.  A decision-making approach based on measurement data quality is 
described.  Binder Quality Acceptance and Release limits are defined with respect to inter-laboratory testing 
reproducibility employing methodology that is consistent with ASTM D 3244, Standard Practice for Utilization of Test 
Data to Determine Conformance with Specifications.  Industry recommended procedure for resolution of a contested 
quality (i.e. when product grade assigned by the user’s lab is different from the grade assigned by the supplier’s lab) is 
proposed.  The objective is to demonstrate how the customer can determine if they received a quality product even when 
the binder properties measured by the customer are different from that of a supplier but within the established 
reproducibility limits.  A failure to recognize measurement variability in the specification, manufacture and acceptance 
of product could lead to under-performance, over-specification and additional cost to both users and producers of the 
bitumen products. 
 
Keywords: quality assurance, reproducibility, Assigned Test Value, acceptance and release limits 
 
1. INTRODUCTION 
 
There are numerous challenges involved in the implementation of any specification system [1]. One of the most 
important tasks for the bitumen industry is the recognition and understanding of the degree of variation in binder test 
results. With a proper understanding and quantification of testing precision, realistic limits for release and acceptance 
can be placed on bitumen binders. As road agencies set the parameters around their Quality Control (QC) with 
guidelines for bonus and penalty, they need to recognize what is realistically achievable with the current test 
methodology. Continued effort by testing laboratories to reduce the variation in the test data will result in a better 
definition of these limits with time. 
 
An important output of this paper is the definition of realistic bitumen binder quality acceptance limits in terms of key 
specification parameters. Industry established repeatability and reproducibility limits can be used to define a normally 
expected measurement variation. This paper will demonstrate how bitumen testing normal variation affects binder grade 
classification relative to specification values.   
 
A procedure for resolving differences in reported test results (i.e. when product grade assigned by the user’s lab is 
different from the grade assigned by the supplier’s lab) is also proposed.  The objective is to demonstrate how a 
customer can determine if they received a quality product even when the binder properties measured by the customer 
are different from that of a supplier but within the established reproducibility limits.  The methodology is consistent 
with ASTM D3244, Standard Practice for Utilization of Test Data to Determine Conformance with Specifications [2] 
and ISO 4259, Petroleum Products – Determination and Application of Precision Data in Relation to Methods of Test 
[3]. 
 
2. BITUMEN TESTING ROUND ROBIN PROGRAMS 
 
Since the introduction of the bitumen specification, labs have been participating in round robin programs that assess 
their proficiency of binder testing. Round robin testing has become an important benchmark of performance for 
individual participants.  The AASHTO Materials Reference Laboratory (AMRL) correlation program [4] for both 
conventional and SUPERPAVE specification testing, leads the way with the largest number of participants (314 labs 
worldwide participated in 2006).  One of the most important outputs from AMRL correlation programs is the 
establishment of precision statements for ASTM and AASHTO standard test methods. For example, precision estimates 
for ASTM D5-06 “Standard Test Method for Penetration of Bituminous Materials” were developed using the AMRL 
data base which includes paired-sample data representing approximately 16,000 repetitions of the penetration test at 
25°C on bituminous materials ranging in penetration from 29 to 286 units [5].  
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There are also smaller regional round robin programs, conducted by road agencies around the world, that provide testing 
precision data for the kind of analyses presented in this paper.  
 
2.1  AMRL SUPERPAVE Round Robin Program 
 
The first AMRL SUPERPAVE round robin was conducted in August 1994 with 32 labs participating.  Since then, the 
number of participants has grown to 212 labs in 2007. Binder samples (two per year) have been tested in duplicate.  
Significant improvement in testing variability has been achieved since the introduction of SUPERPAVE specification 
system in North America. Figure 1 illustrates the testing precision trends for the key specification parameters expressed 
in terms of Coefficient of Variation (%), defined as (standard deviation/population mean)*100. DSRo denotes G*/sin  
(original binder), DSRr: G*/sin  (RTFO residue), DSRp: G*sin  (PAV residue) [6]. Creep Stiffness and m-value are 
the specification parameters described in ref. [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  AMRL SUPERPAVE Round Robin results (1994 – 2007)  
 
3. MEASUREMENT VARIABILITY 
 
Like any measurement system, all bitumen testing has variability associated with it. Understanding the magnitude of 
measurement variation is the most fundamental because it affects important decisions producers and users of bituminous 
materials make every day. Factors that affect measurement precision and influence daily decisions are typically related 
to the equipment, environment, materials, procedures, operators, etc.  
Measurement variability has two attributes: precision and accuracy.  Precision refers to the ability of the measurement 
process to reproduce similar results for the same split sample.  Accuracy relates to the closeness of agreement between 
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the average of one or more test results and an accepted reference value (deemed to be the truth). Since the actual ‘true’ 
value can never be known, for practical purposes, ISO 4259 Section 3.26 definition of the true value is acceptable, in  
first approximation, as “the value towards which the average of single results obtained by n laboratories tends, as n 
tends towards infinity”.    
 
3.1  Bitumen Testing Precision 
 
Test Precision is estimated from the scatter of the results from multiple test measurements. The closeness (scatter) of test 
results very often depends on the condition under which the measurements are made.  There are two sets of industry 
standardized conditions: repeatability and reproducibility. Under repeatability condition, the precision is defined as 
variation between two measurements of the same split sample obtained by a single operator within a very short time 
using the same procedure, same equipment, in the same lab.  Reproducibility condition refers to the variation between 
single measurements of the same split sample, from one lab to the next, when applying the same measurement 
procedure.  Measurement precision under these two conditions can be estimated through a round robin study.  Precision 
indices, r (repeatability) and R (Reproducibility) are then used to quantify the testing precision.  The preferred 
confidence interval for repeatability and reproducibility is a 95% limit on the difference between two test results. Thus, 
testing reproducibility (R) is defined as 1.960 * 2 * Standard Deviation (of test data population), or 2.77 * [1]. Table 
1 provides a summary of Reproducibility indices (R%) for the key SUPERPAVE specification parameters as published 
in AASHTO T315 [6] and AASHTO T313[7] Standards.    
 

AASHTO M320 Test [8] AASHTO  
Designation 

AASHTO  2006 
(R%) 

Specification 
limits 

Acceptable difference if 
true value is the spec 

limit  

G*/sin  (orig), kPa T 315 17.0 1.00 min 0.17 kPa 

G*/sin  (RTFO residue), kPa T 315 22.2 2.20 min 0.486 kPa 

G* sin  (PAV residue), kPa T 315 40.2 5000 max 2010 kPa 

Creep Stiffness, MPa T 313 17.8 300 max 53.4 MPa 

m-value T 313 6.8 0.300 min 0.0204 

 
Table 1:   AASHTO T315 and T313 Reproducibility Limits for key SUPERPAVE Tests 
 
In addition to r and R conditions, laboratories may also define lab-specific site precision under Site Reproducibility 
condition (R’): the condition under which test results are obtained by multiple operators using multiple equipment on 
the same split sample, same test method. In other words, repeatability (r) limits represent maximum difference between 
two test results obtained under repeatability condition that is deemed normal; Reproducibility (R) limits represent 
maximum difference between two test results obtained under reproducibility condition that is deemed normal; Site 
precision (R’) limits represent maximum difference between two test results obtained under site-precision condition that 
is deemed normal. Typically,  r < R’ < R. The above indices are used to support the decision as to whether the two 
results obtained under the specified conditions are of ‘acceptable data-quality’.   
 
Assuming that the measurement system employs reliable equipment and testing procedures, Site Precision is essentially 
controlled by the analytical practices in each lab.  A lab with good control procedures should have no difficulty 
obtaining tight precision within any bitumen specification system. Once this condition is achieved, the lab needs to 
monitor the performance of each test to ensure continuous maintenance of the precision.  This could be done through the 
bitumen data quality control (DataQC) program [9]. This program employs statistical quality control (SQC) charting 
techniques on data obtained from specification testing of designated bitumen Quality Control (QC) samples at frequent 
intervals. Control limits for each specification criterion are established based on an initial measurement capability study 
and continuous monitoring of the overall lab performance versus these control limits.   A typical example of an SQC 
chart is shown in Figure 2. The I-Chart contains individual measurement results generated by different operators 
working in the same lab, on the same bitumen sample (split into sub-samples), using the same procedure. The 
population MEAN as well as 1, 2, 3 standard deviation marks are indicated in the margin. The “warning” and “action” 
zones are indicated on the chart to enable the lab operator to identify and remove any out-of-control condition which 
might affect the measurement results of an unknown sample. An additional, equally important objective of an SQC 
program is a continuous improvement of the lab precision by reducing operator-to-operator and instrument-to-
instrument variation. This can be facilitated through the use of process improvement tools such as Pareto charts, flow 
charts, cause and effect diagrams, fishbone charts, etc. [10]. 
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Figure 2:  I-Chart (AASHTO T315: G*/sin , kPa) 
 
 
4. ACCEPTABLE BITUMEN QUALITY 
 
Typically, a bitumen producer targets to produce a binder which betters sales specification limits so as to account for 
variability in manufacturing. This is referred to as ‘manufacturing limit’. In cases when the measured property falls 
between the ‘manufacturing limit’ and the specification limit value, there is a good chance that another lab involved in 
testing of this binder could find the property outside of the specification.  For this reason, a clear definition of 
acceptable quality is desirable.  
 
4.1 Binder Acceptable Quality Limits 
 
Bituminous binder testing reproducibility is required to define realistic specification tolerance limits, which are often 
referred to as "Acceptance" and "Release" limits.  The Acceptance Limit (AL) represents a numerical value that defines 
a point between acceptable and unacceptable quality [1]. The Release Limit (RL) represents a producer's safety margin, 
which ensures that the customer finds the product within specification. The use of acceptance and release limits based 
on industry established round robin reproducibility provides high confidence that the producer and the customer would 
have a product of adequate quality.  
 
The basic assumption in developing the equations for acceptance and release limits is that the test results have a normal 
distribution. These limits can be based on an ATV (Assigned Test Value) established by averaging two test results, one 
from each of two different laboratories or they could be based on individual lab measurements using the result from 
only one laboratory. For calculation of the binder acceptance and release limits, the established reproducibility limits 
published in industry standards (ASTM, AASHTO, ISO etc) should be used, whenever possible. In the absence of 
established industry standards, any regional round robin derived reproducibility estimates could be applied.  
 
Acceptance Limits (AL) are calculated using the following equations 
 
For maximum specification: AL = Smax + 0.419 * R    or    AL = Smax + 0.594 * R   (1) 
For minimum specification: AL = Smin - 0.419 * R    or    AL = Smin - 0.594 * R  (2) 
     
 
Similarly, Release Limits (RL) are calculated using the following equations 
 
For maximum specification: RL = Smax - 0.419 * R     or        RL = Smax - 0.594 * R (3) 
For minimum specification: RL = Smin + 0.419* R     or        RL = Smin + 0.594 * R (4) 
      
Where,  

AL represents the Acceptance Limit at 95% confidence level 
RL represents the Release Limit at 95% confidence level 
Smax or Smin are the maximum or minimum test specification values  
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R is the established test reproducibility expressed in measurement units 
0.419 factor in equations (1) - (4) reflects 95% assurance that the product will be accepted if the true quality is 
the specification value, assuming that ATV value was used to determine compliance with specification. 
0.594 factor in equations (1) - (4) reflects 95% assurance that the product will be accepted if the true quality is 
the specification value, assuming that only one lab measures the product quality to determine compliance with 
specification. 

     ATV = Assigned Test Value   
 
Acceptance (AL) and Release Limits (RL) of a typical Paving Bitumen PG 64-22 graded within SUPERPAVE 
specification system (AASHTO M320) are summarized in Table 2.  Acceptance (AL) and Release Limits (RL) of a 
typical Paving Bitumen 50/70 graded by EN 12591Specification Standard are summarized in Table 3. The limits are 
calculated assuming that ATV value was used to determine compliance with specification. The Acceptance and Release 
Limits are listed in the units of measurement.  They represent the Specification Brackets when the ‘true value’ is at 
Specification.   For example, at a given specification value of 1.00 kPa, the Acceptable Bitumen Quality Range, defined 
by AL and RL, is: 0.90 – 1.10 kPa.       

 
 

 
Binder Grade: PG 64-22 

AASHTO 
M320 

specification 

R limits 
in measurement 

units  

Acceptance 
Limits 
(AL) 

Release 
Limits 
(RL) 

G*/sin  (original) at 64°C, kPa 1.0 min 0.17 0.90 1.10 
G*/sin  (RTFO) at 64°C, kPa 2.2 min 0.49 1.91 2.49 
G* sin  (PAV) at 25°C, kPa 5000 max 2010 6094 3806 
Creep Stiffness (PAV) at -12°C MPa 300 max 53 331 269 
m-value (PAV) at -12°C 0.300 min 0.020 0.288 0.312 

 
Table 2:  SUPERPAVE Binder Testing Acceptance and Release Limits for PG 64-22 
 

 
 
Binder Grade: 50/70 Pen 

EN 12591  
specification 

R limits 
in measurement 

units  

Acceptance 
Limits 
(AL) 

Release 
Limits 
(RL) 

50 min 3.0 49 51 Penetration 25°C, 0.1 mm 
70 max 4.2 68 72 
46 min 2.0 45 47 R&B Softening Point, °C 
54 max 2.0 55 53 

 
Table 3:  Binder Acceptance and Release Limits for 50/70 Pen Bitumen 
 
 
Figure 3 illustrates Acceptance Limits and Release Limits (dotted lines) relative to the specification value.  The dotted 
lines represent Specification ‘tolerance limits’ or Acceptable Bitumen Quality Limits. Any binder that tests between the 
dotted lines is expected to have satisfactory quality based on established binder testing reproducibility criteria.  

 

95% of all ATVs  
will fall within this range  

if True Value = Spec  

S -0.419*R +0.419*

*

If ATV is within this range, 
high confidence that binder  

is of satisfactory quality  

S-0.594*R +0.594*

*

95% of all single lab results 
will fall within this range  

if True Value = Spec  

If single lab result is within this 
range, high confidence that binder 

is of satisfactory quality  
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Figure 3:  Acceptance and Release Limits for a binder having a true value at Specification Limit 
5.  RECOMMENDED PROCEDURE FOR RESOLVING DIFFERENCES IN BINDER TEST RESULTS 
 
The objective is to demonstrate how customers can determine if they received a quality product even when the binder 
properties measured by the customer are different from that of a supplier but within the established reproducibility 
limits.   
 
The following procedure presents guidelines with which a supplier and a customer can compare and combine 
independently obtained test results whenever there is a product quality deliberation. Assuming the measurement process 
is in statistical control and the results are within established R, the average of two or more measurements on the same 
split sample (representative of the supply source) is always closer to the true value than any single measurement alone. 
The procedure offers a technique for producing an Assigned Test Value (ATV) with precision control based on the 
established reproducibility of the test, and therefore applies only to those test methods which have testing 
reproducibility defined. The recommended procedure is a simplified version of (but consistent with) ASTM D 3244 
“Standard Practice for Utilization of Test Data to Determine Conformance with Specifications” and ISO 4259 
“Determination and Application of Precision Data in Relation to Methods of Test”.   The procedure basis is a 
comparison between an Assigned Test Value and a specification tolerance limit (ref. to as "Acceptance Limit", AL).  
 

1. Using the same (split) sample, the customer and supplier should generate independent test results, XC and XS, 
respectively. Assuming that the source tank was homogeneous and assuming integrity of conveyance, the two 
independently drawn samples (one at supply source, one at the receiving end) could be considered as equally 
representative of the material delivered. 

2. When two results are obtained in different laboratories and the difference is equal to or less than the  
reproducibility of the method (R), both results should be considered acceptable. 

3. If the absolute value of  = XC – XS is less than or equal to R, the established reproducibility of the test 
method, the average of the two results is referred to as the Assigned Test Value (ATV): 

      
      ATV = (XC + XS)/2    (5) 

 
4. If the absolute value of  = XC - XS is greater than R, both results are deemed unacceptable. Both supplier and 

customer are expected to address integrity and controls of their measurement process before another attempt to 
generate ATV is made. 

5. If the ATV is within the specification tolerance limits (AL), the binder quality is considered acceptable. 
 
The above approach is expected to resolve ~99% of quality concerns, assuming the two labs have no bias. The 
procedure described in this paper provides an objective approach to data quality and hence, product quality 
assessment. It removes the need for the third party lab involvement unless the supplier and customer results on 
a split sample consistently differ beyond the established reproducibility limits.     

 
6. If the absolute value of  repeatedly exceeds R, obtain a new test value XRL from a referee laboratory using the 

same split sample. Multiply the reproducibility R, by 1.2 (to convert a range for two to a range for three) and 
compare this value with the difference between the two extreme results for acceptance. If acceptance is 
indicated, the Assigned Test Value for the sample should be the average of the three results. If  exceeds 1.2R, 
obtain ATV as the average of the closer pair 

  
6. CONCLUSIONS 
 

 Acceptable Bitumen Quality Limits described in this paper are consistent with acceptance and release limits 
described in ASTM D3244 “Utilization of Test Data to Determine Conformance with Specifications” and ISO 
4259, “Petroleum Products – Determination and Application of Precision Data in Relation to Methods of Test”. 

 
 Assuming the measurement process is in statistical control and the test results obtained by the producer and the 

customer are within established R, the average of the two measurements, termed the Assigned Test Value 
(ATV), is considered closer to the ‘true value’ than individual measurements alone. 

  
 Comparing ATV to the established bitumen Acceptable Quality Limits is an objective approach to addressing 

differences in binder test results. 
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 The procedure for resolving product quality differences between producer and customer described in this paper 
provides a sound methodology for data quality assessment. It removes need in a majority of cases for the 
involvement of third party labs to resolve test result differences. 

 
Understanding measurement variability and applying the principles of statistical data quality control is fundamental to 
the concept of specification tolerance limits. The concept takes into account the variation in test results that is an 
inevitable consequence of property measurements being a multi-step, multi-task process. A uniform and objective 
approach to product quality based on industry established testing variability is attractive to both specifying agencies and 
bitumen producers. 
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ABSTRACT 
 
Decreasing the thermal susceptibility of a bituminous binder could be achieved through different ways as from the use 
of synthetic polymer to special refining process conditions as well as usage of inorganic additives like Polyphosphoric 
acid (PPA). The growing usage of PPA over the past years had raised interest on the role of this additive onto the 
chemical interaction with bitumen. Thus some article had described and proposed the mechanism of interaction 
between the PPA and the bitumen asphaltenic fraction. However, only little information is currently available on mix 
performances resulting from the usage of a PPA modified binder. 
This article will present the influence of a PPA modified binder on typical properties like rutting, fatigue and moisture 
resistance of standard mix formula currently used in France (BBSG, BBTM and EME). 
 
Keywords: mineral additives, modified binders, poly phosphoric acid, fatigue, rutting 
 

1. INTRODUCTION 
 
In order to sustain constant growth of traffic, straight bitumen has been modified over the past decades by various 
technology based principally on organics polymers. Over the past 15 years the usages of alternative additives have 
grown and by a wide range Polyphosphoric Acid (PPA) is the main chemical used to improve the binder performances. 
The growing usage of PPA over the past years had raised interest on the role of this additive onto the chemical 
interaction with bitumen. Some article had described and proposed a mechanism of interaction between the PPA and the 
bitumen asphaltenic fraction [1,2]. However, still little information is available on the mix performances resulting from 
the usage of a PPA modified binder. This article will present the influence of a PPA modified binder on typical 
properties like rutting, fatigue and moisture resistance of standard mix formula currently used in France (BBSG, BBTM 
and EME).   
 

2. PREPARATION AND PROPERTIES OF INORGANIC POLYMERS MODIFIED BITUMEN 
 
The addition of polyphosphoric acid is typically done around 160C at a rate between 0.5 to 2%wt. The liquid form and 
absence of free water of polyphosphoric acid easier the blending process. Typically, the use of PPA reduced the 
penetration value of the bitumen leading to change the penetration classification of the PPA modified binder as well as 
increasing in various extend it softening point. The effect of PPA is dependent upon the origin and composition of the 
bitumen considered [1,2]. The modification of the bitumen consistency results in the increase of the IP index of the 
bitumen giving similarities to multigrade type of bitumen. 
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Figure 1 : IR spectrum of Neat bitumen (Top of the graph-Black), PPA modified bitumen (Blue) and PPA 

(Bottom of the IR graph) 



As opposed to the bitumen produced through the blowing process, polyphosphoric additives do not cause the bitumen 
oxidation as the IR spectrum are showing below for a 35/50 penetration grade bitumen modified (absence the carbonyl 
band at 1730 cm-1 Figure 1). 
Such behavior gives remarkable resistance to aging as well as low temperature induces stresses.  
 

3. RHEOLOGICAL PROPERTIES OF POLYPHOSPHORIC ACID MODIFIED BITUMEN.  
 
The rheological behavior of PPA modified asphalt versus temperature is shown onto figure 2 below.  This black 
diagram is highlighting some discontinuity. The phase angle is increasing with the complex modulus but with a slower 
rate than the neat bitumen. 
The isotherm are not overlapping and the phase angle at high temperature stay constant or even decrease as the rate of 
PPA increase. Such behaviors are commonly related to a highly structured binder with interconnection of asphaltene 
component. 
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Figure 2 : Black Diagram of PPA modified bitumen  

 
The mechanical characteristics of the modified binder are listed in the table below:  
 

Parameter Neat bitumen Bitumen + 1,2% PPA 105% 
Original Binder 

 Tc (DSR), °C  64.5 70.7 
  G* (60°C, 1.5 Hz), kPa 1.84 7.88 

   G* (25°C, 1.5 Hz), MPa 0.706 1.47 
  (40°C, 1.5 Hz) 83.1 68.9 

 Tc (S=300MPa), °C - 18 - 19 
 Tc (m=0.3), °C - 23 - 24 

RTFOT aged binder 
 Tc (DSR), °C  63.9 69.6 

    G* (60°C, 1.5 Hz), kPa 4.84 8.85 
      G* (25°C, 1.5 Hz). MPa 1.7 1.37 

 Tc S(BBR), °C - 17.35 - 18.9 
 Tc m (BBR), °C - 21.6 - 20.9 

PAV aged binder 
 Temperature S(BBR), °C - 14.95 - 16.6 
 Temperature m (BBR), °C - 18.45 - 19.25 

Table 1 : Characteristics of PPA modified binder  

 
4. ASPHALT MIX CHARACTERISTICS  

 
In order to assess the effect of a PPA modified binder on mix properties. three different types of mixes have been 
produced with microdioritic aggregates from La Noubleau quarry at St Varent. France. The mix formulations are typical 
formulas without any special optimization in the formulation. 
 



1.1 BBTM  Mix formula (typical thickness 2 to 3cm) 
 
The binder 
 
For that type of mix, a Polymer Modified Bitumen is typically used. Comparative characteristics of bitumen 50/70 
modified with polymer and bitumen modified with polymer and 0.4 and 0.5%PPA modified bitumen are reported in 
table 2. Close characteristics of both formulations are achieved either with the polymer only or the polymer in 
formulation with PPA.  
 

BBTM 

Characteristics Targeted 
value 

50/70 + 
2.5% SBS 

50/70 + 1.8% 
SBS + 0.4% 

PPA  

50/70 + 2% SBS 
+ 0.5% PPA  

50/70 +  2% 
SBS + 0.5% 

PPA - RTFOT 
Pen (0.1 mm) 40-50 45-50 41 42 29 

SP (°C) >= 55 54 54 56 63 
SHRP Top-end (°C)  - 72 72.7 79.8 
Elastic Recovery (%) >=70 67  83.5  

Table 2 : Characteristics of Polymer Modified Bitumen – Gray shading: binder used for the asphalt mix in 4.1.2 
 
The asphalt mix 
 
The asphalt mix BBTM 0/10 has the following composition:  

 76.0 %wt of the fraction 6.3/10  
 21.5 %wt of the fraction 0/2          
 2.5 %wt of additional fillers 

 
Sieve 20 14 10 6.3 4 2 1 0.25 0.063 
%pass 100 100 92 35 26 24 18 11 6.6 

Table 3 : Aggregates size  distribution 
 

Binder content 5.20  % 
Air void after 25 gyrations 
 

17.9 % 

Moisture resistance ratio 
 Duriez Test (air void : 15.1 %) 

r/R = 0.95 
* 

Table 4 : Characteristics of the asphalt mix. * requirement of >0.75. 
 
The performances of this mix are in conformity with the specification XP P 98-137 leading to classify this mix as a 
BBTM 0/10 - class 1. The high moisture resistance observed with such formulation confirmed the observation 
previously noted [4]. 
 

1.2  BBSG – Asphalt Mix (Typical thickness 5 to 7cm) 
 
The binder 
 
BBSG asphalt mix required usually the use either of a typical neat binder for low traffic load or multigrade binder for 
higher traffic condition in order to improve the rutting resistance of the mix. The PPA modified binders are showing 
multigrade behavior as indicated on figure 3. The table 3 regroups the main characteristics of binders modified with 
different rate of PPA. 
 

 BBSG 
Characteristics Targeted 

Value 
70/100 + 2.25% 

PPA 
50/70 + 
2% PPA 

50/70 +  2% 
PPA 

Pen (0.1 mm) 35-50 39 31 27 
SP (°C) >= 61 61 62.4 74.3 

SHRP Topend (°C) 78.5 79.8 90.2 
G @ 15°C (MPa) 8.7   

 @ 15°C (°) 47   
PI Pfeiffer 

 

+0.63 +0.37 - 
Table 5 : Characteristics of PPA modified binder. Shaded column is the binder used for the mix formulation 
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Figure 3 : Black Diagram of neat and PPA modified bitumen  

 
The Mix 
 
Once again, no special optimization work has been done for this mix formulation. This mix has a typical aggregate size 
distribution. Preliminary work had led to choose a binder rate of 6% of binder. The main characteristics of the mix are 
reported on table 6, 7, 8 and 9. 
 

 Pen (0.1mm) SP (°C) PI Fraass  
(Low temperature property) 

50/70 PPA modified 
Asphalt 37.0 62.4 0.77 -10°C 

Neat bitumen 35/50 37.0 52.2 -1.31 -5°C 
 

Table 6 : Binder characteristics 
 

fraction 6.3/10 4/6.3 2/4 0/2 Fines added 
% 48.0 10.0 10.0 31.0 1.0 

 
Table 7 : Mix composition  

  
Sieve 20 14 10 6.3 4 2 1 0.25 0.063 

% pass 100 100 95 58 44 33 23 12.3 6.9 
 

Table 8 : Aggregate size distribution 
 

 Mix with PPA Modified 
Binder 

Mix with neat binder 35/50 

Binder Rate(%)  6.00 6.00 
True Specific Gravity 2.62 2.62 

Air void (@ 60 gyrations) : 7.9 % 7.7% 
Moisture Resistance (Duriez (air 

void 9.3 %)  
r/R = 0.90 r/R = 0.90 

Apparent density (g/cm3)  2.460 2.463 

Average air void 7.0 5.8 
Table 9: Mix characteristics 

 
Mix rutting resistance (LCPC Rutting) 
 
The mix evaluation in terms of rutting are reported on table 10 and 11 below as well as figure 4. 



 
 Number of cycles 

 Mix – PPA Modified binder 100 300 1000 3000 10000 30000 
 Slab n°1 rut depth 2.06 2.62 3.16 3.71 4.41 5.1 
 Slab n°2 rut depth 2.46 3.03 3.49 4.05 4.64 5.35 
 Average rut depth 2.26 2.825 3.325 3.88 4.525 5.22 

Table 10 : Results of Rut depth vs number of cycles 
 

 Number of cycles 
 Mix – Neat bitumen 100 300 1000 3000 10000 30000 

 Slab n°1 rut depth 2.67  3.35  4.06  4.95  5.92  6.67  
 Slab n°2 rut depth 1.69  2.27  2.91  3.65  4.43  5.37  
 Average rut depth 2.18  2.81  3.49  4.30  5.18  6.02  

Table 11: Experimental results of Rut depth vs number of cycles 
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Figure 4 : Rut depth evolution 
 
The rutting resistance of the binder modified with PPA is showing an improvement regarding a neat binder with same 
bitumen pen grade. Besides of this improvement, since the addition of PPA in the bituminous binder increase the 
resistance to oxidation of the binder additional benefit may be expected after aging. Finally the low temperature 
properties of the binder modified with PPA is significantly improved. This mix thus is expected to show as well a 
higher resistance to thermal fatigue. 
 
Elastic Modulus (traction)  
 
The master curve of the traction modulus of cylindrical asphalt mix, with an average air void of 7%, is shown on figure 
5. At 15C and 0.02s the modulus is measured at 9909 MPa. 
 

 
Figure 5 : Master curve of Traction Modulus (@10°Cand 15°C) 



 
A typical mix with similar formula is required by the Road Administration to achieve as least 7500MPa. The PPA 
modified binder formulated with such mix is able to fulfill the specification of a BBSG. 
 
Fatigue resistance 
 
The fatigue test is performed on trapezoidal asphalt mix samples according to the protocol and is reported in the 
following table and figure 6. The specifications are based on acceptable relative deformation after one million of cycle. 
 

Fatigue resistance   6 : 100 ± 4 def slope : -0.184 
Table 12 : Results of fatigue test 

 

 
 

Figure 6 : Relative deformation versus number of cycle 
 
A typical BBSG would have to comply with the performances reported on table 13. 
 

MixType Modulus 
Traction 
(MPa) 

Moisture 
Resistance 

(Duriez test) 

Rutting 
(%) 

Fatigue 
(Strain) 

Typical BBSG 0/10 
Type 2 

 
NF P 98-130 Nov. 1999 

>7000 >0.75 < 7.5 =100.106 

PPA Modified Binder 9900 0.90 5.2 100.106 

 
Table 13: Performances of the BBSG 0/10 

 



Without any optimization (aggregate distribution. base binder…), the overall characteristics of a BBSG formulated with 
PPA modified binder are within the requirement of a BBSG class 2 which are typically used on wearing course for 
medium to high traffic conditions.  
 

1.3 EME -  High Modulus Course 
 
The binder characteristics 
 
This third type of mix is typically used as a base course for heavy traffic and is formulated with a stiffer binder than the 
mix used in the BBSG or BBTM. The pen grade is typically a 20/30 for this application. 
 
The PPA modified binder characteristics are reported onto the table 14. 
 

EME  
Characteristics Targeted 

Value 
35/50 +  1.8% 

PPA 
35/50 + 2% 

PPA 
35/50 +  2% 

PPA after 
RTFOT 

Pen (0.1 mm) 20 - 30 22 23 19.5 
SP (°C) >= 64 64.3 67 77.5 

SHRP Topend Temperature 
(°C) 

- 82.6 84 97 

IP Pfeiffer - +0.05 +0.58 - 
Tableau 14 : Binders modified with PPA characteristics  

 
The usage of as little as 1.8% of PPA to a 35/50 leads to achieve the same characteristics than a 20/30 pen grade.  
 
The asphalt Mix EME characteristics and performances 
 
The EME asphalt mix 0/14 should go over moisture, rutting and fatigue testing to be approved by the road 
administration.  
 

fraction 10/14 6.3/10 4/6.3 2/4     0/2 Filler add 
% 25.0 23.0  10.0 9.0 32.5 0.5  

 
Table 15 : Mixed composition : 5.2% of binder content 

 
Tamis 20 14 10 6.3 4 2 1 0.25 0.063 

% passants 100 96 75 55 43 33 23 12.3 6.7 
 

Table 16 : Aggregate size distribution 
 

Parameter Mix with PPA Modified Binder 
Binder Rate(%)  5.2 

Air Void @ 100 gyration 6.0 
 

Moisture Resistance (Duriez (air 
void 7.1%)  

r/R = 0.86 
 

Temperature  60°C 
 

Average air void 7.0 
Rut depth after 30.000 cycles  5.1% 

 
Table 17: Mix characteristics and performances 

 
The rut depth versus the number of cycle is reported on figure 7 below. 
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Figure 7 : Rut depth versus the number of cycle @ 60C 

 
The traction modulus at 15C and 0.02s (sample air void of 3.9%) is 16181MPa which pass the requirement of a 
minimum of 14000MPa (see figure 7). 
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Figure 8 : Traction Modulus of PPA asphalt mix 

 
The fatigue characteristics are reported in table below 
 

Fatigue Resistance  
@ 1 millions cycles. 10ºC, 25Hz 

6 = 95 def Slope = -0.187 

Table 18 Fatigue characteristics of EME 
 
Those results in terms of rutting and moisture resistance are in accordance with the requirement of an EME type 1. The 
fatigue resistance is borderline with the specification and adjustment in the mix formula would be required to improve 
the fatigue resistance.  
 
Impact of binder content onto Mix fatigue resistance.  
 
The binder content is critical in the mix formulation and does impact on every performance. In order to maintain the 
overall performance of the mix, a small increase of 0.5% in the binder content has been chosen and is predicted to 
increase for around 10 def the fatigue resistance of the asphalt mix [3]. [4]. Fatigue results are reported in table 19 
below. 
 

Reference Binder Binder Content Relative displacement after 1 millions cycles ( 6) 
2736/B1-1 PPA Modified 5.20 % 95 ± 4 def 

2736/B1-2 PPA Modified 5.70 % 108 ± 3 def 

Table 19 : Fatigue resistance of PPA modified asphalt with two different binder content 



 
The increase of the fatigue resistance is in accordance with the anticipated impact of the binder content showing an 
improvement of 13 def [3], [4]. 
 

5. CONCLUSION 
 
Typical mix formulations used in France formulated with PPA modified binder either with or without polymers are 
showing acceptable performances and are complying with requirements without specific optimization of formulas. The 
PPA modification increases the stiffness of the binder without affecting the low temperature properties. The 
temperature interval within the bitumen should be subject to the higher stress is thus extended. The expect benefit of 
using PPA is then the extension of the paving life. 
 
Polyphosphoric has been used with success for more than a decade in North America to improve the Performance grade 
of the bituminous binder used in a large variety of climate and traffic as well as mix design, aggregates nature and 
bitumen origin. It usage is in most recent years extending in Latino America, where the need of modified binder is 
growing significantly. 
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ABSTRACT 
An interesting and important objective is to find correlations between properties of bituminous mixes and those of the 
bitumen binders. The more numerous they will be, the better it will be possible to understand the performances of the 
bitumen mixes starting from the characteristics of the binders. 
In order to determine the physico-mechanical criteria of the binders in relation to the behaviour of the bituminous 
mixes, a huge work program has been performed since 1999 in France. Under the authority of the French Committee 
for Road engineering (CFTR) a budget of three hundred thousands euro was devoted. With no direct connection with 
the manufacturing process, nor the additive used, more than 160 mechanical physical characteristics of ten binders 
(pure bitumens, polymer modified and special bitumens) were analyzed. These binders are representative of the current 
uses in the French market. The tests on bituminous mixes cover the main properties: complex modulus, fatigue 
cracking, permanent deformation, thermal stress restrained specimen test, and resistance to ravelling with the traffic 
simulator, abrasion with the Cantabro test, water resistance by DURIEZ test. 
A multidimensional statistical analysis was used for data exploitation. Simple correlations between a property of a 
bituminous mix and a property of a  binder do not appear possible, even in classes of homogeneous type of tests such as 
the tensile stress restrained specimen test. With coefficients of correlation higher than 90 %, nevertheless some 
bituminous mix performances become foreseeable from two binder characteristics; whereas in other cases, three 
characteristics of binder are needed. 
 
Key words: modified bitumen, physical-chemical characteristics, mechanical performances, statistics multidimensional 
 
 
1. INTRODUCTION - CONTEXT 
 
The PIARC international conference [1] in Rome in June 1998 demonstrated the great wealth of possibilities provided 
by polymers for the modification of bitumen characteristics. The most important benefits brought by polymer modified 
bitumens are fighting against permanent deformations, improving fatigue resistance and contributing to improve the 
surface characteristics and their durability. While companies have been able to acquire extensive experience in finding 
appropriate solutions for project management issues, research into correlations between asphalt performance and 
properties of bituminous binders is progressing more slowly [2, 3, 4].  The more binder-asphalt links there are, the 
greater the possibility of dissociating the study of binders from the study of bituminous asphalts and their performance.  
This will equally speed up the quest for binder improvement and make it more efficient  
At present, it is in-house or shared business knowledge among oil companies, road contractors and certain laboratories 
that enables the characteristics of binders to be adapted empirically to market requirements. The proof of this know-how 
and proficiency in the modification process has been provided by the laying of field test sections and construction of a 
number of job sites. On the basis of this knowledge and proficiency, a major research programme has been developed in 
France to improve the determination of the physico-chemical and physico-mechanical criteria of binders, relating to the 
in-situ behaviour of asphalts, but with no direct connection to the production process or the modified composition used. 
It is a matter of identifying the characteristics of binders that can improve asphalt performance.  In its design, financing 
and execution under the umbrella of the National Bitumen Group and the French Committee for Road Technology 
(CFTR), this project brings together the Government laboratories (LCPC and LRPC), oil companies via their trade 
association, the Professional Bitumen Group (GPB) and laboratories of road construction companies via their trade 
association, the French Road Industries Union (USIRF). 
 
 



2. CHOICE OF BINDERS AND TESTS CONDUCTED ON BINDERS AND ASPHALTS 
 
A variety of polymer modified and special bitumens, sold both by oil companies and road construction companies, were 
selected so as to cover all characteristics encountered. They exhibited a great variety of rheological behaviours. As a 
guide, in Figure 1 we plotted the penetrability and Ring and Ball softening point of each of the 10 adopted binders.  
It can be noted that the selected products are well distributed throughout the area occupied by bituminous binders. Just 
one product has an extreme behaviour (denoted R in Figure 1), and is outside the commonly encountered population. 
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Figure 1: Penetrability – Softening Point diagram for different binders (according to technical sheets). 

The measured characteristics for these binders before & after RTFOT and after extraction from asphalts made with 
these binders are given in Fejl! Henvisningskilde ikke fundet.. 
The procedures adopted were either European / national standards in force at the time of the tests, or procedures in the 
process of standardisation.  
 

Pen. 
@25°C 

Soft. 
point RTFOT  Complex 

modulus BBR 
Low 

temperature 
tensile 

H2 tensile
Zero shear 

viscosity 
(ZSV) 

viscosity @ 
135°C 

Vialit 
cohesion 

Table 1: Characteristics determined for binders before & after RTFOT, and after extraction 

The performance characterization of bituminous binders, as defined by the "Products" standards, employed laboratory 
tests, which were supplemented by the Duriez test selected to evaluate resistance to immersion in water of asphalts, and 
the thermal stress restrained specimen test [TSRST] to evaluate cold cracking resistance and the CANTABRO and 
Traffic Simulator tests for surface bonding strength. Fejl! Henvisningskilde ikke fundet. indicates the tests conducted 
on these asphalts.  
 

Fatigue Complex modulus TSRST Duriez Rutting Traffic Simulator CANTABRO 

Table 2: Tests conducted on asphalts 

For optimum distribution of the work load, twelve laboratories ultimately contributed to generating data on the binders 
and asphalts.  
We reiterate that the objective of this ambitious work was to improve the focus on characterisation criteria of these 
binders regarding the in-situ behaviour of asphalts, but with no direct connection to the production process or the 
additive used.  
 
The complete report of this study was published in the LCPC Bridges and Highways Laboratories Studies and Research 
section in February 2007 [5].  This 200 pages report was divided into three main phases: 

1-  The first is devoted to the characterisation of the bituminous binders selected from those currently present on 
the French market. The laboratory tests in Fejl! Henvisningskilde ikke fundet. were conducted on ten 
binders before ageing, after RTFOT artificial ageing and after extraction from the asphalts. 

2-  The second is based on determining asphalt performance. The types of asphalts: 0/10 SCAC a semi-
continued dense asphalts formulated for standard usage (French BBSG 0/10) for two-level rutting tests and 
TSRST, 0/14 SCAC for fatigue, complex modulus and water resistance, High void content asphalt for surface 
bonding, Cantabro and traffic simulator tests.  



3-  Finally, the third covers multi-dimensional statistical processing of the data gathered. It extracts the best 
correlations obtained between the binder characteristics and asphalt performance. 

In this article we will only present the main results of the tests on the binders, and the conclusions of the relations 
observed with the complex modulus, fatigue and rutting of the asphalts. 
 
3. STUDY REPORT 
 
The multidimensional statistical processing tool used, a Principal Component Analysis or PCA, determined the 
redundancies and duplications both in terms of binders (denoted individuals) and characteristics (denoted variables). 
Single and multiple linear regression was the model adopted for estimating the observed value (in this case the asphalt 
performance) by linear combination of binder characteristics. However, this statistical analysis approach is deliberately 
blind. A correlation is not necessarily a relation. So the results found must lead us to consider the reasons for one 
correlation or another, and to consider other possible links. 
 

3.1 Recap of elementary statistical concepts 
Readers unfamiliar with statistical principal component analysis are invited to read the "Multidimensional Exploratory 
Statistics" lessons [6], the processing and interpretation techniques of which were largely used. 

3.1.1– Data table – scatter plots 
The numeric values to be processed are classified in a table (equation 1). The rows (i = 1.. n) represent binders 
or "individuals"; the columns (j = 1.. p) are therefore characteristics of binders and asphalts, which may be values or 
characters (classification for example). An example is given in the table 3 below. The final table is built with more than 
160 columns and 10 rows. 

 

[1]

 
The "n" rows and "p" columns of the data table can be represented by points, whose coordinates are precisely items in 
the table 3. 
 

Binder 
name 

Bitumen 
type 

penetration 
at 25°C 
(0.1mm) 

Ring-ball 
temperature 

(°C) 

Pfeiffer 
Index 

C 1 61 48,5 -1,12 
A 1 28 57,1 -0,82 
G 2 18 69 0,44 
S 2 40 64,5 1,33 

Table 3: Example of data recorded 

Two scatter plots are then formed: 
- The scatter of "n" individuals situated in the area with "p" variable dimensions; each row is represented by a point 
with coordinates "p". 
- The scatter of "p" variables situated in the area with "n" individual dimensions; each column is represented by a point 
with coordinates "n". 
 
The purpose of the PCA is to obtain the truest possible representation of this scatter, by projecting it onto a smaller 
dimension. To do so, we try to minimise the "deviations" between these points and their projection using the 
conventional least square criterion. 

3.1.2 Fit sub-spaces – Eigen values and principal axes 
The first step is to find the one dimension vector sub-space (straight line) which best fits the scatter plot. For instance, 
we can take the 10 R&B softening point values measured before and after RTFOT, and after extraction (3 dimensions). 
In Figure.2, this scatter plot of the 10 individuals has been represented for the 3 variables and the regression line. 
Minimising the sum of the squares MiHi means maximising the sum of the squares OHi. So we will try to extend the 
scatter plot as far as possible to obtain its best representation. 

Individuals 



 O 0 O 1 O 2 Xx Yx DR( )  
Figure 2:  Scatter plot of R&B softening point values before & after RTFOT and extracting of asphalts for the 10 
binders studied, with its regression line 

For vector OMi its projection on u is 
j

j
i

i uxuXOH
j

' .  Vector u with the best fit is the eigenvector of the 

matrix X’X; i.e. this vector u1. We then try to find the second vector u2 orthogonal to u1 of this sub-space. We can 
already note that the variables with a high correlation to an axis will contribute to the definition of this axis. The 
standardised eigenvectors provide axes u1 to uq, referred to as the factorial axes. 
The individuals and variables are represented by their projections on the plane of the first two factorial axes (Figure 3). 
Generally, only the first two or three axes are adopted. 
 

O
u1

u2

 
Figure 3:  Representation of variables in correlation sphere and circle 

The distance between two individuals or two variables is related to the coefficient of correlation of these variables; the 
cosine of the angle of two variable-vectors is the coefficient of correlation (r) between these two variables. Hence: 

1. Two highly correlated variables (angle of zero) are very close to each other, or conversely (angle of 180°) as 
far apart as possible,  depending on the value of r (r = +1 or r = -1). The proximity between variable-points is 
therefore interpreted in terms of correlation. 

2. Two orthogonal variables are non-correlated (r=0). 
The principal component analysis only represents linear connections between variables. 
Therefore proximities between individuals are interpreted in terms of behavioural similarities with regard to variables 
(redundancy), and proximities between variables and their oppositions are interpreted in terms of correlations. 

3.1.3 Single and multiple regressions: 
The purpose of single and multiple regressions is to explain or estimate the value of a dependent variable using one or a 
set of independent variables. The observed value ( Obs

iy ) is approached by a linear combination of variables x1, x2 .., xp 
(equation 2): 

ipiii
Expl
i apxxaxaay ,2,1, ..210  [2] 

Mi 

Hi 

O 



i  is the residual representing the deviation between the observed value Obs
iy  and the dependent part Expl

iy . All the 
residuals are assumed to be random independent quantities. 

3.1.4 Fit quality 

To determine whether an independent variable kx  has a genuine influence on the dependent variable Expl
iy , we test a 

hypothesis on the coefficient of regression ka . The zero hypothesis (H0) takes the form of 0ka . The Student's test is 

used: 
k

k

s
a

t  , where ks is the estimated standard deviation of the kth coefficient of regression ka . 

If the H0 hypothesis is true ( 0ka ), the statistic obeys a Student's law with n-p degrees of freedom, with P the 
probability derived from the distribution. If this probability is deemed too low at the confidence level of 0.05, the H0 
hypothesis is rejected. This test is also extended to the simultaneous nullity of several coefficients using the Khi² test 
(Fischer statistic with q and n-p degrees of freedom). Hence in successive steps we eliminate variables with little 
influence. 
The regression quality is given by the standard deviation estimate. The dependent variable is estimated with an 
uncertainty of ± 2 times the standard deviation. It is important to retain this concept for any conclusion made on the 
quality of the statistical model ultimately adopted. 
 
 
4. RELATIONS BETWEEN BINDER PROPERTIES 
 
The first results of this statistical analysis confirm that the binders adopted for the study are distinct although three 
binders have similar behaviours in some cases. Among all the properties some are correlated, such as the R&B 
softening point and Pfeiffer index (which was already known by the definition of PI). Figure 4 gives a diagram of 
possible redundancies between the types of binders adopted for the properties of usage. The scattering over the entire 
area of projection demonstrates their independence. Figure 5 gives the distribution of certain binder properties as 
softening point (_TBA), maximum of cohesion (_coh_max), elongation breaking (_all_rupt) or usual criteria of SHRP 
temperatures (T_SHRP and T_SAR) initially (O_), after RTFOT ageing (R_) and extraction from asphalts cores (Ex_). 
The proximity of the characteristics demonstrates that there is redundancy for the ageing conditions, which will 
subsequently mean only having to search for correlations based on a single ageing condition and verify that they are 
applicable to the other conditions. This first important result already answers the question of the choice of the ageing 
condition of the binder to relate to the target performance of the asphalt. 
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Figure 4: Principal component analysis of 
individuals plane 

Figure 5: Principal component analysis of 
variables plane 

 
For each ageing condition (initial binder, RTFOT aged binder and binder extracted from asphalts), the statistical 
analysis reveals high correlations between certain properties of the binders. In figures 6 and 7 one carried two examples 
concerning the zero shear viscosity (_ZSV) and the Viscosity @ 135°C (_visco135) versus the and the softening point 
(_TBA) for extracted binders (Ex_). 
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Figure 6: Correlation between ZSV and R&B 
softening point of extracted binders 

Figure 7: Correlation between Viscosities at 135°C 
and R&B softening point of extracted binders 

 
 
5. RELATIONS BETWEEN ASPHALT PERFORMANCES  
 
With regard to relations between asphalt performances, there was little or no redundancy. Only the asphalt complex 
modulus, an intrinsic property of the asphalt, seems to be related to other measured performances: 

 The FATIGUE resistance (measured by its epsilon 6) and the moduli and phase angles at 15°C 10 Hz of the 
asphalts (Figure 8).  
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Figure 8: Correlation between Epsilon 6 and Modulus at 15°C 10Hz 

 The surface bonding strength determined by the CANTABRO test and the complex modulus of the asphalts 
at low temperature have a better correlation (r > 0.90) after elimination of the asphalt values for binder G 
(figure 9). 
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Figure 9: Fit between predicted and observed values of relative losses of mass (%) 

 The RUTTING behaviour of the asphalts cannot be explained solely by examination of the asphalt complex 
moduli. 

 



6. BINDER – ASPHALT CORRELATIONS 
 

6.1 Complex modulus  
As rheological tests on asphalts are relatively burdensome, it is advantageous to try to limit their number by replacing 
them to a certain degree, by tests on binders. This involves making comparisons between the rheology of the asphalts 
and of the binders so as to confirm or exclude relations enabling transitions between them. 
Both Figure 10 andFigure 11 present the master curves of the moduli and phase angles of binder A and its asphalt after 
vertical and horizontal shift. 
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Figure 10: Modulus master curves, at 20°C, of extracted binder A and its asphalt after translations  
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Figure 11: Phase angle master curves at 20°C (extracted binder A and asphalt after horizontal translation) 

It can be noted that there is a correct overlap, and that the susceptibility difference between the binder and asphalt is 
reflected more visibly in the phase angle master curve than on the modulus master curve. 
For a given asphalt formula, the complex modulus of the asphalt can be deducted directly, to a certain degree, from that 
of the bitumen by means of 2 translations. At a given frequency and temperature, multivariate statistical analysis clearly 
highlights the correlation between the modulus values of the binder and asphalt, as illustrated by the figures below for 
the measured modulus or phase angle points (at -10°C and 10 Hz, 30°C and 10 Hz, and at 15°C and 10 Hz).  
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Asphalt Modulus E* vs Binder modulus G* 
at -10°C 10 Hz 
 
Correlation Coefficient = 0.981536
R-squared = 96.3412 percent
Standard Error of Est. = 2509.46  
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Correlation Coefficient = 0.993815
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Standard Error of Est. = 158.732  
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Phase angle of asphalt vs phase angle of 
binder at 15°C and 10Hz 
 
Correlation Coefficient = 0.932067
R-squared = 86.8748 percent
Standard Error of Est. = 2.04726  

Figure 12: Examples of correlation obtained between the asphalt modulus and binder modulus 

Not all these correlations are surprising. In a relatively narrow temperature and frequency area, the asphalt modulus 
|E*ENR| can be derived from the binder modulus |E*bit|, either using models (Huet model modified by adding a viscous 
element [7]), or by relations (equation 3) such as the one given by F Olard in 2003 [7]. 
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*  [3] 

This expression is of the type xbay *  for a given asphalt formula.  This linear regression matches the statistical 
processing model adopted here (Figure 12). 
 

6.2 RUTTING 
The principal component analysis (PCA) demonstrates that there is a low probability of finding binary correlations 
between rutting behaviour and one of the standard properties studied. In this case too the binders adopted are non-
redundant. 

6.2.1 Correlations with usage properties 
The search for binder characteristics highly related (r² > 0,90) to asphalt rutting behaviour using PCA involves a 
combination of at least three "binder variables". 
For the three ageing modes, the variables adopted in the regressions are major deformation properties such as ultimate 
elongation or stress at yield point, but also a viscosity property measured by Ring & Ball test, by viscosity at 135°C or 
by ZSV. The binder's temperature susceptibility appears directly on the fresh products, whereas for extracted binders 
(Figure 13) and binders after RTFOT, the regression only integrates flowing properties based on the R&B softening 
point or viscosity at 135°C. 
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Predicted rutting based on R&B, stress and elongation 
at yield point values 
 
log10(ORN_faible) = 3,8308 - 0,031308*Ex_TBA - 
1,8876*log10(Ex_cont_seuil) - 0,3159*log10(Ex_all_seuil)
 
r² = 92,63 % 

 = 0,0448

Figure 13: Example of correlation between rutting (_ORN) and properties of usage 



 
 
The standard deviation of prediction is estimated at 0,089 at best i.e. better than 1,2% rut. In view of the uncertainties 
for the variables, this is still a remarkable prediction value. 

6.2.2 Correlations with binder moduli 
The variables adopted for this analysis were derived from modulus characteristics obtained at medium and high 
temperature (30°C and 60°C), and the temperature giving a 45° phase angle. 
Examination of the correlation matrix indicates that the SHRP Superpave 1/J” (named here _Jsec) or G*/sin(delta) 
criteria are not correlated with the rut depth for the binders involved in this study (r < 0,10).  
The optimum statistical combination requires 3 parameters: the modulus of elasticity at 60°C G*cos(delta) (named here 
_Gprim), the inverse of complex compliance at 60°C (_Jsec) and the modulus at 10 Hz giving 45° phase angle 
(_G_delta45).  That statistical correlation is given by the relation below (equation 4): 

Log10 (ORN_faible) = 1,7425 – 1,2833*log10(Ex_Gprim_60_10H) + 1,2939*log10(Ex_Jsec_60_10H) – 
0,2307*log10(Ex_G_delta45) [4] 
r² = 90,01 percent   and = 0,0505 
 
This model fits with the predicted rut depth (%ORN) between 0,79*ORN and 1,26*ORN. 
It can be noted that the combination with _Gprim and _Jsec, explains the rutting behaviour with an excellent correlation 
coefficient. But these two parameters are highly correlated, as shown in the Figure 14. 
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Correlation Coefficient = 0,960709
R-squared = 92,2962 percent
Standard Error of Est. = 0,134878  

Figure 14: Example of correlation between G’ at 60°C & 10Hz and 1/J” at 60°C & 10Hz 
 

So the statistical correlation is of C
delta

GbdeltaGa
sin

*logcos*logORNlog  type 

Further analysis of the correlation shows that the weights of the two parameters _Gprim and _Jsec are practically 
opposed.  Since: ba  in the previous relation, one can write (equation 5): 

CdeltaaORN 2sin5.0loglog  [5] 
 
With these new variables, the statistic generates the relation [6]: 
Log10 (ORN_faible) = 1,66014 – 1,2578*log10 (0.5*sin(2*Ex_delta_60_10H)) - 0.20775*log10(Ex_G_delta45)   [6] 

With r² = 94,36 percent and  = 0,0372 
 
Since the rutting value estimate is ± 2  the rut depth value can be calculated at the nearest 17% (between 1,18*ORN 
and 0,84*ORN). 
We may also note that the modulus giving a phase angle of 45° enables to calculate the Anderson structure factor R [8] 

through the relation
*

45

*

log
deltaG
G

R . So the binder structure would appear to influence rutting behaviour, as was 

previously predicted by a number of authors [4, 8 and 9]. 
The ageing condition of the binders does not particularly impair the correlation. 
As a general trend, modified bitumens and multigrade type bitumens, which have reinforced binder structure 
characteristics than pure bitumens, enhance rutting resistance. 
 



6.3 FATIGUE 
The mechanical fatigue cracking resistance of asphalts is a sought-after performance on which the binder quality may 
have a certain impact; but there is still no proper binder test to describe this impact.  Here too the principal component 
analysis (PCA) demonstrates the low probability of finding binary correlations between mixture fatigue behaviour and 
one of the binder properties studied. 

6.3.1 Correlations with usage properties 
Multivariate statistical processing of the "binder variables" to explain the epsilon 6 values of the FATIGUE test 
combine the following variables: temperature susceptibility (Pfeiffer Index as _IPpfeif) (i.e. penetration at 25°C and the 
ring and ball softening point) and the binder's elongation at break in the direct tensile test (_all_rupt).  
 
Log10(FATIGUE) = 2,0216 + 0,09641*Ex_IPpfeif + 0,02939*log10(Ex_all_rupt) [7] 
r² = 93,68 % 

 = 0,03559 
 
The estimated value of epsilon 6 calculated from the binder variable values (equation 7) is between 1,17*FATIGUE and 
0,85*FATIGUE (i.e. at around ± 15 def for an epsilon 6 centred on 100). The three binder conditions (initial, RTFOT 
and extracted) express an excellent correlation between a high deformation property and a temperature susceptibility 
property.  
It can also be noted that the results of DTT (T_SHRP and T_SAR) have been excluded by the statistic analysis. 
Considering the fatigue line slope, the analysis leads to adopt two cohesion variables measured with the pendulum 
impact testing machine: the binder maximum cohesion value and its corresponding temperature.  
So the fatigue life characteristics (epsilon 6 and slope) are described by two clearly distinct sets of binder properties 
(temperature susceptibility and ultimate elongation for 6, and maximum cohesion from the pendulum test for the 
fatigue line slope).  
Finally, the observed FATIGUE behaviour of the asphalts with special binders and polymer modified binders is 
superior to the behaviour of pure bitumen asphalts. 

6.3.2 Correlations with binder moduli 
There does not seem to be a binary relation between the mix fatigue failure strain at one million cycles (epsilon 6) and 
the binder modulus |G*|, the associated phase angle or their derivatives (from frequency or temperature) or with the 
variable G*sin (delta), for which the coefficient of correlation r² is still less than 0.24. 
Multidimensional statistical processing on epsilon 6 leads to adopt the following 3 variables: the temperatures giving 
the phase angles of 45° and 27° at 10 Hz, and the phase angle value at 60°C and 10 Hz.  The estimated value of epsilon 
6 calculated from the values of these variables is equivalent to that found with the properties of usage, i.e. 
1,17*FATIGUE and 0,86*FATIGUE (or around ± 15 def). 
We reiterate that these correlations are obtained for a single asphalt mix design and a single binder content, only the 
nature of the binder being changed. A wider range of binders and asphalt types appears to be essential to consolidate 
these preliminary conclusions. New binder tests to explain the FATIGUE behaviour of asphalts are therefore required. 
They will need to take into account the parameters revealed by this analysis: temperature susceptibility, elongation at 
break and modulus characteristics (phase angle at 60°C 10 Hz and the temperatures giving a phase angle of 45° and 
27°). 
 
7. CONCLUSIONS – OUTLOOK 
 
Ten bituminous binders from various origins (conventional, polymer modified and special bitumens) were characterised 
in terms of their physical and mechanical properties in three different conditioning states (fresh, artificially RTFOT 
aged and extracted from laboratory formulated asphalts). The characteristics of dense asphalts (French BBSG) 
formulated for standard usage with these binders, were also determined in accordance with the procedures in force at 
the time of the study.  
As demonstrated in the three presented cases (fatigue, rutting and modulus), simple binary correlations between an 
asphalt performance and a binder characteristic appear to be impossible. Therefore, asphalt performances are not simply 
related with binder characteristics; the post SHRP programme studies [10] have also already demonstrated the limits of 
this bijective approach in the USA.  
This study actually tought that two or three binder characteristics should be involved in the search for correlations in 
future work. 
The classical "simple" binder tests are unable of reproducing the fields of stress and deformation to which asphalts are 
submitted. Furthermore, these binder tests, especially the "rheological" ones, generally involve only one single type of 
behaviour at a time, whereas in the asphalt test, the binder is submitted to a variety of stresses (major deformation, 
minor deformation, tensile - shearing, etc.). 
Finally, the measurement uncertainty of the asphalt tests also includes the uncertainty in the specimen production. 
Therefore it is no surprise that one often needs to use multi-criteria type correlations based on tests, which, taken 
individually, only imperfectly reflect one aspect of the behaviour of the binder in the asphalt mixture. 



The second major implication of this study is that common "rheological" type tests are not self sufficient to characterise 
binders in terms of their performance in asphalts (as demonstrated by the results from the Cantabro, fatigue (line slope 
and epsilon 6) or TSRST asphalt tests).  
Therefore, it will not be possible to base the framework of future performance specifications solely on tests such as 
DSR and BBR as currently conducted.  
In general terms, we can conclude that the study underlined the shortcoming of rheological tests restricted to the domain 
of linear behaviour under small deformation. This is indeed demonstrated by the characteristics derived from the tensile 
test (elongation) or the pendulum test (cohesion),, which appear in the correlations with the asphalt performances. So 
the range of tests currently covered for the performance approach should be completed with additional indicators. This 
is for instance the purpose of the «Multiple Stress Creep Recovery Test » [11] newly developed in the USA.  
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ABSTRACT 
 
Aging of bitumen produces significant changes in its structure, having a great influence on its response under different 
loads and temperatures. For the first time, in this study, colombian bitumens are characterized by rheological analysis 
in the characteristic temperature span of Colombia. The results are compared with those of a venezuelan bitumen. The 
three bitumens were characterized in the linear viscoelastic region, at three stages of aging: Tank, RTFOT and 
RTFOT+PAV. Complex modulus and phase angle master curves were constructed according to the time-temperature 
superposition principle, with a simultaneous shifting of phase angle, loss modulus and storage modulus. Thermal shift 
factors were adjusted to the WLF and Arrhenius models. 
The changes in rheological properties, parameters from the rheological models, and temperature dependence, are 
explained in the light of chemical composition (SARA) and some of the structural and functional parameters obtained 
by infrared analysis (FTIR), such as aromaticity, chains length, branching and oxygenated compounds. 
 
Key words: Bitumen, rheology, accelerated aging, FTIR. 
 
1. INTRODUCTION 
 
Bitumens are highly complex materials whose properties depend on the time and temperature they are exposed to. The 
properties of bitumens have been explained on the basis of structural models proposed by several authors. The colloidal 
and the microstructural models are widely accepted as the basis for an explanation of the physical behavior of bitumens. 
In the colloidal model, the bitumen is considered to be a dispersion of highly aromatic hydrocarbons (namely 
asphaltenes) that are surrounded by compounds of less aromaticity, resulting in an aromaticity gradient dispersed over a 
media comprised by low aromaticity oils and saturate compounds [1]. 
Because of the need for better specifications, that can provide a more realistic approach to the binders performance, a 
number of investigations have been led to describe and understand the interrelations existing between physical and 
chemical properties of bitumens, specially during their ageing [2]. One of the main goal of the studies was the 
formulation of a model that could describe the changes in the physical properties. The microstructural model considers 
the bitumen as polar molecules that form associations through electrostatic forces, hydrogen bonding, pi-pi bonding 
between aromatic rings and Van der Waals interactions between long-chain hydrocarbons. These associations are 
affected by the non-polar molecules surrounding them. The polar-polar interactions are considered to have the most 
influence on the viscoelastic properties of bitumens [3]. 
The rheology has proved to be an useful tool to describe the behavior of the binders. Linear viscoelastic (LVE) 
characterization allows to correlate the structural features at a molecular level with the physical behavior of bitumens 
[4]. The literature offers a great number of reports about relationships between rheological and compositional or 
structural parameters [5]. LVE characterization is done at small strains or stresses, where the moduli are independent of 
the input, in the scale of time. Then, the rheological properties are obtained at different temperatures and frequencies, 
and master curves for a standard reference temperature are obtained applying the time-temperature superposition 
principle or method of reduced variables, after selecting a reference temperature [6] [7]. 
 
1.1 Bitumens ageing 
 
The ageing process influences the performance and characteristics of a bitumen binder. This phenomenon is caused by 
several factors such as oxidation and volatilization. In the oxidation process, the oxygen from the atmosphere reacts 
with the organic compounds in the bitumen, producing new entities that are prone to associate between themselves, 
causing a harder and more brittle structure in the bitumen [1]. Regarding their composition, it is considered that the 
resins fraction (also known as polar-aromatics) is the most reactive, producing new asphaltenes which properties are 
different to the natural asphaltenes initially present in the binder. It has been found that the naphtene-aromatics form 
resins after oxidation reactions, as resins form asphaltenes, while saturates are more stable, even though they undergo 
oxidation reactions too [1]. 
According to the percentage of each generic fraction and their molecular structure, the physical properties change, 
making the bitumen more o less resistant to some conditions of service [3]. 
 
 
 



In this work, our goal is to show a complete linear viscoelastic characterization of two Colombian bitumens, compared 
to that of a Venezuelan bitumen, in a temperature range within the extreme temperatures in Colombia. The ageing 
process was attained by accelerated ageing tests, that is RTFOT and RTFOT+PAV. The changes in the master curves 
are explained according to the compositional and molecular structure and functionality changes caused by ageing. 
 
2. EXPERIMENTAL 
 
2.1 Initial characterization 
 
Three bitumens from different sources were studied. Two of them are produced in Colombia, while the third one is 
produced in Venezuela. One of the Colombian bitumens (Apiay) is straight-run, the other (Barrancabermeja) is vacuum-
distilled, and the Venezuelan (Boscan) is a visbreaking vacuum distilled bitumen. This samples were initially 
characterized for their Performance Grade (PG) as a preliminary classification. Conventional tests were also run, such 
as Penetration and Ring & Ball Softening Points for each bitumen, in three ageing levels (Tank, RTFOT and 
RTFOT+PAV).  
 
2.2 Chemical composition 
 
To study the compositional changes, each bitumen, aged and unaged, was fractionated according to the ASTM D4124 
standard. 
 
2.3 Rheological characterization 
 
For the rheological characterization, the samples were aged following the RTFOT and PAV procedures as described in 
the AASHTO standards. The linear viscoelastic characterization was performed using an ARES-strain controlled 
rheometer (A-33A Model).  Before the dynamic frequency sweeps, the linear viscoelastic region was determined for 
each sample by running strain sweep tests at 100 rad/s. Then, dynamic frequency sweeps were run, and the geometries 
used were torsion bar (for temperatures between –5 and 15°C); parallel plates (10 mm diameter, for temperatures of 25 
and 35°C); parallel plates or cone-plate (25 mm diameter, for temperatures between 45 and 65°C) and cone-plate of 50 
mm diameter for temperatures of 75°C. The gap for each arrangement was set at the test temperature, then the sample 
was poured (after 30 min of heating). For the parallel plates geometry, the gap was 1 mm, and for the cone-angle 
geometry (cone angle 4°) the gap was 0.0457 mm. 
Each frequency sweep was run from 0.01 to 100 rad/s. Then, successive frequency sweeps were run at temperatures 
from –5 to 75°C, in 10°C steps. This was done in order to reflect the temperature span at Colombia. Finally, the time-
temperature superposition principle was applied to construct the master curves, based on the simultaneous shifting of 
storage modulus (G’), loss modulus (G’’) and loss tangent (tan ). 
 
2.4 FTIR Analysis 
 
A Nicolet 6700 FT-IR spectrometer was used to determine the structural and functional characteristics of bitumen 
samples before and after RTFOT and RTFOT+PAV ageing. The bitumen samples were diluted in THF and then spread 
on a NaCl window. The solvent was let to evaporate until a uniform film was left on the window. 
All spectra were obtained by 64 scans with 4 cm-1 resolution, in wavenumbers ranging from 4000 to 400 cm-1. The film 
thickness of the sample was such that the absorbance measured at 1376 cm-1 (symmetrical deformation vibration of the 
CH3 group) was between 0.4 and 0.6 cm-1. Based on the spectra, parameters values were determined, according to 
different authors [3] [9] [10]. The structural parameters that showed the smoothest evolution and agreement with the 
rheological properties are listed and were calculated as follows: 
 
Aromatic index = A1605 / A          (1) 
Chain length = A720 / (A1465+A1376)          (2) 
Branching index = A2854 / (A2926+A2854)         (3) 
Carbonyl index = A1698 / A          (4) 
Sulphoxyde index = A1032 / A1376          (5) 
 
Where A is absorbance and A for this work is the sum of = A2926 + A2854 + A1698 + A1605 + A1465 + A1376 + A1032 + A870 
+ A810 + A750 + A720.  Some of the absorbances are not included in the mentioned indexes, since they were used to 
calculate another indexes that showed poor agreement with the evolution of rheological properties during bitumens 
ageing. 
 
 
 
 
 



3. RESULTS AND DISCUSSION 
 
3.1 Initial characterization and chemical composition 
 
The initial characterization of the three bitumens is shown in Table 1, along with their composition and basic properties, 
such as penetration and softening point. 
 
 
 

  Basic properties Chemical composition  

  Penetration 
(dmm) 

Softening
Point 

(R&B, 
°C) 

Asphaltenes
(% w/w) 

Saturates
(% w/w) 

Naphtene 
Aromatics 
(% w/w) 

Polar 
Aromatics
(% w/w) 

Ic 

Tank 58 52 18,8488 16,6903 32,7929 31,6680 0,55
RTFOT 32 -- 21,8094 16,7710 32,2496 29,1700 0,62APIAY 

(PG 64-22) RTFOT+PAV 19 -- 24,5592 16,1442 31,4165 27,8801 0,68
         

Tank 56 50 11,3189 13,3443 35,1972 40,1396 0,32
RTFOT 35 -- 14,1383 13,1164 33,2870 39,4583 0,37B.BERMEJA 

(PG 64-22) RTFOT+PAV 21 -- 17,6230 13,0248 29,5682 39,7841 0,44
         

Tank 63 51 17,9035 5,9813 31,9706 44,1446 0,31
RTFOT 37 -- 19,9042 5,4674 30,7892 43,8392 0,33BOSCAN 

(PG 70-22) RTFOT+PAV 18 -- 25,9155 5,1912 25,7244 43,1690 0,45
 
Table 1:  Bitumens PG, basic properties and chemical composition 
 
 
It can be observed that Colombian bitumens have the same PG, while the Venezuelan can perform over a wider range of 
temperatures, probably due to its lower saturates content, the fraction where the cristallyzable paraffins are 
concentrated. Paraffins are known to be responsible for a more brittle behavior of bitumens at low temperatures, making 
them to perform in a narrower temperature range [11]. Another reason could be a better dispersion of asphaltenes. It 
must be noted that a high asphaltenes content is not always an unique indicator of the whole system stability, since 
molecular structural features, functionalities and components contents ratios also play an important role on the 
interactions between bitumen’s components [1]. For example, it is known that the proportion of non-compatible 
fractions (asphaltenes and saturates) is another reason for the instability of the components dispersion [8]. From Table 1 
it is seen that the ratio of asphaltenes + saturates content to the sum of naphtene aromatics + polar aromatics (known as 
Colloidal Instability Index, Ic), increases in the following order: Boscan Barrancabermeja Apiay. This can also be 
an explanation to the Boscan bitumen’s capability to perform in a wider temperature range. However, the Boscan 
bitumen exhibits the highest rate of change on that ratio when it undergoes a RTFOT+PAV treatment. 
Due to the RTFOT and PAV test, a modification of both the quantity and quality of asphaltenes and maltenes is likely 
to occur. The increase in asphaltene content is a consequence of the well-known effect that ageing has on bitumen 
SARA composition. Ageing causes a shift of all the solubility classes (asphaltenes, resins and saturates plus aromatics) 
towards the preceding, adjacent class, i.e. a part of aromatics [3]. 
According to the composition results, it seems that the rate of asphaltenes formation of Barrancabermeja bitumen is 
higher than those of Apiay and Boscan bitumens. 
 
3.2 Rheological characterization 
 
For the three materials, in their three stages of aging (Tank, RTFOT and RTFOT+PAV), master curves over a wide 
range of frequencies were constructed. Figure 1 shows the changes in the master curves for G* and tan  for each 
bitumen in three levels of ageing. The reference temperature was 25°C. It can be observed that the complex modulus 
increases as the bitumens age. The Barrancabermeja bitumen shows a bigger change in modulus after RTFOT than 
Apiay and Boscan bitumens. Comparing the G* master curves for tank bitumens, it is observed that Apiay and Boscan 
bitumens have a very similar behavior in their complex modulus, while the Barrancabermeja bitumen shows lower 
values. 
  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Changes in master curves for complex moduli and loss tangent in Apiay, Barrancabermeja and 

 Boscan bitumens during accelerated aging tests. 
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The comparison of tan  master curves shows more evident differences between tank bitumens, specially at frequencies 
below 100 rad/s. From the definition of tan  = |G*| sen  / |G*| cos  , it is observed that Barrancabermeja bitumen 
exhibits the highest value of this ratio, followed by Boscan and Apiay bitumens respectively. 
According to some researchers who have also found that the shape of tan  master curve is an indicator of molecular 
weight distribution in dispersed systems, Apiay bitumen would be expected to have the widest molecular weight 
distribution among the three bitumens, since its tan  curve is the most spread over the frequency range, followed by 
Boscan and Barracabermeja bitumens. This result is also in agreement with the highest Ic values for Apiay bitumen [12] 
[13]. 
 
3.2.1 Evolution of Temperature Dependence with ageing – Thermal shift factors. 
 
Figure 2 shows the plots of the shift factors for each bitumen during aging, using a reference temperature of 25°C. To 
represent the change in temperature dependence of the viscoelastic behavior of bitumens cements during aging, 
Williams-Landel-Ferry and Arrhenius equations were employed [14]. 
The curves intercept at the reference temperature (25°C), but their steepness are different. It would be expected the 
steepness to be lower as the bitumen ages, since the bitumen tends to be less susceptible to the thermal changes [6]. 
However, there is not a clear tendency about this behavior for the three bitumens studied. Another fact is that the 
increase in asphaltenes content, does not give enough information to suggest a simple explanation of the results,  
suggesting the need for relating the temperature-dependence not only to composition, but also to structural features 
changes at a molecular level [1] [3]. 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Temperature dependence of linear viscoelastic response for Apiay, Barrancabermeja and 

Boscan bitumens during accelerated aging tests. 
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Figure 3 shows the change in parameters for a) Williams-Landel-Ferry (WLF) and b) Arrhenius equations, with ageing. 
There is an increase in the parameters values, being this more obvious in Barrancabermeja and Boscan bitumens. In this 
case, there is a clearer relationship between the Apparent Activation Energy (Ea) and the asphaltenes content, showing 
that some temperature dependence parameters can be easily explained according to the composition, without the need 
for further analysis involving a deeper insight in molecular structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Changes in Ea/R from Arrhenius equation, C1 and C2 for WLF equation during accelerated 

aging tests for Apiay, Barrancabermeja and Boscan bitumens. 
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3.3 FTIR Analysis 
 
The Table 2 lists the structural parameters obtained from FTIR. As previously mentioned, the parameters showed in the 
Table 2 are those whose changes showed a clearer relationship with the changes in the physical properties and the 
thermal susceptibility. 
It is observed, for example, that Aromaticity Index increases with aging in bitumens. This index could be considered for 
a deeper understanding of the evolution in bitumen’s physical properties. The lowest Aromaticity Index values in 
Boscan bitumen among the studied materials, suggests strong associations between molecules that would result in a 
higher magnitude of complex modulus [1] [8]. 
It is also found an inverse proportionality between the chain length index and the temperature susceptibility of bitumens 
as these age, but this proportionality is bitumen dependant as well. As the chains get longer, they tend to entangle, 
resulting in structures that will need more energy input to loose themselves, so this could be a complementary 
explanation of the thermal susceptibility of a bitumen [14].  
Another possibility is when chains grow longer, they tend to develop branches. The branching index shows an increase , 
specially with an aging process that involves pressure (simulated by PAV test). It seems that branching degree is 
directly proportional to the temperature susceptibility. This result is in agreement with the fact that branched chains are 
more difficult to entangle among themselves, resulting in bigger changes in the physical properties with the temperature 
[9] [10].  
The content in oxygenated compounds has been used as an indicative of the oxidation and aging degree of bitumens [5]. 
In the case of Colombian bitumens, the results were as expected, showing an increase in oxygenated compounds (this 
based on carbonyl and sulphoxyde indexes), which is clearly related to an increase in the complex moduli, and inversely 
proportional to the temperature susceptibility at the same time. 
 
 
 Structural Indexes  Functional Indexes 
 Aromaticity Branching Chains 

length 
 Carbonyl Sulphoxyde 

Apiay Tank 0,045917 0,374861 0,01361  0,02872 0,352863 
Apiay RTFOT 0,049182 0,387135 0,015356  0,033953 0,461529 

Apiay RTFOT+PAV 0,049926 0,372429 0,013106  0,050917 1,136869 
       

B.bermeja Tank 0,044061 0,351211 0,019042  0,038538 0,738183 
B.bermeja RTFOT 0,045305 0,356888 0,018741  0,042451 0,307121 

B.bermeja 
RTFOT+PAV 0,052016 0,382619 0,018214 

 
0,066701 1,063631 

       
Boscan Tank 0,036904 0,345466 0,019303  0,03548 0,234228 

Boscan RTFOT 0,039447 0,365517 0,020958  0,037935 0,406499 
Boscan RTFOT+PAV 0,038712 0,362841 0,02055  0,053787 1,02937 

 
Table 2:  Structural and functional parameters obtained from FTIR analysis 
 
 
 
4. CONCLUSIONS 
 
For the first time, colombian bitumens were rheologically characterized in a temperature span characteristic of that 
country, complementing this information with chemical composition and FTIR analysis. The study focused on the aging 
subject, in order to get a better insight about the performance of Colombian bitumens over the time and service 
conditions. 
According to the PG characterization colombian bitumens can performance well over the temperature span studied. 
Based on the master curves construction, the thermal susceptibility was assessed by evaluating the models that describe 
the shift factors dependence on the temperature. 
It was found that at a constant frequency the complex modulus increases with aging for each bitumen while the loss 
tangent decreases. This means that the bitumens exhibit a more elastic-like behavior as they age. Besides, there is a 
clear relationship between the complex modulus values and the chemical composition. 
 
 
 
 
 
 



It was found that in general, there is an increase in the parameters values related to temperature susceptibility as the 
bitumens age, however, there was not found a simple relationship between the stiffnes and temperature susceptibility of 
bitumens, suggesting a more adequate relationship with structural and functional indexes. The relationships between the 
temperature susceptibility and the FTIR indexes suggest a direct relationship between Aromaticity Index and Complex 
Modulus, between Carbonyl or Sulphoxyde compounds and Thermal Susceptibility, and between Branching degree and 
Thermal Susceptibility, while the Chains Length is inversely proportional to the Thermal Susceptibility. 
In the case of the studied bitumens, the parameters used to describe the temperature dependence according to the 
proposed models by Williams-Landel-Ferry and Arrhenius, show changes during the accelerated aging tests. 
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402-112 UTILIZATION OF BINDER STRESS SENSITIVITY TO INVESTIGATE THE 
IMPACT OF APPLIED LOAD, BINDER TYPE, AND AGGREGATE STRUCTURE ON 

THE RUTTING BEHAVIOR OF BITUMINOUS MIXTURES 
 

G. Reinke, S. Engber, D. Herlitzka, D. Tranberg, J. Jorgenson 
Mathy Technology and Engineering Services, 915 Commercial Ct., Onalaska, Wisconsin 54601 
 
ABSTRACT 
A stress sensitivity test was utilized to determine a binder rheological property that could be used to predict the rutting 
behavior of bituminous mixtures at elevated temperatures.  A heated air controlled Hamburg Wheel Tracking Tester 
was used to control specimens at test temperatures ranging from 52°C to 75°C.  Applied loads for the rutting test were 
534 N, 703 N and 890 N.   Superpave fine aggregate blends suitable for 1 million and 10 million ESAL pavements and a 
coarse Superpave aggregate blend suitable for a 10 million ESAL pavement were evaluated.  Nine different binders 
were studied, including three non-polymer modified binders and six binders containing a variety of elastomeric polymer 
additives.  PG grades ranged from PG 58-28 to PG 76-22.  A relationship between the binders’ resistance to increasing 
stress at a given temperature and the rut depth of the mixes produced from the binders was developed.  Results of this 
research establish the significance of stress as a defining parameter in predicting the binder’s contribution to mixture 
permanent deformation.  A relationship between changes in rutting load, test temperature and rut depth for binders was 
established.  Further a relationship between aggregate structure and the effective rutting resistance of the binders was 
developed. 
 
Keywords: Permanent Deformation, stress sensitivity, MSCR (multiple stress creep recovery), rheology,  
 
1. INTRODUCTION 
 
Bituminous mixtures exhibit problems related to permanent deformation because of several factors.  The service 
temperature at which the mixture is expected to perform may be too warm for the bitumen’s rheological characteristics 
and thus the bitumen may not be stiff enough to resist deformation due to load.  Conversely the load may be too high 
for the bitumen stiffness even though the bitumen stiffness is considered adequate for the temperature being evaluated.  
Another factor contributing to permanent deformation of bituminous mixtures is that the aggregate structure employed 
may be inadequate for loads employed or the temperatures at which the mixture is expected to perform.  The research 
reported here is a study designed to investigate the interaction of these three factors.  It should be emphasized that 
bitumen rheological characteristics can only contribute to reducing mixture permanent deformation.  Factors such as 
aggregate structure and mix design should be optimized along with the appropriate bitumen for expected pavement 
temperature and load environment.   
 
In the years since the introduction of the Performance Graded binder specification there have been numerous studies 
showing that G*/ Sin( ) does not correlate with mixture rutting for all types of binders.  Among these studies the 
NCHRP report of Bahia et al [7] is perhaps the most comprehensive.  The inadequacy of G*/Sin( ) as a predictor of the 
bitumen’s contribution to rutting has been shown to be especially true for polymer modified bitumens, while it is 
generally acknowledged that for non-modified bitumens G*/ Sin( ) does provide reasonable correlation to permanent 
deformation.  Attempts have been made by researchers to determine rheological parameters that do provide correlation 
to permanent deformation of asphalt mixtures especially for those mixtures utilizing polymer modifiers.  Several 
studies, including Phillips et al [1] and Sybilski [2], have established that zero shear viscosity is a good predictor of 
permanent deformation performance of polymer modified bitumens.  Our own research, Reinke et al [3] [4], however 
has shown that while zero shear viscosity is a good predictor of permanent deformation for mixtures produced using 
polymer modified binders and Eta* (a reasonable approximation to G*/Sin( ) for conventional bitumens) is a good 
predictor of permanent deformation performance for conventional binders, neither parameter is suitable for predicting 
permanent deformation performance for all bitumens for a given mixture.  Since the rutting of bituminous mixtures is 
inherently outside the linear viscoelastic region our investigation has pursued rheological tests that extend beyond the 
linear viscoelastic region as well.  Previous work, Reinke et al [4] [5] and additional work reported here demonstrate 
that only by subjecting bitumens to increasing levels of stress can a factor common to all bitumens be arrived at that is 
predictive of mixture permanent deformation.  Working along similar lines the Federal Highway Administration’s 
research has resulted in a similar conclusion using a multiple step stress test, D’Angelo et al [6], which is also 
conducted in the non-linear region.  
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2. EXPERIMENTAL 1 
A steel wheeled Hamburg type rut tester designed to condition specimens using heated air was utilized for all rut 2 
testing.  Nine PG (Performance Graded) binders ranging from PG 58-28 to PG 76-22 were evaluated for their 3 
resistance to rutting at their PG grade temperature and at deviations ranging from + 6°C to + 12°C depending on 4 
aggregate type and rutting load.  Not all mixes and binders were tested at all temperature ranges because the 5 
goal was to obtain a set of data that covered a wide range of rutting behavior for these binders in an effort to 6 
determine a binder parameter that could predict the binder’s contribution to permanent deformation.  7 
Additionally the rutting characteristics of each binder grade were evaluated using 3 aggregate structures and 3 8 
rutting loads.  The nine binders evaluated are shown in Table 1.  The three rutting loads utilized were 534 N 9 
(120 lbs), 703 N (158 lbs) and 890 N (200 lbs).  The typical rutting load utilized for the rut tester is 703 N and 10 
the high and low values represent approximately a + 25% variation in the applied rutting load.  The three 11 
aggregate structures utilized were a fine Superpave mix suitable for up to 1 million ESAL’s  of traffic 12 
(designated E-1), a fine Superpave mix suitable for up to 10 million ESAL’s of traffic (designated E-10 fine) 13 
and a coarse Superpave mix suitable for up to 10 million ESAL’s of traffic (designated E-10 coarse).  The 14 
aggregate gradations are shown in Table 2.  15 
 16 
All mixes were short term aged in the loose condition for 4 hours at 135°C prior to compaction into specimens 17 
for testing.  Rolling Thin Film Oven (RTFO) residues of the bitumens were tested using a stress controlled 18 
dynamic shear rheometer (DSR).  Temperature frequency sweeps were conducted at the PG grade temperature 19 
and + 6° or +12°C depending on the original PG grade.  Each binder was tested at four discrete temperatures 20 
covering the temperature range at which the rutting tests were conducted.  The frequencies used were 0.1 to 100 21 
radians/sec (0.0159 to 16.04 Hz) using 10 test points per log decade.  Additional tests to determine the resistance 22 
of the RTFO residues to increasing levels of stress were conducted.  These tests were the Multiple Stress Creep 23 
Recovery (MSCR) Test recommended by D’Angelo, et al [6] and a stress sweep test developed at MTE and 24 
reported in Reinke, et al [4] [5].  Both the MSCR and stress sweep tests were conducted on RTFO residues and 25 
at the same test temperatures as the DSR tests that had been conducted.  The experimental plan followed was to 26 
perform dry Hamburg rutting tests at two or three temperatures for each mix, depending on the binder grade 27 
used in the mix.  Gyratory pills were compacted to a height of 61 mm and a target air voids level of 6.5 to 7%.  28 
Two 150 mm diameter gyratory pills were trimmed and combined to form a single test specimen.  See Reinke, 29 
et al [5] for a picture of this test specimen arrangement.  Two such specimens (a total of four gyratory pills) 30 
were used for each test conducted.  Using two LVDT’s (one monitoring each wheel) the rut tester collected rut 31 
depth data every 50 wheel passes at eleven points along the wheel path traversed.  To reduce the data the first 32 
and last two rut depth values were eliminated from the analysis to remove the influence of boundary effects.  33 
The remaining seven rut depth values for each specimen were averaged at every 50th wheel pass to create a rut 34 
test plot for each specimen tested.  Finally the results from both wheels were averaged to create a rut value for 35 
the specific test.  Each test was programmed to test for 20000 wheel passes or until a maximum rut depth of 24 36 
mm was reached.  Not all mixes were able to sustain a test of 20000 passes because of test temperature, 37 
aggregate type, wheel load or some combination of these factors.  Therefore the the average rut depth at 10000 38 
wheel passes was the response variable utilized for all samples tested, since all test specimens achieved that 39 
value.  The general plan of analysis was to correlate rut depth at a given temperature to the rheological 40 
parameter of interest at that same temperature.  Thermocouples mounted in each specimen were used to monitor 41 
and control the specimen temperature.  The actual specimen temperature recorded for each test was an average 42 
of the two thermocouples for the 10000 wheel passes at which the rut depth was recorded.  As a result of minor 43 
fluctuations over the course of the rut test the reported temperature varied by several tenths of a degree Celsius 44 
from the target temperature.  A total of 83 rut tests were conducted using the 703 N load, 49 rut tests using the 45 
534 N load and 60 rut tests using the 890 N load. 46 
 47 
3. MATERIALS 48 
 49 
The bitumens used in the current study are summarized in Table 1.  A wide range of PG grades and modification 50 
techniques were used to produce these specimens.  With the possible exception of the Sealoflex® PG 76-22 all 51 
true PG grades are representative of the variation between target grade and the grade actually shipped.  The PG 52 
76-22 has a greater increase in quality at both high and low temperature than would be typically expected.   53 

 54 
TABLE 1—Bitumens used in Study and PG Grade Results 55 

 56 

Binder Modification Formulation 
True PG 
grade 

PG 58-28 None NA 60.4-29.8 
PG 64-22 None NA 66.1-23.5 
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Binder Modification Formulation 
True PG 
grade 

PG 70-22 None NA 71.5-25.0 
PG 70-22 SBR SBR Latex 3% BASF NX-1118 SBR solids 70.9-25.7 

PG 70-28 SBS SBS with sulfur cross linking 
2% Kraton 1116, 1% Kraton 
1118 + 0.1% sulfur 72.2-30.3 

PG 70-28 ELV Elvaloy® + PPA 2.1% Elvaloy® AM + 0.3% PPA 72.3-30.1 

PG 70-28 SBS/EB 
SBS with sulfur cross linking 
+ EntiraBond 12® 

(1%  Kraton 1116, 0.5% Kraton 
1118 +0.1% sulfur)+ 1.2% 
EntiraBond®12 71.5-29.2 

PG 76-28 ELV Elvaloy® + PPA 2.6% Elvaloy® AM +0.4% PPA 77.2-30.8 
PG 76-22 SEAL Sealoflex® + PPA 2.8% SBS +0.4% PPA 81.9-27.5 

 1 
The three aggregate gradations evaluated in this study are shown in Table 2.  All aggregates came from the same 2 
limestone quarry and are typical of blends used in construction by our company. 3 
 4 

TABLE 2—Aggregate Gradations, Design Gyrations and Bitumen Content 5 
All values reported are in percent passing each respective sieve 6 

Sieve Size, mm E-1 Fine Mix E-10 Fine Mix E-10 Coarse Mix 
19 mm 100 100 100 
12.5 mm 92.0 94.2 93.3 
9.5mm 82.0 85.9 87.5 
4.75 mm 62.3 66.6 46.4 
2.36 mm 45.4 46.6 28.0 
1.18 mm 36.0 33.9 19.8 
0.60 mm 25.5 23.7 14.6 
0.30 mm 16.6 16.6 11.0 
0.15 mm 9.2 8.7 5.8 
0.075 mm 5.1 4.1 2.9 
Design gyrations 60 100 100 
Optimum percent bitumen 5.3 % 5.8 % 5.8 % 
 7 
4. RESULTS AND DISCUSSION 8 
 9 
4.1 Stress Sensitivity Value and Stress Viscosity Factor 10 
 11 
The values for relevant properties examined in this study are shown in Tables 3 through 7.  For the 703 N test 12 
load the properties reported are the DSR value of the RTFO residue at 10 rad/sec (G*/Sin( ) in kPa), the non 13 
recovered compliance at 4000 Pa of stress (Jnr, in Pa-1), complex viscosity of the RTFO residue at 10 Hz (Eta* 14 
in Pa·s), stress at which Eta* equals 70% of its value at 410 Pa during the stress sweep (the Stress Sensitivity 15 
Value or SSV), a parameter derived by combining the complex viscosity and the Stress Sensitivity Value 16 
defined as the Stress Viscosity Factor (SVF) which will be discussed below, and the rut depth at 10000 17 
Hamburg wheel passes expressed in mm.  For the 534 N and 890 N test load only the most important results are 18 
shown in the interest of space.  The concept and development of the Stress Viscosity Factor (SVF) has been 19 
presented by Reinke, et al in [4] [5] and will only be briefly discussed.  The concept is based on the realization 20 
that the bitumen’s contribution to permanent deformation arises from two sources.  One of these is the stiffness 21 
of the bitumen, which can be expressed through G*/Sin( ) or through Eta*.  Much previous work, including the 22 
original SHRP research, has shown that for non modified bitumens a rheological parameter that defines stiffness 23 
does a good job of predicting rutting behavior for a given mix type and aggregate structure.  It was further 24 
realized, however, that for modified bitumens (including polymer modification, air blowing, and the use of 25 
acids) a second performance measure was needed.  This second performance measure was the stress sensitivity 26 
of the bitumen.  To determine stress sensitivity a stress sweep was performed on the bitumen at a frequency of 27 
10 Hz.  The stress imposed on the bitumen is ramped from 100 Pa to 50,000 Pa in 10 points per log decade.  For 28 
all binders studied to date there is a linear region where the value of Eta* remains essentially unchanged and 29 
then with increasing stress the complex viscosity begins to decrease.  The value of Eta* at a stress value of 410 30 
Pa was arbitrarily chosen as the point in the linear region to reference and the stress at which Eta* decreased to 31 
70% of its value in the linear region was chosen as the value to define the stress sensitivity of the bitumen.  The 32 
value of 70% was chosen because for all bitumens studied over the range of temperatures relevant for mixture 33 
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rutting there was a stress at which Eta* decreased to 70% of its linear value.  Some highly modified materials at 1 
temperatures 6 or 12 degrees Celsius below their grade temperature rarely decreased by more than 70%.  2 
Examination of these two parameters, the value of complex viscosity and the Stress Sensitivity Value (the stress 3 
at which Eta* dropped to 70% of its linear value) showed that neither parameter could always adequately define 4 
the bitumen’s contribution to mixture rutting for all bitumens.  It was found that by multiplying the two values 5 
together a parameter was obtained that predicted rutting behavior for a given mixture regardless of bitumen 6 
grade or modification.  The value obtained by multiplying the complex viscosity by the Stress Sensitivity Value 7 
was further divided by 106 to yield a more manageable value, which has been termed the Stress Viscosity Factor 8 
(SVF). 9 
 10 

TABLE 3—Binder and Rut Test Results for E-1 Fine Mix using 703 N load 11 
 12 

BINDER TEMP DSR (kPa) of 
RTFO 
RESIDUE AT 
10 RAD/SEC 

Jnr at 
4000 Pa 

ETA*_RT
FO_@10H
z 

Stress_at_
Eta*=70%
_410Pa_v
alue, SSV 

SVF RUT at 
10000 
passes, 
mm 

58-28 58.4 3.087 0.272 257.3 11900.6 3.06 8.76 
58-28 64.2 1.453 0.598 127.4 8326.2 1.06 18.42 
58-28 52.8 6.553 0.108 523.4 20075.0 10.51 4.29 
64-22 64.6 2.697 0.326 235.2 11416.7 2.69 8.84 
64-22 70.6 1.224 0.764 112 8968.9 1.00 21.76 
64-22 58.7 6.013 0.130 504.7 18387.0 9.28 5.24 
70-28_SBS 70.2 2.818 0.233 162.9 11312.8 1.84 16.67 
70-28_SBS 64.4 5.15 0.083 283.96 18329.8 5.20 8.18 
70-28_SBS 58.5 9.255 0.025 504.4 29300.9 14.78 5.23 
70-22_SBR 64.8 4.202 0.108 291.5 19745.1 5.76 4.59 
70-22_SBR 70.3 2.304 0.236 163.996 14681.7 2.41 13.66 
70-22_SBR 73.7 1.621 0.350 117.1 12654.4 1.48 16.85 
70-28 SBS/EB 70.4 2.87 0.112 166.36 14464.8 2.41 8.64 
70-28 SBS/EB 75.2 1.793 0.221 106.1 10853.1 1.15 19.92 
70-28 SBS/EB 64.5 5.184 0.047 293.55 22188.3 6.51 5.57 
70-28 ELV 64.1 5.615 0.044 280.8 19325.3 5.43 5.76 
70-28 ELV 70.2 3.21 0.109 162.7 13944.0 2.27 12.55 
70-28 ELV 70.2 3.21 0.109 162.7 13944.0 2.27 9.81 
70-22 70.1 2.737 0.305 217.1 11174.9 2.43 17.16 
70-22 64.2 5.686 0.132 425.9 18368.5 7.82 6.591 
70-22 75.1 1.520 0.628 125.8 8266.9 1.04 19.64 
76.22 SEAL 70.3 6.685 0.038 312.5 19793.9 6.19 6.56 
76.22 SEAL 64.2 11.51 0.014 529.2 26280.0 13.91 3.58 
76.22 SEAL 75.0 4.45 0.082 213.1 15634.1 3.33 11.81 
76-28 ELV 70.1 3.86 0.035 167.7 30041.4 5.04 4.54 
76-28 ELV 74.7 2.675 0.070 117.5 25330.9 2.98 6.98 
76-28 ELV 72.2 3.263 0.048 142.2 27971.1 3.98 4.37 

 13 
 14 

TABLE 4—Binder and Rut Test Results for E-10 Fine Mix using 703 N load 15 
BINDER, E-10 
FINE, 703 N 

TEMP DSR 
(kPa) of 
RTFO 
RESIDUE 
AT 10 
RAD/SEC 

Jnr at 
4000 Pa 

ETA*_RTF
O_@10Hz 

Stress_at_
Eta*=70
%_410Pa
_value, 
SSV 

SVF RUT at 
10000 
passes, 
mm 

58-28 64.4 1.416 0.613 124.7 8250.4 1.03 11.84 
58-28 57.9 3.299 0.252 273.7 12381.9 3.39 4.92 
58-28 69.7 0.7452 1.119 67.62 6891.99 0.47 23.53 
64-22 64.3 2.808 0.312 244.4 11621.8 2.84 4.28 
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BINDER, E-10 
FINE, 703 N 

TEMP DSR 
(kPa) of 
RTFO 
RESIDUE 
AT 10 
RAD/SEC 

Jnr at 
4000 Pa 

ETA*_RTF
O_@10Hz 

Stress_at_
Eta*=70
%_410Pa
_value, 
SSV 

SVF RUT at 
10000 
passes, 
mm 

64-22 70.4 1.256 0.743 114.7 9015.2 1.03 10.87 
64-22 72.9 0.9098 1.039 85.6 8540.1 0.73 15.07 
70-28_SBS 70.1 2.848 0.229 164.5 11409.3 1.88 11.57 
70-28_SBS 64.2 5.256 0.080 289.5 18630.4 5.39 5.58 
70-28_SBS 74.9 1.696 0.489 105 7537.4 0.79 19.83 
70-22_SBR 70.5 2.256 0.242 160.7 14543.3 2.34 7.16 
70-22_SBR 64.3 4.44 0.100 307.6 20351.97 6.26 3.83 
70-22_SBR 75.9 1.305 0.440 95.2 11654.3 1.11 11.24 
70-28 SBS/EB 70.1 2.96 0.107 171.2 14751.0 2.53 7.92 
70-28 SBS/EB 64.3 5.289 0.045 299.3 22551.5 6.75 4.41 
70-28 SBS/EB 74.5 1.92 0.200 113.2 11468.8 1.30 15.25 
70-28 ELV 70.1 3.24 0.107 164.1 14012.5 2.30 5.32 
70-28 ELV 64.6 5.362 0.048 268.3 19325.3 5.18 3.68 
70-28 ELV 75.2 2.049 0.221 106.1 11141.4 1.18 12.86 
70-22 70 2.77 0.301 219.6 11255.4 2.47 5.1 
70-22 74.7 1.5912 0.592 131.3 8434.5 1.11 13.33 
70-22 64.2 5.686 0.132 425.9 18368.5 7.82 3.57 
76.22 SEAL 70 6.86 0.036 320.45 20083.8 6.44 4.86 
76.22 SEAL 64.3 11.40 0.014 524.5 26163.6 13.72 2.2 
76.22 SEAL 75.0 4.44 0.082 213.1 15634.1 3.33 9.2 
76-28 ELV 70.2 3.83 0.035 166.4 29945.4 4.98 4.16 
76-28 ELV 74.9 2.63 0.072 115.7 25109.7 2.91 7.81 
76-28 ELV 64.4 6.10 0.015 265.7 35183.4 9.35 3.3 

 1 
TABLE 5—Binder and Rut Results for E-10 Coarse Mix using 703 N load 2 

BINDER, E-10 
Coarse, 703 N 

TEMP DSR 
(kPa) of 
RTFO 
RESIDUE 
AT 10 
RAD/SEC 

Jnr at 
4000 Pa 

ETA* 
(Pa·s)_R
TFO_@1
0Hz 

Stress_at_
Eta*=70%
_410Pa_va
lue, SSV 

SVF RUT at 
10000 
passes, 
mm 

58-28 58.2 3.17 0.264 263.7 12088.8 3.19 3.58 
58-28 58.5 3.05 0.276 254.1 11808.7 3.00 3.89 
58-28 64.4 1.416 0.613 124.7 8250.4 1.03 5.84 
58-28 70 0.7199 1.155 65.36 6843 0.45 13.66 
64-22 64.1 2.884 0.303 250.7 11764.8 2.95 3.36 
64-22 70.3 1.273 0.733 116.1 9038.9 1.05 5.8 
64-22 75.4 0.661 1.435 65.8 8236.4 0.54 13.91 
70-28_SBS 70.7 2.677 0.253 155.4 10841.3 1.68 6.63 
70-28_SBS 75.2 1.641 0.512 102.2 7341.3 0.75 12.65 
70-28_SBS 64.2 5.256 0.080 289.51 18630.4 5.39 2.99 
70-22_SBR 71.3 2.074 0.267 148.3 14015.3 2.08 5.09 
70-22_SBR 75.4 1.37 0.419 99.69 11863.4 1.18 5.12 
70-22_SBR 65.4 3.93 0.119 273.4 19054.2 5.21 3.16 
70-22_SBR 69.9 2.404 0.224 170.8 15728.9 2.69 4.05 
70-28 SBS/EB 70.1 2.96 0.107 171.2 14751.0 2.53 5.32 
70-28 SBS/EB 74.9 1.85 0.212 109.1 11034.9 1.20 7.47 
70-28 SBS/EB 64.2 5.343 0.045 302.2 22736.4 6.87 2.95 
70-28 ELV 69.9 3.299 0.104 167.05 14151.1 2.36 5.8 
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BINDER, E-10 
Coarse, 703 N 

TEMP DSR 
(kPa) of 
RTFO 
RESIDUE 
AT 10 
RAD/SEC 

Jnr at 
4000 Pa 

ETA* 
(Pa·s)_R
TFO_@1
0Hz 

Stress_at_
Eta*=70%
_410Pa_va
lue, SSV 

SVF RUT at 
10000 
passes, 
mm 

70-28 ELV 64.4 5.4621 0.046 273.2 18993.82 5.19 2.7 
70-28 ELV 74.9 2.1044 0.212 108.798 11279.45 1.23 5.76 
70-22 70.2 2.7041 0.309 214.7 11095.6 2.38 4.51 
70-22 75.2 1.50 0.637 124.5 8226.4 1.02 6.88 
70-22 64.2 5.69 0.132 425.9 18368.5 7.82 2.48 
76.22 SEAL 74.9 4.4853 0.080 214.7 15715.2 3.37 5.13 
76.22 SEAL 70.2 6.7437 0.038 315.1 19890.2 6.27 4.9 
76-28 ELV 70.3 3.7983 0.036 165.1 29849.1 4.93 3.71 
76-28 ELV 75 2.6117 0.074 114.8 24998.5 2.87 5.22 
76-28 ELV 67.1 4.9095 0.022 213.2 32821.2 7.00 2.86 
76.22 SEAL 74.8 4.5238 0.079 216.4 15796.7 3.42 5.25 

 1 
TABLE 6—Binder and Rut Results for E-1 Fine, E-10 Fine and E-10 Coarse Mixes using 534 N load                                  2 
BINDER, 
E-1 Fine, 
534 N 

TEST 
TEMP 

SVF Rut 
Depth, 
mm 

BINDER, 
E-10 
Fine, 534 
N 

TEST 
TEMP 

SVF Rut 
Depth, 
mm 

BINDER, 
E-10 
Coarse, 
534 N 

TEST 
TEMP 

SVF Rut 
Depth, 
mm 

64-22 70.2 1.06 10.63 58-28 69.3 0.49 10.78 58-28 70 0.45 4.85 
70-
28_SBS 

70.4 1.78 8.91 64-22 70.6 1.00 5.03 64-22 75.5 0.53 5.24 

70-
22_SBR 

73.2 1.59 7.82 64-22 75.1 0.55 7.87 70-
28_SBS 

75.1 0.76 4.29 

70-28 
SBS/EB 

70.2 2.49 5.61 70-
28_SBS 

75.2 0.75 7.18 70-22 74.7 1.11 4.29 

70-28 
ELV 

70.1 2.30 5.71 70-
22_SBR 

75.2 1.21 4.67 58-28 75.3 0.21 12.41 

70-22 70.5 2.26 7.61 70-22 70.0 2.47 3.12 76-28 
ELV 

74.6 3.01 2.8 

76.22 
SEAL 

70.4 6.10 3.98 70-28 
SBS/EB 

70.2 2.49 4.96 76.22 
SEAL 

75.0 3.33 3.88 

76.22 
SEAL 

75.2 3.24 5.7 70-28 
ELV 

74.9 1.23 4.46 70-28 
SBS/EB 

71.0 2.19 2.38 

70-22 64.4 7.50 3.35 58-28 64.1 1.08 3.96 70-
28_SBS 

75.7 0.69 5.75 

70-28 
SBS/EB 

75.0 1.19 5.42 70-22 75.2 1.02 5.57 64-22 72.3 0.79 3.82 

70-
22_SBR 

70.3 2.41 6.1 70-28 
SBS/EB 

75.1 1.17 4.61 70-28 
ELV 

75.0 1.21 3.11 

76-28 
ELV 

74.7 2.98 3.48 70-
22_SBR 

75.1 1.23 5.06 70-
22_SBR 

74.8 1.28 3.47 

70-
28_SBS 

74.9 0.79 15.59 70-
28_SBS 

70.2 1.84 4.66     

70-28 
ELV 

75.2 1.18 11.2 76-28 
ELV 

74.9 2.91 4.29     

64-22 64.2 2.89 5.47 76.22 
SEAL 

74.7 3.46 3.57     

58-28 58.5 3.00 3.24 70-28 
ELV 

75.0 1.21 4.32     

58-28 70.4 0.42 12.8 70-28 
SBS/EB 

70.1 2.53 3.51     

    64-22 58.5 9.73 2.64     
    58-28 52.7 10.76 2.01     
    76.22 

SEAL 
74.6 3.51 3.63     
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 1 
 TABLE 7—Binder and Rut Results  for E-1 Fine, E-10 Fine and E-10 Coarse Mixes using 890 N load 2 
BINDER, 
E-1 Fine, 
890 N 

TEST 
TEMP 

SVF Rut 
Depth, 
mm 

BINDER, 
E-10 
Fine, 890 
N 

TEST 
TEMP 

SVF RUT 
at 
10000 
passes, 
mm 

BINDER, 
E-10 
Coarse, 
890 N 

TEST 
TEMP 

SVF RUT 
at 
10000 
passes, 
mm 

58-28 52.9 10.26 7.34 58-28 58.1 3.25 8.4 58-28 58.3 3.12 6.59 
58-28 58.2 3.19 17.96 64-22 58.4 9.96 4.7 64-22 70 1.10 18.47 
64-22 58.6 9.50 9.79 70-

28_SBS 
64.3 5.30 9.69 70-

28_SBS 
64.3 5.30 6.35 

70-
28_SBS 

58.5 14.78 7.95 70-
22_SBR 

70.4 2.37 14.16 70-
22_SBR 

70.5 2.34 9.29 

70-28 
SBS/EB 

65 5.96 15.34 70-22 70.4 2.30 11.55 70-22 70.5 2.26 12.84 

70-
22_SBR 

64.9 5.66 10.73 70-28 
SBS/EB 

64.4 6.63 7.02 70-28 
SBS/EB 

75.1 1.17 19.99 

70-28 
SBS/EB 

64.4 6.63 13.85 70-28 
ELV 

70.3 2.24 13.56 76.22 
SEAL 

64.4 13.54 4.91 

70-28 
ELV 

64.4 5.19 10.4 76.22 
SEAL 

70.3 6.19 8.8 70-28 
ELV 

70.2 2.27 10.14 

76-28 
ELV 

70.1 5.04 10.59 76.22 
SEAL 

64.5 13.36 6.2 76-28 
ELV 

74.8 2.94 9.48 

76.22 
SEAL 

64.4 13.54 7.14 70-22 64.5 7.34 9.21 70-28 
ELV 

70.2 2.27 10.14 

70-22 58.4 28.47 5.54 70-28 
SBS/EB 

70.2 2.49 14.55 76.22 
SEAL 

70.5 6.0 7.1 

70-28 
SBS/EB 

58.5 20.29 3.69 70-
22_SBR 

64.7 5.85 6.75 70-22 64.4 7.50 4.02 

70-
22_SBR 

58.7 16.77 3.65 70-
28_SBS 

67.3 3.10 15.84 70-28 
SBS/EB 

70.4 2.41 14.81 

70-
28_SBS 

64.6 5.02 19.31 64-22 64.5 2.74 11.07 70-
22_SBR 

64.6 5.95 3.13 

64-22 52.8 42.28 4.6 58-28 61.8 1.60 17.88 70-
22_SBR 

75.1 1.23 15.46 

70-22 64.3 7.66 13.92 76-28 
ELV 

70 5.09 5.52 64-22 64.6 2.69 4.85 

70-
28_SBS 

67.0 3.27 17.37 76-28 
ELV 

74.7 2.98 14.8 58-28 61.2 1.79 7.86 

70-22 70.0 2.47 22.57 70-28 
ELV 

64.4 5.19 7.9 76-28 
ELV 

71.1 4.54 6.61 

    70-
22_SBR 

58.7 16.36 2.7 70-
28_SBS 

70.2 1.84 14.34 

        70-28 
ELV 

64.4 5.19 4.9 

        70-28 
SBS/EB 

70.5 2.37 12.78 

        76.22 
SEAL 

70.2 6.27 9.22 

        76.22 
SEAL 

70.3 6.19 9.52 

 3 
Figure 1 shows a stress sweep plot of six bitumen samples from the current study at their PG grade temperature 4 
using a frequency of 10 Hz.  These data demonstrate the concept behind the stress sweep test; for each bitumen 5 
a stress level is reached beyond which the complex viscosity ( *) begins to decrease.  For some bitumens such 6 
as the PG 64-22 and the PG 70-28 SBS, once * begins to decrease with increasing stress the falloff proceeds 7 
rapidly.  For others, such as the PG 70-22 SBR, the PG 76-22 SBS Ergon (Sealoflex®) and the PG 76-28 MIF 8 
Elvaloy® sample the decrease in * with increasing stress is more gradual.  Figure 2 is a summary of Stress  9 

 10 
 11 
 12 
 13 
 14 
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FIGURE 1—Typical Stress Sweep results for Several Binders in Study 1 
Tested at PG Grade Temperature and 10 Hz 2 

 3 
Sensitivity for all bitumens evaluated in the study over a reasonable temperature range for which those bitumens 4 
might be used in paving mixtures.  Examination of this data shows that as the stress sweep test temperature  5 

FIGURE 2—Stress Sensitivity Results for Binders in BRRS-3 Study 6 

decreases the Stress Sensitivity increases rapidly for the non modified bitumens (PG 58-28, PG 64-22, and PG 7 
70-22 Citgo straight run).  All but the PG 70-28 SBS bitumen have higher Stress Sensitivity Values at 70°C 8 
compared to the non modified PG 70-22, but as the test temperature decreases the Stress Sensitivity of the  9 
70-22 non modified bitumen increases so rapidly compared to the other PG 70 polymer modified bitumens that 10 
its Stress Sensitivity Value at 58°C is higher than all but the two Elvaloy® modified materials.  The polymer 11 
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modified bitumens evaluated in this study tend to have Stress Sensitivity Values that exhibit reduced 1 
temperature susceptibility compared to non modified binders.  The PG 70-28 polymer grades were made from 2 
the PG 58-28 and the PG 70-22 SBR was made from the PG 64-22 used in this study.  This shows that the 3 
polymer has a definite role in reducing the temperature susceptibility of the stress sensitivity. 4 
 5 
The plots shown in Figures 3 and 4 will serve to demonstrate the relationship between rut depth and the different 6 
rheological parameters investigated.  In Figure 3 rut depth is plotted as a function of * on the lower X-Axis and  7 

FIGURE 3—Rut Depth as a Function of Complex Viscosity and Stress Sensitivity  8 
For E-1 Fine Mix with a 703 N Rutting Load 9 

as function of Stress Sensitivity on the upper X-Axis.  The R2 value for the complex viscosity plot is 0.53 and 10 
the R2 for the Stress Sensitivity plot is 0.81.  In Figure 4 rut depth is plotted as a function of the combined 11 
parameters of complex viscosity and Stress Sensitivity or the Stress Viscosity Factor.  The R2 for this 12 
relationship is 0.88, which is a slight improvement over the relationship of just stress sensitivity alone.  In Table 13 
8 the R2 results for all mixes and all rutting loads have been shown.  In all cases the result for rut depth as a 14 
function of the Stress Viscosity Factor exhibits the highest R2 value.  15 
 16 

Table 8--R2 Values for Rut Depth as a Function of Different Binder Rheological Parameters 17 
 E-1 Fine, 534 N E-10 Fine, 534 N E-10 Coarse, 534 N 
Rut Depth = F(Eta*) @ 10 Hz 0.50 0.77 0.91 
Rut Depth = F(SSV) 0.74 0.74 0.91 
Rut Depth = F(SVF) 0.76 0.89 0.94 
Rut Depth = F(G*/Sin( ) 0.54 0.72 0.90 
    
 E-1 Fine, 703 N E-10 Fine, 703 N E-10 Coarse, 703 N 
Rut Depth = F(Eta*) @ 10 Hz 0.53 0.80 0.80 
Rut Depth = F(SSV) 0.81 0.77 0.72 
Rut Depth = F(SVF) 0.88 0.89 0.86 
Rut Depth = F(G*/Sin( ) 0.76 0.72 0.72 
    
 E-1 Fine, 890 N E-10 Fine, 890 N E-10 Coarse, 890 N 
Rut Depth = F(Eta*) @ 10 Hz 0.59 0.59 0.60 
Rut Depth = F(SSV) 0.74 0.44 0.36 
Rut Depth = F(SVF) 0.82 0.78 0.72 
Rut Depth = F(G*/Sin( ) 0.72 0.64 0.54 

For several of these mixes the complex viscosity, G*/Sin( ), and Stress Sensitivity Value parameters are nearly 18 
as good at predicting rutting behavior as is the Stress Viscosity Value.  These particular mixes are the E-10 Fine 19 
and Coarse at both 534 N and 703 N applied rutting loads.  For the E-1 mixes at all rutting loads and the E-10 20 
Fine and Coarse at the 890 N rutting load the Stress Viscosity Factor stands out as the best predictor of rutting 21 
behavior.  It appears that for those mixes and loading conditions where the aggregate structure is more capable 22 
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of controlling permanent deformation behavior, the bitumen characteristics play a less critical roll in resisting 1 
rutting.  However, for the more rutting susceptible E-1 mix under all loads the Stress Sensitivity of bitumen is an 2 
important contributor to rutting resistance and the E-10 mixes under the heaviest load are better defined by the 3 
interaction of complex viscosity and Stress Sensitivity.   4 
 5 

FIGURE 4—Rut Depth as a Function of Stress Viscosity Factor  6 
For E-1 Fine Mix with a 703 N Rutting Load 7 

Figure 5 is a composite plot of the fitted data curves for all 9 aggregate structure and loading conditions.  Some 8 
of the results are intuitively obvious; the E-1 Fine mix with the 890 N load should require the highest Stress 9 
Viscosity Values to not rut or stated another way that mix is the most rut susceptible.  Conversely the E-10 10 
Coarse mix with the 534 N load is the least rutting susceptible and at SVF values as low as 1 this mix should 11 
perform adequately.  It is possible to scan through the data in Tables 3-11 for bitumen test temperatures and 12 
SVF values and determine combinations of complex viscosity and Stress Sensitivity that would satisfy the 13 
rutting conditions in Figure 5.  For example to maintain 6 mm of rutting or less when using a E-1 mix under 14 
very heavy loading the SVF would have to be 16 or greater.  An examination of Tables 3-7 shows very few 15 
bitumens with properties at any temperature that would fulfill this criteria and therefore it could be concluded 16 
that E-1 mix is not desirable for heavy loading conditions.  This is of course a trivial example, but does serve to 17 
show how binder stress and viscosity data can be combined with test temperature to inform the specifier or 18 
contractor as to the type of mix and binder that would be suitable for specific traffic conditions.  The data in 19 
Table 9 is drawn from Figure 5.  20 
  21 

TABLE 9--Rank order of mix performance (Best to Worst)  22 
Based on SVF at a Rut Depth of 6 mm 23 

Rank Mix type Applied load SVF 
1 E-10 Coarse 534 N 0.43 
2 E-10 Fine 534 N 0.86 
3 E-10 Coarse 703 N 1.51 
4 E-1 Fine 534 N 2.29 
5 E-10 Fine 703 N 3.43 
6 E-10 Coarse 890 N 4.23 
7 E-1 Fine 703 5.28 
8 E-10 Fine 890 N 10.29 
9 E-1 Fine 890 N 16.6 

Table 9 summarizes the SVF value needed for each mix type and rutting load to achieve no more than 6 mm of 24 
rutting based on the Hamburg test.  Note that temperature is not an issue in Table 9.  Once the mix type has been 25 
identified and the relative traffic load, then the climatic temperature in which the mix is expected to perform 26 
would enable determination of binders that would be suitable for the project.  One example drawn from Table 9 27 
will serve to show how relative mix properties compare.  In order to obtain the same rutting performance 28 
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behavior from an E-1 mix under the lowest loading conditions as could be expected from an E-10 Fine mix 1 
under the same loading conditions the SVF should 2.29 for the E-1 mix compared to 0.86 for the E-10 Fine mix.  2 
This data means that acceptable bitumen for the E-1 mix in a 64°C environment would have to be at least a PG 3 
64-22 whereas a PG 58-28 would be acceptable if the E-10 mix was being used.  Essentially this data says that 4 
depending on loading conditions, aggregate structure can provide performance improvements equivalent to one 5 
PG grade with respect to permanent deformation. 6 
 7 

FIGURE 5—Rut Depth as a Function of SVF for all Mixes and all Rutting Loads 8 

9 
5  CONCLUSIONS  10 
 11 
A study was conducted to validate the significance of bitumen stress sensitivity on the contribution of the 12 
bitumen to permanent deformation.  Previous work had shown this to be the case for one aggregate structure and 13 
one mix design level.  In the current study three aggregate structures and three load levels were investigated 14 
along with nine binder types over the practical range of temperature interest for permanent deformation, 52-15 
75°C.  Based on this investigation the following results are drawn. 16 

1. All bitumen samples exhibit sensitivity to increasing stress.  At higher temperatures this stress 17 
sensitivity is more pronounced. 18 

2. Non-modified bitumens appear to have stress sensitivity that is more temperature susceptible than 19 
polymer modified grades.  This is true even when the base asphalt is compared to the polymer modified 20 
PG grade made from that base asphalt. 21 

3. For some mixtures the complex viscosity or G*/sin( ) value of the binder can be a good predictor of 22 
the bitumen contribution to permanent deformation.  However, this work has shown that across a range 23 
of aggregate structures and test loads the combination of complex viscosity and stress sensitivity 24 
always produce a result that has the best correlation to the binder impact on permanent deformation. 25 

4. Based on 3 above some measure of stress sensitivity of the binder should be incorporated into the high 26 
temperature specification for binders. 27 

5. Weak mix structures, such as the E-1 mix, and high load applications exhibit the greatest need to 28 
understand the contribution that stress sensitivity of the binder makes to rutting behavior 29 

6. The results also show that aggregate structure can be equivalent to at least a one PG grade increase in 30 
binder stiffness when it comes to reducing permanent deformation.   31 

7. Non-recovered compliance and the binder Stress Sensitivity Value are highly correlated.  Data plot not 32 
shown, but can be determined from data reported in Tables 3, 4 and 5. 33 

8. In general, based on Table 9, an approximate 25% increase in applied rutting load requires a 3 to 4 fold 34 
increase in Stress Viscosity Factor to maintain a rut response of 6 mm.  35 
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ABSTRACT  

A possible cause of the permanent deformation is the inadequate utilization of the mineral 
aggregates strength. The strength of asphalt meets Mohr Coulomb criteria. Bitumen gives a 
cohesion to asphalt and mineral aggregates (skeleton) give inner friction. At high temperature 
cohesion comes to an end. Inner friction is a function of the compactness as the plasticity theory of 
soil mechanics (Critical State Theory). Results of a carried out research programme prove validity of 
the mentioned theory on asphalt. Compacting and wheel tracking laboratory tests demonstrate a 
close relation between bitumen content and rut depth. The triaxial tests carried out in Dresden 
Technical University prove that bitumen content exceeded an “optimum value” affects on inner 
friction in a negative manner.      

Keywords:  cohesion, friction, triaxial test, plasticity, “Critical State Theory”.      

1.   INTRODUCTION   

The development of wheel-tracks on asphalt pavements is explained by the viscosity of the asphalt mixtures. The 
resistance against the development of remaining deformations is tested within laboratory conditions by execution of 
triaxial and/or mono-axial loading (pressure-) tests [1]. The corresponding mechanical models of rheology are those of 
MAXWELL and BURGERS [1][2].  

There is another possible reason explaining the deformations: the plasticity. Alhough the consequences of plasticity 
seem similar in certain case, it must not be considered equivalent to the behaviour of high viscosity liquids. The 
plasticity is a characteristic feature of solids, like metals, or granular geological deposits (moraine, loose sediments, 
etc.).  

Even the earliest experiences in rheology testified that the asphalt mixture (as a formed object) has a certain resistance 
capacity against static loads, that means it must be considered as a solid body [3]. To say more accurate it must be 
considered as a skeleton composed of solid particles. My interest turned on the behaviour of that skeleton, where the 
extension of the resistance against the remaining deformation may result only on the basis of the temperature-
independent part of strength, i.e. its improvement.  

The above worded idea is in full eqiuvalence with the statement cited from a significant leading literature-resource [2]: 
„The remaining deformations (in asphalt) are the results of a plastic behaviour (deformation) and never that of 
viscosity.” ... „After longer consideration authors reached at the point that remaining deformations can be best way 
explained by the extended research of the plastic-zone.  

 

2.   THE PLASTIC TRIAXIAL TEST ON ASPHALT   

According to NIJBOER the shearing-resistance of an asphalt sample corresponds to the breaking-criterion „MOHR-
COULOMB”, (Fig. 1.; [4] )  

 

 
 

Fig. 1. the breaking-criterion according to „MOHR-COULOMB”  
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The condition of breaking refers to two Parameters:  

 the Cohesion:    )0(c , and  
 the „Angle-of-Friction”:    .  

The equation describing the condition of breaking is:  
tanc  

 
Where  is the Shearing stress/resistance,  is the Normal-stress acting on the surface, on which the shearing –
resistance (dislocation) is resulted. Certain series of trials show that Cohesion decreases exponentially as the 
temperature raises.  ( Fig. 2.). 
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Fig. 2.   The dependance of the Cohesion from Temperature  
 

The mono-axial strengtht is about two times greater than the value of Cohesion, when friction is neglected. Nevertheless 
the inner friction is independent from temperature. The next figure (Fig. 3.) shows the results of the triaxial test at 60 Co 

centigrade temperature used „AB-12/F”-type asphalt-concrete („/F” means a better sort of aggregates). Tests were 
executed at the Technical University Dresden, Department of Road-Construction, on the request by H-TPA Budapest.  

 

 
 

Fig. 3.   Results of Triaxial Test at 60 Co, executed in TU Dresden  
(„ASZFALT PRÓBATESTEK” = Asphalt-samples;   „TRIAXIÁLIS VIZSGÁLATA” = Triaxial tests;  

”DREZDA” = Dresden;   „Vizsgálati h mérséklet” = Temperature of Sample)  
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3.   A BRIEF INTRODUCTION OF  „CRITICAL STATE THEORY”  

This chapter is based on the Literature [5]. The a.m. Theory has been elaborated by SHOFIELD, WROTH and 
ROSCOE, experts in soil-mechanics, in the 60’s, in Cambridge.  

The following values are introduced / defined: (In a loading-situation of axial symmetry) : 
 ,

1    the axial main-stress ,  

 ,
3

,
2   the radially acting stresses (case of cílindrical cell),  

 )2(
3
1 ,

3
,

1p  average („hydrostatic”) stress, and  

 ,
3

,
1q   the Deviator-stress (Shear-load). 

For the deformations: 
 321 ,   the linear deformations,  

 31 2
v
v

 the deformation-rate of the Volume, and 

 )(
3
2

31sh  the deviator-deformation (Shear-deformation). 

The Theory is applicable for granular materials, where it is real, that the whole energy originated from outer forces and 
dislocations will be fully consumed (disabled) by the internal friction. All specific deformations are considered plasctic, 
if any elastic part of them is existing – that is negligible by its small proportion.   
Within the plastic State the following equation works for the variable v (Density) and p , q   (parameters of stress-
conditions): 

1ln vp
Mp
q

. 

,M  and  are constants representing the material, where M (
sin3

sin6
 ) is a secondary parameter of 

friction. There are three characteristic cases to be separated, as Fig. 4.  shows:  
 

 
               „critical”                        „loose/soft” (wet)                   „compact” (dry)  

Fig. 4.  The plastic states 
 

 The Critical State  
 

This State is characterised by the: Mpq  equation, i.e. the inner friction is fully mobilised (utilised). As a 

consequence of that equation comes that: 0ln vp , i.e.: pv ln . This level of compactness 

(density) is told  „critical”. Within this State (at that level of compactness) the material gives an answer with constant 
shearing resistance (stress) while deformation may become unlimited, and compactnes/density will not change.  
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 The Loose State  

Within this State the friction capacity of the material is not fully mobilised (activated), and: 1
Mp
q

, 

also:
Mp
q10 . After some transformation of the equation we find the following:  

p
Mp
qpv ln)1(ln . 

That means also that if shearing resistance was smaller than that of in „Critical-State” than our material is in „Loose-
State” – its compactness is below the ideal possibilities defined in correlation with the „Critical-State”. During future 
deformations we may (gradually) reach higher resistance of shearing while compactness also increases in correlation. If 
some liquids were in pores than they will be pressed out, and that is why this state is nominated also as „wet”.  

  
 The Compact-State  

The shearing resistance is greater in this case than that of in „Critical-State”. So: 1
Mp
q

, consequently:
Mp
q10 . 

Using the equation of the plastic-states and applied some transformations we find that:  

p
Mp
qpv ln)1(ln . 

That means the granular material has actually greater compactnes than that of in „Critical-State” and that is why the 
actual shearing resistance is also greater than the value belonging to the „Critical-State”. During the occurring 
deformations the compactness tends to its „normal value” belonging to the „Critical-State” and in correlation to that the 
shearing resistance tends also to its corresponding „normal value”. So the compactness/density becomes less, the 
proportion of pores (voids) increases, what gives the possibility to incorporate more liquids. That is why this state can 
be named as „dry” – no excess wetness will be observed around.  

The mobilised  (obtained/measured) shearing-resistance (
p
q

) as depending from the summarised deformation ( sh ), is 

illustrated in Fig. 5: 
 

 
 

Fig. 5. The activated shear (
p
q

) in correlation with the deformation ( sh ) 

 
The curve „A” represents the material being looser at the beginning, while the curve „B” shows the process in case the 
initial compactness is greater than the „normal value” of the „Critical-State”. The loose sample gradually becomes more 
compact during the permanent deformation and parallel its shearing resistance gradually increases. If initial 
compactness was „too much high” than during the process of further deformation both compactnes and shearing 
resistance decreases. That gives instability in equilibrium of forces, since an excess (actually unbalanced) mobilising 
force causes futher deformation, where even less stabilising resistance of the material can be obtained. Furthermore that 
loss in compactness will occur not homogeiously but locally at the shearing/deviation zones. Both cases converge to the 
„Critical-State”.  
A consequence of the above theory is that in the case of isotrope compacting ( 0q ) a greater specific volume 
( pv ln ), and so smaller compactness is available than in „Critical-State” ( pv ln ). The 
equation about the shearing also gives that  Mpq .  
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4.   CHECKING OF THE VALIDITY OF „CRITICAL STATE THEORY” IN CASE OF ASPHALT MIXTURES, 
AND THE CONSEQUENCES FOR BITUMEN-CONTENT 

In the followings the validity of the above described theory will be checked in case of asphalt mixtures having higher 
temperature. When accepting the theory we should fix consequences for the bitumen-content, aiming to avoid the 
formation of wheel-tracks. In the case if the pores within the aggregate-skeleton were mostly filled by viscous bitumen 
than this lack of voids hinders the proper compaction of the mixture, and so regarding the statements of „Critical State 
Theory” the potentially available internal friction or shearing resistance is resulted smaller, causing higher risk of 
wheel-tracking.  
A complete research-programme was estabilished: 

 Compacting trials applying Girator, in order to find the „optimal Bitumen-content”. 
 Wheel-tracking tests in Laboratory, in order to explore in details the influence of the Bitumen-content, and to 

monitor the compactness in different phases of the devevelopment of wheel-tracks.  
 Shearig-trials applying Triaxial-cell equipment to check the validity of „Critical State Theory”, and to show in 

details the influence of Bitumen-content on Shearing-resistance. 
All the listed trials were executed with Asphalt-concrete  „Type AB-12/F” . 
 
4.1 Determination of „optimum Bitumen-content” using Gyrator-device in compacting trials 

On the Fig. 6. is illustrated the proportion of the total voids (included the part filled by bitumen) which was possible to 
reach as a minimum - by the application of the Girator-compactor – all of that in correlation with the bitumen-content.  

 

Figure of total voids
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Fig. 6. Total percentage of voids within the skeleton of aggregates in correlation with the Bitumen-content 

The „optimum Bitumen-content” belongs to the case of „Minimum-of-Total-voids”, being 4,5-4,8 (mass)% with the 
selected type of Asphalt (Analogous to Proctor). Increasing the applied bitumen-content will also hinder to reach that 
level of compactness, similarly to the case when the bitumen-content becomes less than the optimum. At higher 
bitumen-content some portion of the bitumen should be pressed out from certain pores to reach further compactness but 
because of high viscosity of bitumen it is hardly ensurable. The introduced 2nd order parabolas have separate 
parameters (68, 104, 134, 174, 204 and 233) referring to the applied number of rotations in Girator. The found 
minimum-points of the voids-% stand on a straight line (indicated thick red). Furthermore a thick black straight line 
indicates the part of pores fully filled up by bitumen.  
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4.2 Wheel-tracking tests executed with different Bitumen-contents 

On the Fig. 7. are indicated similarly the figures showing the „total-voids%” in correlation with the bitumen-content 
extended with the data measured at 19 pairs of asphalt-plates (samples), which were used in Laboratory for wheel-
tracking tests. These latter data-points are drawn up with light blue circles having white inside.  

 

Wheel-tracking- and Triaxial Tests
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Fig. 7. Bitumen-content and voids-% at wheel-tracking and Triaxial tests  
(„Spurbildung” = Wheel-tracking Tests;  „Trennlinie” = Resulting-line)  

 
The results are shown on Fig. 8. It is clearly documented that the permitted 6% depth of wheel-tracks will be exceeded 
if the bitumen-content is beyond the „Optimum”. (2nd set of samples, indicated by red circles)  
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Fig. 8. Depth of wheel-track in correlation with Bitumen-content 

This result means that we have got a new criteria for asphalt-mixture design to avoid wheel-tracking. It is also 
remarkable that there was not any correlation between the obtained depth of wheel-tracks and the proportion (amount) 
of air-filled voids.  
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4.3 Triaxial tests for the determination of „Critical State” and for the control of Bitumen-content as it is 
influencing the resistance against deformation  

As it was mentioned in former chapters, these tests were executed at TU (Technical University) Dresden, Professur für 
Strassenbau (Department of Road-construction). The volumetric composition and the designed bitumen-content of the 
samples is detailed on Fig. 7. In this chapter we deal only with the tests of „Loose-State” with void-content of 17%. The 
size of the samples was:  

 Diameter:  150 mm 
 Height: ~230-250 mm. 

3 – 3 samples were made with two different bitumen-content (4,3%; 5,3%), to measure the shearing resistance at 
constant homogeneous cell-pressures ( ,,

3
,

2 r ): 
 MPar 05,0 , 

 MPar 13,0 , 

 MPar 4,0 , 
The stabilised temperature of the samples were 60 Co, shearing trials were executed with regulated constant movement  
(0,02 mm/s) occurring between the two semi-cylinder. The results expressing the mobilised shear are given on Fig. 9.    

 

The mobilised shear ("q/p"), at initial voids of 17%
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Fig. 9. The mobilised shear resulted by triaxial test, at constant cell-pressure 

Considering the „Critical State Theory” the related behaviour/characteristics could be experienced: 
 At the cell-pressure MPa13,0 the „Critical-State” was obtained. The mobilised shear reached the value: 

273,2/ pqM , which refers to the friction-angle: o55 (high quality sort of crushed stone). In this 
case the shearing resistance depends exclusively from the rate of compactness and is not depending from 
the bitumen-content. In the „Critical-State” the full shearing-resistance will be mobilised at relatively 
small deformation (1-2%).  

 At the cell-pressure MPa05,0  the sample was to consider „Compact”. The shearing-resistance was 
similarly quite independent from bitumen-content, and was fully mobilised also at 1-2% deformation. At 
further deformation the initially higher shearing-resistance converged to that of the „Critical-State” 
(2,273).  

 At the cell-pressure MPa4,0 the samples were to consider „Loose”. The shearing-resistance could not be 
fully mobilised even beyond 10% of deformation. Its measured values showed dependence from the 
bitumen-content, the higher bitumen-content gave surplus hindering effect to the development of final 
shear – which, as limit value was the same of „2,273”.  
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Fig. 10.  Triaxial-samples cut after the test 

During these trials the load was quasi-static. At steeper (faster) uploading greater differences occur as a consequence of 
the difference in bitumen-content. The reported research-program will be continued examining in detail also that 
phaenomenon.  

 

5.   CONCLUSIONS  

The experimentally explored existence of „optimal” bitumen-content regarding to the compacting possibilities of the 
asphalt-mixture can add a new criteria for the mix-design, which may help the efforts to reduce/hinder the 
developoment of wheel-tracks.  

The behaviour of the asphalt regarding to its strength- and volumetric parameters, being explored by triaxial tests may 
add new basic concept to the develpment of the mix-design of higher density asphalt mixtures. The involvement of 
these new concept will help to produce more reliable and stiffer asphalts even using softer sorts of bitumen. This way 
the bahaviour of the asphalt-mixtures will improve parallel also in cold temperature-range. Within the frames of an 
innovative program these new asphalt-types may be tested at the sites.  

Using the theoretical basis of granular-materials new design-model for wheel-tracking prognose can be elaborated (up 
to numerical level!). In cooperation with Technical University Dresden author is working on a new modelling of the 
asphalt-mixture.  
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ABSTRACT 
 
The principles underlying current mechanistic–empirical pavement design methods for fully flexible pavements have 
changed little in the past 30 years. They generally use linear elastic theory to determine the permissible strain at 
critical locations in the pavement structure to safeguard the road against excessive fatigue and structural deformation. 
These criteria are calibrated using performance data from structures that experience has shown to perform well. In 
recent years, the traditional design concepts have been brought into question. The concept of long-life or perpetual 
pavements and the recognition of top-down cracking has initiated research that suggests that fatigue damage is not 
necessarily a cumulative damage mechanism and that rutting in many asphalt roads is confined to the surfacing.  This 
paper, sponsored by the UK Highways Agency, examines the reasonableness of current design methodology and 
identifies shortcomings. Basic information on pavement behaviour of which we are more certain is identified and it is 
proposed that this should form a platform for the development of a new approach to pavement design, which offers a 
truer reflection of performance. The review suggests that threshold levels exist and that above these levels, a risk 
analysis approach to pavement design should be developed. This change in thinking will have far reaching implications 
for pavement research, design, condition assessment, construction and maintenance. 
 
Keywords: Design of pavement, Fatigue cracking, Permanent deformation 
 
 
1. INTRODUCTION 

With modern pavement design methods, the road is designed by adjusting layer thicknesses and selecting materials so 
that the stress or strain, predicted using a pavement response model, at critical locations in the structure are reduced to 
permissible values to achieve a given design life. This results in a design curve in which the thickness of the structural 
layer increases with the design traffic. It is suggested that this method, based on controlling fatigue cracking and 
structural deformation and calibrated using processed data from experimental pavements, is a barrier to the 
development of a true understanding of pavement behaviour. The evidence used to develop the current design method 
could be interpreted in other ways. 
The pavement structure does not lend itself to rigorous analytical study. At best analytical models can provide insight 
into the complex interaction of the many variables in play. Pavement performance involves the behaviour of very 
complex materials and systems, whose response under load cannot be characterised comprehensively in scientific terms. 
For example, asphalt is temperature dependent, and its deformation behaviour is non-linear in every sense of the word. 
In addition, physio-chemical changes result in its properties changing with time. One school of thought is to exploit the 
massive developments in modern computing power and modelling techniques to develop much more rigorous analytical 
approaches that take into account many of the factors that could not be dealt with previously. There is a belief that this 
all embracing approach, that nevertheless still retains traditional concepts, will produce a better design method. The 
development of complex computing procedures to describe a complicated mechanical system may not be the best way 
forward. A simpler approach may be more applicable. 
Whatever our level of understanding, a design method is required that needs to be based on the best interpretation of the 
information that is possible using the resources available in a manner compatible with our current level of knowledge. 
To do this we need to ask the questions: What are we certain about? What do we think we know and do we have the 
information to substantiate these beliefs? How can we use this information to develop a new approach to design? 
The quest for solid information should focus on the behaviour of in-service roads rather than on the behaviour of 
materials and structures under idealised laboratory conditions. The areas of weakness in current methods need to be 
identified to enable a new interpretation to be made. This paper focuses primarily on information obtained in the UK to 
illustrate various points and outlines a possible new approach to pavement design. Whatever outcome is achieved, it 
will be far from perfect, but the objective is to produce a design methodology that represents a truer reflection of actual 
pavement behaviour compared to current methods. 
 
2. MODERN DESIGN THEORY  

Pavement design methods can be divided into three basic categories; namely, mechanistic, mechanistic-empirical and 
empirical. These methods can be defined as follows. 
 Mechanistic: A completely mechanistic approach method would be based on a fundamental understanding of the 

behaviour of materials in the road pavement. It will use analytical models of the physical processes that lead to 



E & E Conference 2008, Copenhagen 

  2 

Fourth E & E Conference 2008, Copenhagen  

pavement deterioration and these models would require input data on fundamental material properties, obtained 
from laboratory tests carried out under carefully controlled conditions. This goal has yet to be achieved and the 
design methods in regular use are either mechanistic-empirical or empirical.  

 Mechanistic-Empirical (M-E): M-E methods use empirical data obtained from in-service roads to calibrate 
analytically determined pavement design criteria. The philosophy is identical to that for designing any load bearing 
engineering structure. Generally a linear elastic pavement response model is used to calculate stresses and/or 
strains, induced by a wheel load, at locations in the pavement structure that are considered to be at greatest risk of 
deterioration. These calculated values are then compared with permissible values obtained from a back-calculation 
of structures that are known to perform well to achieve the required life. If the calculated responses exceed 
permissible values, the calculations are repeated after adjustments are made to either the thicknesses of the road 
layers or the properties of the constituent materials to determine suitable road structures. 

 Empirical: There are a range of empirical methods. At one extreme, an empirical method may be based solely on 
engineering experience, in which case, it may have evolved over time with regular reviews as more experience is 
accumulated. At the other extreme, an empirical method may be the result of the systematic collection of condition 
data over a period of time and a statistical correlation of design variables with this performance information.  
 

3. DESIGN ASSUMPTIONS 

M-E design methods involve many assumptions. The more important considered in this paper are: 
 Fatigue cracking and structural deformation are the primary modes of structural deterioration assumed by all 

modern analytical pavement design methods; 
 The difference between laboratory performance and in-service performance can be bridged by a simple transfer 

function for each mode of deterioration; 
 The limited empirical performance data available, and more importantly its interpretation, are adequate to calibrate 

these transfer functions; 
 Miner’s hypothesis is used to sum incremental damage for each wheel until pavement life is consumed. 

 
3.1 Structural deterioration 

The empirical performance data used to calibrate the UK design method, described in the Transport Research 
Laboratory (TRL) Report LR1132 [1] were obtained from the long-term monitoring of TRL experimental pavements 
that were built into the primary road network.  
The individual trial sections had carried up to 20 million equivalent 80 kN standard axles (msa) of traffic. Only sections 
with less than 185 mm of asphalt had reached a failure condition and therefore the lives of the thicker experimental 
pavements were predicted by the extrapolation of performance trends. At the time LR1132 [1] was produced, the 
extrapolations were based on the work of Lister [2] who defined the latest intervention point when a strengthening 
overlay could still be applied by taking advantage of the remaining strength of the pavement to provide a further 20 
years of life. At the time this intervention point was known as the onset of the critical condition and it was associated 
with rutting in the wheel path of 10 mm or the occurrence of cracking in the wheel path. Although these criteria were 
based on extensive comparisons between the surface condition and the structural integrity of relatively thin, lightly-
trafficked constructions built predominately in the 1950s and 60s, they were assumed to be valid for the full range of 
pavement construction. Lister [2,3] demonstrated that roads gradually weakened with cumulative traffic and that the 
remaining life of the road, to the onset of the critical condition, which could be determined from knowledge of the 
cumulative traffic the road had carried and by measurement of the deflection of the pavement under a standard wheel 
load. If this condition was exceeded, pavement deterioration was expected to accelerate in an unpredictable manner. 
The development of the rut depth under traffic loading of the TRL experimental pavements was monitored annually 
and this information was extrapolated to determine the amount of traffic required to produce a 10 mm rut depth.  
The predicted pavement lives, used to calibrate the fatigue and structural deformation criteria are illustrated in Figure 1.  
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Figure 1: Performance data from TRL experimental pavements (Powell et al, 1984) 

The experimental pavements provided no evidence of classical fatigue cracking. When LR1132 was formulated, both 
the design criteria for structural deformation and fatigue cracking were calibrated using the data shown in this Figure. 
For the fatigue criterion, this was a conservative stance in which it was deemed that future roads should not be built at a 
greater risk of fatigue cracking than those built in the past. The level of risk implicit in the trial pavements was 
unknown and could have been zero. 
In the mid-1990s, a major review of UK pavement design and performance was undertaken [4] to obtain feedback on 
the design methodology for roads that had now carried traffic well in excess of that carried by the experimental 
pavements. This revealed that the relationship between pavement deflection and life, which was developed for relatively 
thin roads in the early 1970s [2, 3], was not valid for thicker modern pavements. More importantly it also showed that: 
 Ruts that appeared at the surface of pavements, with at least 180 mm of asphalt on a sound foundation, originated 

in the top 100 mm or so of asphalt [4, 5].  
 Extensive investigations found no evidence of fatigue cracking in either the experimental pavements or in any other 

roads investigated [5, 6, 7]. 
 The majority, if not all, of the cracks in fully flexible pavements initiated at the surface and propagated downwards. 

The above observations were subject to the proviso that roads needed to be well constructed using good materials and 
construction practice. A sound foundation was considered to be equivalent to 225 mm of unbound granular material on 
a subgrade with a CBR of 5%. Experience suggests that that premature pavement failure generally result from defects 
build into the pavement at construction and this may account for much of the apparent observed random nature of 
pavement performance. 
The re-interpretation of the rutting data from the experimental pavements carried out in the review [4] is shown in 
Figure 2.  
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Figure 2: Rut rate as a function of asphalt thickness (after Nunn et al, 1997) 

High speed road monitor surveys [8] and measurements from individual schemes [4, 5] demonstrated that the plateau in 
the rate of rutting for UK pavements thicker than about 180 mm was universally true. 
The results presented above suggested that pavement deterioration via a fatigue mechanism is not as serious as the 
consensus view suggests. Fatigue was not an issue for thick fully flexible pavements and the evidence indicated that, the 
limited number of pavements examined with less than 180 mm of asphalt failed by structural deformation. The data also 
demonstrated that structural deformation was governed by a threshold level of stress in the subgrade. 

 
4. FATIGUE AND STRUCTURAL DETERIORATION 

4.1 Fatigue 

Fatigue cracking is considered to occur as a result of the asphalt layers flexing under a wheel load. This flexing induces 
a high tensile strain at the underside of the base layer. Although this strain is well below the level that would cause 
failure by a single loading, it is implied from experience of laboratory studies that many load repetitions will result in 
crack initiation. The crack will then propagate to the surface.  
Performance data from the well constructed experimental roads did not provide evidence of a bottom-up fatigue 
mechanism and the data implied that the road would need to be very thin before traffic induced bottom-up cracking 
might occur. Figure 3 shows the tensile strain predicted by a 40 kN wheel load at the underside of the 180 mm thickness 
asphalt resting on 225 mm of granular subbase and a subgrade with a California Bearing Capacity (CBR) of 5% as a 
function of pavement temperature.  
Figure 3 shows that very high tensile strains are induced and that laboratory data together with conventional fatigue 
theory would suggest that pavements as thin as this would have a relatively short fatigue life, especially at elevated 
pavement temperatures. The failure to observe fatigue in these pavements suggests that there is a fundamental 
difference between fatigue phenomenon observed in simple laboratory tests and the complex conditions in roads in 
service. 
Encouraging research from the USA suggests that a threshold condition exists for fatigue [9, 10] and/or that there is a 
critical state condition below which fatigue damage is healable [11]. However, evidence from the performance of UK 
roads [4] suggests that the threshold condition is much lower than work in the USA suggests. 
On the other hand, load associated cracking will be affected by the ageing characteristics of the asphalt. Age hardening 
will progressively reduce the tolerance of the asphalt to withstand load-induced tensile strains and eventually cracking 
will occur, especially in thin pavements. It could be conjectured that this is something waiting to happen when the 
asphalt hardens sufficiently. In thicker pavements [4], it can be shown that any reduction in cracking resistance caused 
by age hardening is more than offset by the reduction in the load induced tensile strain that results from stiffer asphalt. 
As a result, age hardening will reduce any risk of bottom up cracking in thick pavements.  
 
4.2 Structural deformation 

There is now abundant evidence to support that rutting is confined to the top 100 mm of a well constructed pavement 
[4, 5, 12, 13]. The evidence suggests a threshold condition governs whether or not subgrade deformation occurs. The 
questions that need to be answered are - What level of protection, in terms of layer thicknesses and material properties, 
is required to prevent subgrade deformation?, and - How is structural deformation affected by the type and nature of 
the subgrade?  
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Figure 3: Tensile strain induced at the underside a 180 mm thick asphalt pavement layer 

5. A NEW APPROACH TO PAVEMENT DESIGN 
The above information suggests that the basic building block for a new approach to design would hinge on the 
identification of a pavement threshold strength which would be the transition point above which structural damage will 
not accrue or accrue at a very much reduced rate.   
The identification of threshold conditions will revolutionise the way that we think about pavement design, construction 
and maintenance. Potentially pavements could be constructed thinner than they are today, but the quality of the 
materials and construction will be paramount. More effort will need to be placed on these aspects but the potential 
savings for the environment and the economy will provide the incentive for these changes.  
A truer understanding of the pavement’s performance will result in better and less maintenance. There will be less 
maintenance because roads will be constructed with fewer faults and the condition assessment and maintenance will 
focus more closely on the defects in the pavement. 
The highway research community has been wedded to traditional design concepts for several decades and any change in 
the status quo will require convincing evidence.  
A possible way forward would be to identify threshold conditions for structural deformation and load associated 
cracking under idealised conditions in Accelerated Pavement Test (APT) facilities. Threshold conditions are likely to be 
governed by many factors. For example the threshold for structural deformation is likely to be influenced by the type 
and nature of the subgrade.  
The approach to design would be to first establish threshold design thicknesses for well constructed pavements under 
idealised conditions. These would the basic pavement design thicknesses that are capable of carrying traffic without 
structural deformation and fatigue cracking. Pavements constructed to this basic threshold thickness would carry a risk 
of early failure that could initiate from built-in any defects or unexpected loading or environmental conditions. A 
pavement constructed to the basic threshold thickness would incur excessive risk. To reduce this risk, some structural 
redundancy (safety factor) would need to be introduced and the level of structural redundancy would need to be related 
to the strategic, economic and political importance of the road. This will require developing a methodology to determine 
relationships between structural redundancy and risk. The increase in safety factor with the importance of the road will 
result in a progressive increase in pavement thickness above the threshold conditions up to a certain limit. 
Risk, although it is a difficult area to deal with, should not be ignored. The following risks may need to be considered: 
 Higher than expected traffic growth; 
 Allowance for increase in axle load and axle configuration;  
 Changes in tyre technology (new generations of wide-base singles); 
 Pavement construction and material tolerances;  
 Climate change; 
 Durability issues. 
 The traditional design approach may be suitable for lightly trafficked pavements that are below the threshold 

thickness.  
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6. IMPLICATIONS  
The implications for pavement design and construction will include: 
 The development of a new design methodology with a basic threshold design and any additional thickness being 

determined by risk assessment. 
 More emphasis on placement of materials to avoid built-in defects. Quality of construction will be paramount. 
 Redefine the functional roles of the various layers. In addition to other functions, the total thickness of the asphalt 

layers above the threshold thickness will be for risk mitigation.  
 Improved reliability in pavement design and maintenance based on a truer understanding of the deterioration 

processes. 
For research, the primary thrust would be to identify threshold levels and how the threshold levels change as a function 
of the various design inputs, such as, soil characteristics, pavement temperature and asphalt properties. Laboratory 
studies on deterioration mechanisms would need to be refocused. Perhaps the largest impact would be on the design and 
interpretation of experiments carried out in APT facilities. In APT facilities, pavement deterioration is accelerated by 
using one or more of the following: 
 Applying more loads in a shorter time; 
 Reducing the thickness of the structure to accelerate deterioration;  
 Increasing the wheel load; 
 Applying adverse environmental conditions (for example, increasing the temperature, raising the water table, 

freeze/thaw effects, etc). 
If pavement behaviour is governed by threshold effects, then APT results obtained by accelerating deterioration by 
reducing the thickness of the test pavement, increasing the wheel load or increasing the temperature are unlikely to 
relate to the structural performance of full-scale pavements. In taking these measures to accelerate pavement 
performance it is likely that the performance evaluation is being carried out on a sub-threshold pavement. It would 
therefore be very difficult, if not impossible, to relate the APT results of a sub-threshold pavement to the in-service 
behaviour of a full-scale pavement with a construction above the threshold level. It is possible that this is the reason for 
the difficulties in relating APT data to full-scale pavement trials on the road network. The European Commission COST 
Action 347 [14] recognised that developing robust transfer functions to relate APT performance to in-service 
performance was a challenge for research. 
An important change will occur on how damage by heavy traffic is perceived. The fourth power damage law and 
dynamic effects of suspension systems will need to be revised. Higher tyre contact stresses will cause more surface 
rutting (which can be countered by appropriate mixture design) and higher loads are likely to increase the pavement 
threshold thickness for that particular load. 

 
7. CONCLUDING REMARKS 
The behaviour of pavement materials under the complex loading conditions experienced in the pavement is extremely 
complex and this complexity is compounded by material properties changing over time by the environment and traffic 
loading. This is recognised implicitly by the limited success of researchers, after several decades of endeavour, in 
developing good mechanistic models for any pavement deterioration mechanism. 
 
The main message this paper is that we should now stand back from this problem and based on the information we 
know, ask ourselves the question:  
 Can we do better and begin to develop a pavement design method that is a truer reflection of how pavements 

perform?  
 

To do this we must ask ourselves the questions:  
 What are we certain about?  
 What do we think we know and do we have the information to substantiate these beliefs?  
 How can we best use this information to develop a new approach to design? 

 
Performance data from well constructed UK roads suggests that structural rutting will only occur if a threshold 
condition is exceeded. A similar argument can be put forward about classical fatigue cracking. This form of cracking 
was not detected in the thinnest TRL experimental pavements. Furthermore, the introduction of the long-life pavement 
concept has caused views about pavement cracking to shift. Longitudinal cracks in the wheel path, which were once 
cited as fatigue, are now generally accepted to be the result of a top-down cracking phenomenon. Also the explanation 
of lack of fatigue in pavements above a certain strength is being attributed in the USA to either a fatigue endurance limit 
or a critical state condition below which all fatigue damage is healable if this condition is not exceeded. Performance 
data from in-service roads in the UK suggests that the threshold strain level for fatigue is much higher than indicated by 
laboratory investigations. This implies that there is a fundamental difference between fatigue phenomenon observed 
under idealised conditions in simple laboratory tests and the complex conditions in roads in service. 
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The existence of threshold conditions will have far reaching implications for pavement research, design and 
maintenance. For example: 
 Interpretation of pavement performance and design of experiments in accelerating pavement testing facilities will 

need to be revised. It will not be valid to infer pavement behaviour under realistic in-service conditions from the 
results of accelerating performance by applying heavier loads, testing thinner structures or testing under adverse 
environmental conditions. 

 An important change will occur on how damage by heavy traffic is perceived.  
 New approaches to pavement design, condition assessment and maintenance will need to be formulated.  

Testing pavements under controlled conditions in an accelerated pavement test facility offers the best means of 
demonstrating threshold levels for pavement deterioration.  
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ABSTRACT 
 
Due to the complex chemical matrix of bitumen there are so far no analytical techniques available which allow a fast 
and reliable determination and inspection of their physical characteristic. This determination method could be 
interesting and useable as incoming inspection for asphalt mixing plants. In the present communication we propose 
infrared spectroscopic analytical techniques for the qualitative and quantitative determination of bitumen and its 
additives in terms of origin, producer, chemical structure and content, respectively. In the case of Fourier-Transform 
infrared (FT-IR) spectroscopy in the attenuated total reflection (ATR) mode we have demonstrated the successful 
qualitative discrimination of different bitumens and the identification of additives and their quantitative determination 
in bitumen in the concentration range from 1 – 5 % (w/w).  
Additionally, we present for the first time results of near-infrared (NIR) spectroscopic analyses in the diffuse reflection 
mode in combination with chemometric evaluation techniques that could deliver a new insight in  the analytical 
investigation of bitumen and its additives by hand-held instrumentation directly at the location of manufacturing and 
processing. 
 
Keywords: Modified Binders, Additives, Quality assurance, Infrared spectroscopy 
 
1. INTRODUCTION 
 
In this communication we report simple, fast and reliable infrared-spectroscopic techniques for the determination of 
bitumen and its blends with additives. On the one hand we have applied FT-IR spectroscopic investigations in the ATR 
mode to discriminate different bitumens according to their origin, production year and manufacturer and to determine 
the identity and content of a variety of additives in bitumen. Additionally we have shown that contrary to transmission 
NIR spectroscopy [1], light-fiber coupled diffuse-reflection NIR spectroscopy provides an extremely powerful tool for a 
fast and reliable qualitative and quantitative analysis of bitumen. Both techniques have been applied in combination 
with multivariate, chemometric evaluation techniques. In view of the availability of miniaturized hand-held NIR 
spectrometers this approach could rapidly prove as the technique of choice for “on-line” and “on-the-road” analysis of 
bitumen. 
 
2. EXPERIMENTAL 
 
2.1 Materials 
 
As reference materials we have used different bitumen brands (penetration values 10-25, 30-45, 50-70, 70-100) which 
have been supplied by different refineries (Shell, ESSO, Total, BP, PCK, MBW). 
For the preparation of modified binders we have used additives of different suppliers which can be subdivided 
according to their chemical structure: 
- paraffine additives (PE, Sasobit, Asphaltan-B) 
- amide-containing additives (Licomont, Hollybit) 
- ester (resin) additives (Asphaltan-A, Montanwachs) 
 
The bitumen/additive-blends have been prepared by stirring the mixtures in concentration ranges from 1 – 5 % (w/w) 
for one hour at 165 °C. 
 
2.2 Measurement and Evaluation of the Data 
 
The FT-IR/ATR spectroscopic measurements were performed with an FTS 28 spectrometer system of Bruker Optik 
GmbH (Ettlingen, Germany) and an ATR accessory of  Smith Detection (Danbury, CT, USA). The simple sample 
handling of the diamond ATR-cell 2  without sample preparation allows the acquisition of many spectra in short 
measurement time (< 5 minutes). This is a prerequisite for the fast measurement of replicates in order to alleviate the 
problem of inhomogeneities in the investigated material.  
The NIR spectroscopic measurements were performed with a light-fiber coupled diffuse-reflection probe on a VECTOR 
22N FT-NIR spectrometer of Bruker Optik GmbH (Ettlingen, Germany). To obtain good-quality diffuse-reflection 
spectra the surface of the bitumen was imprinted with a special metal stamp.  
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For data evaluation principal component analysis (PCA) and partial least squares (PLS) calibration procedures 3  were 
applied for qualitative and quantitative analysis 4 , respectively, by using the software program “Unscrambler ” 
(CAMO AS, Trondheim, Norway).  
 
3. RESULTS 
 
3.1 Identification of Unknown Additives and Quantitative Determination of their Content 
 
IR spectroscopy is the most frequently applied analytical tool for the identification of unknown materials. Its potential 
in this respect is based on the fact that the observed absorption bands are the consequence of molecular vibrations of 
functional groups. Thus, the IR spectrum of any material is the finger-print of the chemical compound(s) contained in 
this material 2 . Bitumen and its additives have characteristic functionalities with specific absorption bands in the IR 
spectrum and can therefore be readily identified in the wavenumber range from 4000 – 500 cm-1. Figure 1 (top left) 
shows the FT-IR/ATR spectra of bitumens with different additives. The spectra shown in the top right of Fig. 1 
represent replicate measurements of the same sample and prove the heterogeneity – and therefore the necessity of 
replicate  measurements-  for the analysis of bitumen. The bottom spectra demonstrate the identification of an aliphatic 
amide wax additive by spectral subtraction of reference bitumen from the blend.    

Determination of  inhomogeneity

 
 
Figure 1 FT-IR/ATR spectra of different bitumens and additives (see text). 
 
For the development of a quantitative chemometric PLS calibration model a relation between the measurement data 
(FT-IR/ATR or NIR spectra) and the known content of a set of reference samples is established by the application of 
statistical methods.  
Any correlation between the dependent variable(s) and these latent variables is captured by means of a regression 
model. The regression step can be done after the creation of latent variables for the independent variables and the 
removal of sources of variation believed to be unrelated to the systematic effects under study. Building a regression 
model by first soft modeling and truncating the independent (measured) variables is known as principal components 
regression (PCR) in statistics and chemometrics (or it can be done in concert with the extraction of the latent variables 
using a modeling method known as partial least squares regression (PLS). PLS regression is a recent technique that 
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generalizes and combines features from principal component analysis and multiple regressions. It is particularly useful 
when we need to predict a set of dependent variables from a (very) large set of independent variables (i.e., predictors). 
 
Target value – the concentration of additive (y) will be calculated from the measurement data – spectra (x) with the help 
of mathematical matrix structure and the calibration model for the concentration values from 0% to 5% will be 
developed. In this case the total mean square of the target value (concentration) will be covered and explained with the 
low number of components – mathematical modified properties of spectra  
The goal of PLS is the prediction of y-values based on unknown measured x-values:   
 
yi = b0 + xi

Tb 
 
b, b0 – regression coefficient (contains weight, chemical and spectral loadings; identified via calibration and established 
by the prediction) 
xT – matrix of measured values  
 
Based on such a calibration model unknown blends can then be rapidly determined with respect to their content of 
additive by measuring their FT-IR or NIR spectra only. Although paraffin additives are chemically very similar to 
bitumen, we successfully developed a global PLS calibration model (based on additive concentrations between 0 – 5% 
(w/w)) to determine the content of three different paraffin additives (PE, Sasobit, Asphaltan B) in three reference binder 
materials of different refineries with a standard error of prediction (SEP) < 0.30 (Fig. 2).   
 
To demonstrate the potential of such a calibration specifically and the proposed technique in general, we have predicted 
unknown binder blends with different additive contents by this PLS model with respect to their paraffin additive content 
and summarized the results in Tab. 1.  
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Figure 2 Global PLS calibration model for 3 reference bitumens and three paraffin additives. 
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Table 1 Prediction of unknown samples by the above PLS calibration model. Comparison of the actual 
(reference) and predicted content of paraffin additive in the different binder samples.  

 
Sample Predicted Reference 
0%-Total -0.275 0.000 
0%-BP_30-45 -0.653 0.000 
0%-BP_50-70 5,12E+01 0.000 

0%-BP_50-70 -8,97E+01 0.000 
   
2%-sasobit+ESSO 1.942 2.000 
2%AsphB+Total 1.748 2.000 
3%PE+BP 2.837 3.000 
3%Sasobit+Total 2.295 3.000 
   
2.5%Sasobit+BP 2.560 2.500 
2.5%AsphB+ESSO 2.440 2.500 
2.5%Sasobit+Total 2.845 2.500 
2%AspahB+BP 1.964 2.000 
2%Sasobit+BP 1.974 2.000 
2%AsphB+ESSO 2.065 2.000 
3%AsphB+BP 2.723 3.000 
3%Sasobit+BP 2.939 3.000 
3%Sasobit+BP 2.634 3.000 
3%AsphB+ESSO 2.596 3.000 
3%Sasobit+Total 3.297 3.000 
   
1%PE+BP_2 0.908 1.000 
2%AsphB+BP_2 1.894 2.000 
3%PE+BP_2 2.676 3.000 
4%PE+BP_2 3.916 4.000 
4%Sasobit+BP_2 4.099 4.000 
4%PE+ESSO_2 4.330 4.000 
4%Sasobit+ESSO_2 3.972 4.000 
5%Sasobit+Total_2 4.743 5.000 
5%AsphB+BP 4.507 5.000 
 
 
3.2 Discrimination of Bitumen Samples according to Origin, Penetration Value and Production Year 
 
In what follows we will address the possibility to differentiate bitumen samples according to origin, penetration values 
and production year. For this purpose we applied the technique of Soft Independent Modelling of Class Analogies 
(SIMCA) 3  based on preceding PCA analyses of the different classes. 
 
PCA is one of the multivariate methods of analysis and has been used widely with large multidimensional data sets. The 
use of PCA allows the number of variables in a multivariate data set to be reduced, whilst retaining as much as possible 
of the variation present in the data set. This reduction is achieved by taking p variables X1, X2,…, Xp and finding the 
combinations of these to produce principal components (PCs) PC1, PC2,…, PCn.
 
PCA-Equation: 
 
X = TPT + E 
 
X –  Data matrix (measured data, centered) 
T –  Weight or score matrix (factor values, scores) 
PT –Factor and principal component matrix (loadings) 
E – Residuuenmatrix (spectral noise) 
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 Once grouping is decided, separate soft models can be built for each of the groups. Soft modeling (SIMCA) can be 
used to develop class regression models for different values of the latent property. New data can be classified into the 
appropriate group on the basis of the distance of the new data to each of the class models.  The SIMCA method focuses 
on modeling the classes rather than on finding an optimal classifieree. 

1. Origin 
 
The natural structural differences of the basis raw oil were considered as sufficient to discriminate bitumen according to 
its origin by a SIMCA analysis. Thus, we prepared sets of reference bitumen samples of the same production year (2004 
and 2006) and the same penetration depth range (30-45 and 50-70). Each sample was measured in 10 replicates with 8 
spectra being used for the calibration and 2 spectra for the prediction test set. Figure 3 shows the result of the PCA 
analysis in the form of a 3D score-plot for the bitumen calibration set 30-45 (2006). This representation clearly 
demonstrates the clustering of the calibration set according to the different origin of the investigated samples.  

Type 3

Type 2

Type 1

PC1

PC2

PC3

 
 
Figure 3 3D score-plot of the PCA model for bitumen samples 30-45 (2006).  
 
2. Penetration Value 
 
For the classification of bitumen samples according to their penetration values we have used the reference values 
provided by the refineries who supplied the material. For these investigations the samples were grouped into the class 
according to 
      identical production year  
      identical origin 
      comparable production process 
      different penetration values 
 
In Fig. 4(a)  the PCA 3D score-plot is shown for the sample set of bitumen samples from refinery PCK (Germany, 
origin: Russian blend) and clearly demonstrated the discrimination capability of this PCA model for different 
penetration values . 
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Figure 4(a) PCA 3D score-plot of sample set (a) discriminating according to different penetration values. 
 
As a criterion for the development of a PLS calibration model for the prediction of the penetration values of unknown 
samples we used the logarithmic relation of the hardness of bitumen with the content of low-boiling hydrocarbons 
(C10-C40) and high-boiling components [1]. The new model constructed using the natural logarithm of the penetration 
value as the response variable obtained better results as by the using of experimental penetration value. Regressions 
parameters (RMSEP, RMSEC etc.) and the characteristic of prediction (Deviation) were obtained with penetration 
value after inverting the logarithmic transformation [6].    
The refinery BP gave the exactly penetration data (DIN EN 1426) for same kinds of bitumen they manufactured in the 
time range of middle 2006 to beginning 2007. The Table 2 shows the penetration and recalculated ln-penetration values 
for BP bitumen. 
 
Table 2     Penetration values of BP bitumen (DIN EN 1426) 
 
Bitumen Penetration Value 

[1/10mm] 
ln penetration value 

Bitumen 10-20 17 2,83 
Bitumen 30-45 34 3,53 
Bitumen 50-70 53 3,97 
Bitumen 50-70 62 4,13 
Bitumen 160-220 182 5,20 
 
Based on experimental penetration data (DIN EN 1426) from the producer (BP, Scholven) and with help of ATR/FT-IR 
calibration data, the predicted penetration values were determinated. The next Figure 4 (b) shows the Result of PLS-
Analysis for the the samples of BP bitumen. 
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Figure 4(b) PLS regression of ln-penetration values for BP bitumen group 
 
Table 3 shows the predicted penetration values for the BP bitumen test sample set.  
 
Table 3  PLS prediction of the ln-penetration values for the BP bitumen test sample set with unknown 

experimental penetration value  
 
 
Sample Predicted Deviation 
BP_50-70_06_1 4.238 0.272 
BP_50-70_06_2 3.812 0.209 
BP_50-70_06_3 3.879 0.186 
BP_50-70_06_4 3.959 0.190 
BP_50-70_06_5 3.844 0.203 
 
The results showed this sample set to be identified as bitumen 50-70 with the penetration value of 51,41 ± 1,24 [1/10 
mm]. 
Objective of introducing experimental values for obtaining other predicted values is to show, that this data analysis 
method could be applied for the determination also of rheological bitumen characteristics.  
 
3. Production Year  
 
The discrimination of bitumens according to their production year can have different reasons: 
 the ageing process – oxidation of bitumen and the following changes in the structure[5].  
 the origin (see section 3.2.1) 
 the processing conditions. 

 
In Fig. 5 the discrimination of VEBA (VEBA Oil, since 2002 in the own of BP),  bitumens based on samples from 
1999, 2002 and a set of samples with unknown date (o.D.) is shown. With the exception of one outlier the samples are 
clearly separated into different clusters in the PCA 3D score-plot (Fig. 5, top). A subsequent SIMCA analysis based on 
the 1999 (red) and 2002 (blue) PCA models clearly allows to assign unknown samples (green) to these two classes or to 
identify them as outliers (green)(Fig. 5, bottom). According to the manufacturer in this special case the discrimination is 
based on the change of specifications for the softening point and the penetration depth  and consequently a change in 
the processing conditions. 
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Figure 5 PCA 3D score-plot of the three different production year samples (top) and subsequent SIMCA 

analysis based on the 1999 and 2002 PCA models (bottom). 



 9

 
 
3.3 NIR Spectroscopic Investigations 
 
Previous NIR spectroscopic studies of bitumen in combination with chemometric evaluation routines [6,7,8] have 
shown, that different properties of bitumen such as the penetration depth, origin and other physical parameters can be 
readily determined from their NIR spectra. However, the transmission technique used by these authors is too 
complicated and time consuming for practical applications. Thus, we have very recently developed a new measurement 
approach by NIR diffuse-reflection spectroscopy which does not require sample preparation and can actually be 
transferred “onto the road” with a miniaturized hand-held spectrometer or into a plant for on-line measurements. This 
technique has the potential to simplify the determination of bitumen and its blends with additives thereby contributing 
tremendously to the improvement and longevity of road constructions.       
 
Figure 6 shows the NIR spectra of selected binder samples in the wavenumber region 6500 -3800 cm-1. The absorption 
bands in the 6000 - 5500 cm-1 and 4500 – 4000 cm-1 region represent overtone and combination vibrations of the 
different C-H functionalities in bitumen. Thus, similar to conventional IR spectroscopy the NIR spectrum of a bitumen 
sample represents a “finger-print” of this material and can be used for a qualitative discrimination as well as for 
quantitative determination 9 . 
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Figure 6 NIR spectra of different reference binders. 
 
 
Based on a reference sample set of binders with the same penetration depth (50-70) but different origin we have 
developed a PCA model and could successfully separate these samples according to their origin (Fig. 7).  
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Figure 7 PCA 3D score-plot for ESSO, BP und Total bitumens with the same penetration depth.  
 
 
CONCLUSIONS 
 
So far we have investigated 15 different types of bitumen and 18 additives by FT-IR/ATR spectroscopy and shown that 
this analytical approach can be used for the qualitative discrimination according to origin, production year and 
penetration depth as well as for the quantitative determination of the blend composition and selected physical 
parameters. 
Very recently we have developed a new NIR diffuse-reflection measurement technique for bitumen with the promising 
potential to become an “on-line” production control and “on the road” quality control technique. This technique may 
launch a new era of road construction quality thereby contributing tremendously to the mobility of our society.    
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ABSTRACT 
 
The bearing capacity of asphalt pavement structures is not constant due to the continuous change of temperature, and 
the importance of temperature change varies layer by layer. In the present article we reveal to what extent temperature 
change influences cumulated fatigue with the application of detailed pavement structure models and which seasons and 
parts of the day are significant in terms of fatigue. The pavement structure models were set up on the basis of stiffness 
tests performed in laboratory and on the data supplied by a temperature detector placed into a pavement structure. The 
set of data contains the results of measurements of one year with the measurement frequency of 10 minutes. 
 
Keywords: Fatigue Cracking, Bearing capacity, Environment 
 

1 INTRODUCTION 
The fact that the material performance of the pavement layers depends highly on temperature is a very important feature 
of asphalt pavements. The temperature of the various layers and parallel to that the characteristics of its material change 
continuously in time, which makes the modeling and design even more difficult. In the following study fatigue design 
of asphalt pavements (an important part of the design procedure) will be analyzed in terms of temperature changes. The 
importance of the temperature dependent definition of material features will be presented and an analysis will be 
provided on what temperature values and in accordance what periods can be definitive in terms of fatigue. The study 
will not deal with the design of subbase and subgrade; their characteristics will be considered constant in terms of time. 

2 MODELING 

Detailed asphalt pavement models were established based on stiffness test performed on four mix types on broad 
temperature scale and on data obtained from a temperature detector placed in a pavement structure in traffic. 
During modeling the temperature can be specified at a given depth in any moment on one hand, and the stiffness of the 
given mix can be defined as the function of this temperature. In our calculation full depth asphalt pavement as well as 
asphalt pavement on 150 mm thick lean concrete subbase were taken into consideration in traffic loading class C, D, E 
and K (Table 2.1) applying three layer structure types (Table 2.2). 

C D E K

0,3 - 1,0 1,0 - 3,0 3,0 -10,0 10,0 - 30,0

asphalt thickness (cm) 18 21 24 27

subbase (cm) - - - -

asphalt thickness (cm) 13 17 20 24

subbase (cm) 15 15 15 15

full depth asphalt pavement 
structure

asphalt pavement structure 
on hydraulically bonded 

subbase

load class

number of load repetitions (Mio. ESAL)

 
Table 2.1: Pavement thickness according to the load classes 

type I. II. III.

wearing course AC 11 (AB-11/F) AC 11 (AB-11/F) SMA-11 (mZMA-11)

base course AC-22 (K22/F) AC-22, HMA (mK22/NM) AC-22, HMA (mK22/NM)

base course AC-22 (K22/F) AC-22 (K22/F) AC-22 (K22/F)
 

Table 2.2: Pavement structure types for modeling 
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definition of the layer order of the 
pavement construction type

definition of the load centre of each 
layer

searching the correlation of 
regression between temperature 
values measured in 10 minutes 

and depth

searching the regression between 
the stiffness of the asphalt mix 

and the temperature

definition of the temperature is in 
the load centre according to the 

regression correlation

definition of the stiffness of the mix 
according to the temperature defined in 

the load centre on the basis of the 
regression correlation

fixing of the temperature dependent 
pavement construction model for the 

calculation of strain  
Figure 2.1: Detailed asphalt pavement structure models 

The type of pavement structure and the structure according to traffic load category was defined as the result of applying 
four different asphalt mixes. 
During the establishment of models used for detailed calculations the following main aspects were taken into account: 

 The surface modulus of the subgrade was 40 MPa in every case. 
 Full friction was taken into consideration between the asphalt layers in every case [Nemesdy, 1992]; partial 

slip was assumed between the other layers (RSC=1.5 m) 
 The stiffness of layer hydraulically bonded subbase was always defined at the value of 5000 MPa [Nemesdy, 

1992]; 
 The Poisson factor of every layer was considered at the value of 0.35 [De Jong, Peutz, Korswagen, 1973]; 
 The value of the loading force during the calculation of stress was F=50 kN, which is distributed evenly on a 

circular plate with the radius of r=0.1575, and has no horizontal component. 

2.1 Layer characteristics, mix characteristics 

The dynamic modulus was defined according to MSZ EN 12697-26, Annex C (IT-CY). The dependence on temperature 
and loading frequency of the stiffness of asphalt mixes have already revealed by national and international tests. 
Four asphalt mix types were used in the test, those were sampled from construction sites. The values of stiffness in the 
function of temperature were defined with the help of regression correlations. Measuring points were -20, -5, +10, +25, 
+40, +55 °C. In the range between -20°C and +10°C straight-line alignment can be applied, in the range between +10°C 
- +55°C third degree polynomial can be used for approaching the correlation between stiffness and temperature 
adequately. Since the correlation coefficient R2 is always higher than 0.99, the applicability of correlation described as 
functional relationship can be considered proven. The functions are summarized in Table 2.3. 

temperature range -20°C - +10°C

mix equation of stiffness variaton in 
the function of temperature 

equation of stiffness variation in the function of 
temperature R2

K-22/F (base course) y = -695,88x + 22779 y = -0,2212x3 + 32,771x2 - 1663,3x + 29537 1,00

AB-11/F (wearing course) y = -702,56x + 18669 y = -0,1167x3 + 19,743x2 - 1117,2x + 21307 1,00

mK-20/NM (base course) y = -700x + 19636 y = -0,0785x3 + 13,984x2 - 888,43x + 20201 1,00

mZMA-12 (wearing course) y = -700x + 18311 y = -0,1498x3 + 22,031x2 - 1122,2x + 20480 1,00

+10°C - +55°C

 
Table 2.3: Equation of asphalt mixture stiffness in the function of temperature 

It is an important fact that the mix can be represented by its stiffness measured and interpreted on equivalent 
temperature to certain extent, however the change of stiffness according to the temperature influences the pavement 
structure design. 
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Figure 2.2: Variation of the stiffness of the applied asphalt mixtures in the function of temperature 

2.2 Temperature of the pavement structure 

The vertical temperature distribution of the pavement structure essentially depends on weather conditions, the thermo-
physical features of the subbase and subgrade as well as the pavement structure layers [Arand, Lorenzl, 1994]. The 
individual effects of the factors influencing temperature are not considered, only the actual temperature distribution 
provided by the complex effects of the various elements are taken into consideration. The asphalt mix plant of 
Hungarian Asphalt Ltd. had the opportunity of placing a vertical temperature detector during the full reconstruction of 
its internal road network. 
The temperature detector is a BBS-03 type soil sampler placed in the pavement structure. The device measures the 
temperature starting from the surface of the pavement: at the depth of 0 cm; -2 cm; -7 cm; -14 cm; -29 cm; -49 cm. The 
internal resolution of the temperature detectors is 0.0625°C, meantime the accuracy of the output is 0.1°C. The 
measurement station placed in the pavement structure recorded the temperature of the pavement simultaneously with 
the air temperature in every 10th minute, during 1 year. Thus 144 records were obtained in 24 hours and 52 560 in 365 
days. The measurement station sent the recorded data to the author via GSM adapter as E-mail messages in MS Access 
database. In terms of energy supply the measurement station was implemented as an independent system. 

2.3 Implementation of temperature measurement results into the pavement structure models 

The temperature distribution characterized by 6 points in terms of depth determines the pavement structure well; 
regressive straight line could be aligned to the 6 measured values in the function of depth. 6*24*365=52.560 calculation 
of regression was completed for the measurement results, where the values of the coefficients were defined, the values 
of R2 were read and stored in the database. A third degree polynomial satisfied the correlation of regression in every 
case, the correlation coefficient remained below R2=0.8 in 246 cases, below R2=0.7 in 173 cases, which amount to 0.5-
0.5 percent of the cases. The relative distribution of R2 for all the measurements is presented in Figure 2.3. All the 
calculated third degree polynomial will be used for calculating the temperature for the different asphalt layers of the 
different pavement structures according to Table 2.1 and Figure 2.1. 
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Figure 2.3: Relative distribution of the values of R2 

3 THE ALGORITHM OF THE DEFINITION OF PARTIAL FATIGUE VALUES 
The stresses in the pavement structure were calculated, the temperature value interpreted in the load centre of the lowest 
layer of the asphalt pavement structure were calculated from the temperature measurement values, and the fatigue curve 
of the mix to be interpreted at the given temperature of the mix was associated with temperature value on the basis of 
which the allowed cycle number interpreted at a given temperature and stress could be identified. The actual cycle 
number derived from traffic survey results and the partial fatigue values were calculated in a way that it was divided by 
the allowed cycle number according to the Miner-hypothesis. The cumulated fatigue projected for the period of one 
year can be calculated by totaling the values to 365 days. The algorithm of the procedure is presented on Figure 3.1. 

fixing of temperature dependent 
pavement construction model for 

calculation

definition of temperature values in the 
load centre of the lower asphalt layer definition of cycle number (traffic)

20 pavement construction model/day 20 averaged values/day 20 traffic load section/day

selection of the parameters of fatigue 
curves

f1, f2, f3, f4

calculation of stress in the asphalt 
pavement construction

allowed cycle number at a given 
temperature definition of partial fatigue

20 strain values/day besides given fatigue features 20 sections/day

definition of cumulated fatigue

for 365 days
 

Figure 3.1: Algorithm for calculating the partial fatigue values 

3.1 Method of the identification of stresses 

The horizontal strains were identified on the basis of design models with the help of SHELL – BISAR 3.0 software on 
the bottom of asphalt pavement structures. An individual database was created in every traffic load category and for 
every pavement structure type. Each database contains 7300 pavement structure models. This means the generation and 
calculation of 2*4*3*7.300=175.200 pavement structure models. The large number of calculation was resolved by the 
application of an MS Windows based individual auxiliary program. The detailed pavement structure models were used 
to achieve better approximation of reality. Cumulative fatigue hypothesis of Miner is used widely for the description of 
pavement structures [Miner, 1945, Palmgreen, 1924; Wöhler, 1866]. 
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3.2 Definition of the allowed strains in the asphalt pavement structure 

The fatigue tests in the laboratory are fundamentally different in their character and the allowed tensile strains (and load 
cycle number) obtained as the result are applied after recalculation with various factors in accordance with the design 
concept. The general correlation is as follows: 

2)(1
k

tensilekN           (3.1) 

The following correlation was worked out for the implementation of a cumulative fatigue test performed at variable 
temperatures, which considers the followings: 

 the fatigue curve is shifted in parallel with itself in comparison with the curve interpreted at the reference 
temperature during temperature changes; 

 the fatigue curve is shifted due to insertion of load breaks, of which the shift is also temperature dependant. 

421 )10( 3
)( fff fN         (3.2) 

where 
f1 is the constant exponent interpreted at reference temperature. The value of 10(f1) is derived from the k1 
parameter of equation 3.1; 
f2 is a parameter expressing temperature change and changing the value of the constant exponent; 
f3 is a parameter expressing load breaks (healing effect); 
f4 is an exponent interpreted at reference temperature. Parameter f4 can be derived from parameter k2 of equation 
3.1. 

During the validation of laboratory tests and stresses generated in real pavement structures the application of a so-called 
shift factor is necessary, with the application of which the given fatigue curves can be shifted in parallel with 
themselves, thus realistic conditions can be approached more effectively. The value of the shift factor varies between 5 
and 700. The differences of the various shift factors and the spectrum of the shift factors to be associated with the given 
curves demonstrates unambiguously that simplifications applied during the design of the pavement structure referring to 
load, material parameters, climatic and fatigue conditions must be corrected during validation [Huang, 2004; Myre, 
1992]. Equation 3.2 does not take the transverse distribution of the wheels into consideration [Claessen, Edwards, 
Sommer, Ugé, 1977]. 

3.3 Modification of the fatigue curve according to temperature; sensitivity test of Shell Grand-Couronne 

Calculations were completed for twelve mixes of different composition on the basis of the correlation of Francken-
Verstraeten-Veverka, during which the possible technological variations of the mix composition was taken into account. 
The fatigue straight-line defined in accordance with the mix and the temperature changes are showed in Figure 3.2 
where the equations of the two side straight lines are included for demonstration. 

Spectrum of Fatigue Correlation for one type of bitumen, 12 different mixes, and at 7 different 
temperatures; safety factor n=1 [Francken-Verstraeten-Veverka]
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Figure 3.2: The spectrum of the fatigue equations 

The value of k1 coefficient interpreted by equation 3.1 varies together with the modification of temperature, while the 
type of bitumen and the load period remains unchanged. The values of the exponent of the calculated k1 coefficient 
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were calculated for every mix, the value of the exponent were analyzed in the function of temperature during which 
functional relationship was ascertained with tight correlation. The correlation was satisfying by a 5th degree polynomial 
at the value of R2>0,9. Figure 3.3 demonstrates the Francken-Verstraeten-Veverka correlation with singe, 5-ply and 10-
ply angular coefficient, where the change according to the American FHWA correlation was also demonstrated. 
[Kingham, 1972; FHWA, 1976; Verstraeten, Romain, Veverka, 1977]. 
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Figure 3.3: Variation of f2 coefficient in the function of temperature 

3.4 Variation of the fatigue curve according to the type of load 

Applying the surveys of Raithby and Sterling as well as Bonnaure and Co. a parabolic functional correlation was 
assumed for the temperature range of +5°C and +45°C. The change of f3 parameter is demonstrated by Figure 3.4 based 
on the results of the referred studies [Raithby, Sterling, 1972; Bonnaure, Huibers, Boonders, 1982]. 
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Figure 3.4: Variation of f3 parameter in the function of temperature 

3.5 Load cycle number; traffic 

Actual traffic data are required for defining cumulated fatigue values because the behavior of the pavement structure is 
influenced fundamentally by the distribution of the traffic. 
Magyar Közút Kht. made the traffic (actually measured – not multiplied) survey results available for us referring to the 
following measurement points: 

 Motorway M1; 
 Secondary road No. 117, heavy traffic; 
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 Primary road No 1, light traffic; 
according to which the number of standard axle (ESAL=100 kN) were defined. During the implementation of our 
calculations the calculated temperature figures, the pavement structure models and the stresses generated in the 
pavement structure, calculated on the basis of the above mentioned points as well as the traffic loads were arranged 
according to their dates. 

4 PRACTICAL APPLICATION OF THE CUMULATED FATIGUE HYPOTHESIS 

During the design of the pavement structure, basically the stresses generated by the loading forces are compared with 
the allowed stresses. On the basis of the hypothesis of cumulated fatigue, the totaling of the allowed cycle numbers for 
all load cases belonging to the actual and same moment at a given moment must be less than 1. If the sum of individual 
partial fatigues reaches 1, deterioration shall take place. During our calculations we calculated with various pavement 
structure models according to point 3.1. We defined 20 pavement structure models in 24 hours, thus the set up of 7300 
pavement structure models were made possible for 365 days for the test of one structure. 

4.1 Definition of partial fatigue values 

The calculations were made according to the algorithm demonstrated in Figure 3.1 with the help of a specially 
developed program. The program takes the calculated strains, the temperatures and the traffic as basic data and 
calculates the allowed cycle number as internal cycle on the basis of the fatigue curve, where the f1, f2, f3, f4 parameters 
of the curve have optionally variable settings (3.3). The program calculates the partial fatigue value associated with all 
the 7300 pavement structures for running the program with parameters f1-f4, which is totaled as one figure, then defines 
the values of the cumulated fatigue curve changing from point to point in the function of the sequence number of the 
pavement structure, then shows the values in a diagram. 

)2.3(equationthefromNallowable
ESALofnumbermeasureddirect

N
n

valuefatiguepartial
i

i    (3.3) 

4.2 Definition of the realistic range of the fatigue straight-line 

Calculating the cumulated fatigues defined on the basis of detailed pavement structures it is possible to find realistic 
fatigue straight-lines, which were selected on the basis of the long-term observation of pavement structures instead of 
matching reality to the laboratory tests by selecting shift factors. 
In accordance, our starting point was the assumption of two design periods for the pavement structures associated with 
the individual traffic load classes: 

 the pavement structures deteriorate during planning period, and 
 assuming a more optimal case the pavement structures deteriorate within 2.5-times the planning period in 

traffic load category “K”, or 2-times the planning period in a lower traffic load category. 
Consequently the value of the maximum fatigue assigned to individual years or cumulative fatigue projected for a year 
can be defined with simple division. According to a sensitivity test performed with the application various parameters 
we received the following values: 

 in case of asphalt pavement structures f1=18, f4=-4,6; 
 in case of pavement structures with lean concrete subbase f1=17; f4=-4,7, which are used for further 

calculations. 
With the application of the defined f1 and f4 parameters we conducted further sensitivity tests on the pavement structure 
models. During the sensitivity tests we applied “normal” parameters (defined as described above) for f1 and f4 
parameters, and we applied parameters of very strict fatigue behaviors for the values of f1 and f4. The latter ones were 
considered “extreme” parameters, and though these values are physically not possible according to the demonstrated 
algorithm, we made our calculations with these values as well due to the sensitivity test of the variables. 
The f2 values were calculated with values of 1, 5 and 10-times according to the correlation of Francken-Verstraeten-
Veverka, parameter f3 was associated with the fatigue characteristics or its effect was disregarded. We completed our 
calculation in every combination of f1, f2, f3 and f4 as shown in Table 4.1. 
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f1 18 18 18 18 18 18

f2 1x 1x 5x 5x 10x 10x

f3 has effect no effect has effect no effect has effect no effect

f4 -4,6 -4,6 -4,6 -4,6 -4,6 -4,6

f1 17 17 17 17 17 17

f2 1x 1x 5x 5x 10x 10x

f3 has effect no effect has effect no effect has effect no effect

f4 -5,4 -5,4 -5,4 -5,4 -5,4 -5,4

f1 17 17 17 17 17 17

f2 1x 1x 5x 5x 10x 10x

f3 has effect no effect has effect no effect has effect no effect

f4 -4,7 -4,7 -4,7 -4,7 -4,7 -4,7

f1 16 16 16 16 16 16

f2 1x 1x 5x 5x 10x 10x

f3 has effect no effect has effect no effect has effect no effect

f4 -5,4 -5,4 -5,4 -5,4 -5,4 -5,4

normal 
parameters

extreme 
parameters

asphalt pavement structure with lean concrete subbase with traffic load categories C, D, E and K

full depth asphalt pavement structure with traffic load categories C, D, E and K

normal 
parameters

extreme 
parameters

 
Table 4.1: Input data for the sensitivity test 

4.3 Analysis of the cumulated fatigue curve 

The auxiliary program calculates the partial fatigue values of all the 7300 pavement structures during the run of the 
program for the individual pavement structures, and defines the values of the cumulated fatigue curve changing from 
point to point in the function of the sequence number of the pavement structure, then shows the value in a diagram. 
Our tests found that a five-degree polynomial function can be attached to the points of the cumulated fatigue curve 
defined in this manner of which the regression coefficient implies reliable functional correlation even in case the fatigue 
values cumulated to 365 days exceed the value of 1 (physically incapable of interpretation) in large measure. The 
regression coefficient of the attached polynomial function is always R2>0.9, therefore cumulative fatigue is interpreted 
as a functional correlation in the function of time. The function provided a curve of peculiar behavior: with strongly 
increasing sections in the summer months and section with lighter slope in autumn, winter and spring. For the 
delimitation of the horizontal sections of the five-degree polynomial we calculated the first differential quotient of the 
function in every case and searched at which independent variable value it takes up a value less than , where 0. We 
found that the cumulated fatigue value calculated for each pavement structure and the product of a c constant provides a 
sufficient  value, so during our test: 

n

i
inc

dx
dy

1
            (4.1) 

where 
y is the polynomial function set to the cumulated fatigue; 
x sequential number of the pavement structures (time indirectly); 
c constant, c=2E-5; 
ni fatigue values of a section according to the hypothesis of Miner. 
The nature of the cumulated fatigue curve is showed on Figure 4.1 in the environment of transition from months with 
different air temperatures. 
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Figure 4.1: Nature of the cumulated fatigue curve, full depth asphalt pavement construction, traffic load class K 

With the help of the program we collected the independent variable values for every type of pavement structure where 
the correlation defined by equation 4.1 is valid. According to Figure 4.2 a period can be defined for all the pavement 
structures and selecting the outermost time value as definitive, within that it is true for all the pavement structures that 
the partial fatigues defined by the pavement structure models set up for the given period and according to the fatigue 
characteristics calculated with the consideration of the temperatures of the associated pavement structures are 
specifically higher than the values outside the referring period. By that the period falling between 1 April and 1 
October, definitive in terms of fatigue can be delimited. 

start end start end

average 20 September 10 April 7 September 30 April

standard deviation (day) 7,6 5,6 1,9 4,1

average 9 September 21 April 4 September 8 May

standard deviation (day) 2,6 4,3 0,7 2,7

average 30  September 6 April 8 September 1 May

standard deviation (day) 11,6 6,4 2,3 4,5

average 15 September 17 April 5 September 7 May

standard deviation (day) 5,4 5,1 1,1 3,0

averaged according to the value of f2

no helaing there is healingaverage and scattering value

full depth asphalt pavement construction with normal parameters

full depth asphalt pavement construction with extreme parameters

lean concrete subbase asphalt pavement construction with normal parameters

lean concrete subbase asphalt pavement construction with extreme parameters

 
Table 4.2: Calculated values of the limits of the cumulated fatigue 
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Figure 4.2: Limits of the changes of cumulated fatigue within a calendar year 

Taking the healing effect into consideration the definitive period is rather restricted to the summer months; the late 
spring and early autumn period will not be definitive and the variance calculated from the results of various pavement 
structures will also be reduced. The real extent of the influence of healing effect can be approximated with the help of 
refining the models set up for defining the extent of influence. 
 
From the behavior of the cumulative fatigue curve it is obvious that the cumulative fatigue value rises steeply due to 
extremely high temperature values, so these considerations are viable in terms of operation as well. Such applications 
may be city motorways and lane construction of intersections. Figure 4.3 demonstrates a summer day, where the partial 
fatigue values are also showed in the function of time (non-cumulative), together with the surface modulus of the 
pavement structure. It can be demonstrated easily that the individual partial fatigue values increase significantly in the 
afternoon in comparison with the values measured during dawn. The distribution of the partial fatigue values obviously 
depends on traffic, consequently in case of pavement structures where the rush hour load takes place in the afternoon or 
early evening hours the pavement structure must be built taking that information into account, or temperature reduction 
must be solved as part of the maintenance (e.g. regular spraying, light color cover, etc.) 
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Figure 4.3: Variation of the pavement structure in the function of time and temperature in accordance 

5 CONCLUSIONS 

During our calculations of demonstrating the importance of continuous change of temperature in the pavement structure 
we used the results of measurements that were actually performed. During the calculations we used the temperature 
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measurement results of an entire year and the dynamic modules of the asphalt mix defined on the basis of laboratory 
tests for setting up detailed pavement structure models. 
According to the detailed model calculations we delimited the seasons characterizing respecting load capacity fatigue. 
Taking the results of the demonstrated calculations into account some considerations seem useful for the practical 
design of the pavement structure. 
With the application of asphalt and using the design experiences of the past decades long lasting pavement structures 
can be built, but special care must be stowed on the design criteria projecting the future performance of the pavement 
structure. Its importance was shown at the delimitation of the range of fatigue curves as well. 
The calculations can provide input for designing the mix or selecting the layer structures, as example high modulus 
asphalt (HMA) must be mentioned. As we could see high temperature enhances not only the formation of rutting but 
also the bearing capacity of the pavement structure. Utilization of HMA for the full load-bearing layer may be a realistic 
concept depending upon the design concept; the excellent fatigue resistance feature of the high modulus asphalts also 
justifies their use thanks to the comparatively high binder content (5.9-6.3 m%). Depending on the design concept 
(considering its extra costs as well) its seems advisable that high modulus asphalts should be built into the base course 
only if it is enabled by the various limit conditions of asphalt technology as well. 
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ABSTRACT 
 
The Statistical Pass-By Index (SPBI) of two rubber-crumb modified asphalt surfacings were monitored over a period of 
eight years and comparisons were made with conventional alternatives. Immediate reductions in the SPBI of the order 
of 5 dB(A) were obtained when two noisy surfacings, a surface dressing and an overlaid jointed concrete pavement, 
were replaced with the rubber-crumb modified asphalt. After two years of trafficking, the SPBI of the rubber-crumb 
modified asphalt was close to that of a four year old porous asphalt and over 5 dB(A) quieter than a four-year old hot 
rolled asphalt. At a later stage, the SPBI of the rubber-crumb modified asphalt increased at a rate of 0.4 dB(A) a year, 
eventually attaining a level of only 0.75 dB(A), on average, below the original noisy levels. The SPBI of a hot rolled 
asphalt was observed to increase by 0.5 dB(A) a year for the same period. As increases in the engine capacities of cars 
and goods vehicles and increases in tyre widths also occurred during the monitoring period, it is not reasonable to 
attribute the increase in the SPBIs to the acoustic performance of the road surfacings alone. Indeed, the acoustic 
performance of the rubber crumb modified asphalt may well have endured. The deterioration in the acoustic 
performance of the porous asphalt, which had not been de-clogged since it was laid, was more pronounced. 
 
Keywords : acoustic performance, rubber crumb modified asphalt, low-noise surfacing 
 
1. INTRODUCTION 
 
Since the early 1990s, there has been an increased interest in the use of thin (< 40 mm) asphalt surfacings that possess 
noise-reducing qualities. These products have become known as “low-noise” surfaces. In general, they are designed to 
provide a uniform indented or ‘negative’ macro-texture that minimises the generation of noise caused by the interaction 
of the vehicle tyre and the road surface, which is the dominant noise source at speeds above 50 km/h [1]. When they 
have a high voids content, e.g. porous asphalt, they have the extra advantage of absorbing noise [2]. However, with 
interconnected voids, such surfaces require remedial unclogging to maintain their sound absorption properties over 
time.  
 
Small quantities of crumb rubber enhance the noise abating performance of a thin asphalt surface.  Colsoft, a rubber 
crumb modified asphalt developed in France by Colas S.A., was awarded the Décibel d’Or award by the French 
National Council on Noise and the French Environmental State Administration [3]. A voids content between 12 and 
16% is specified for a Duriez compacted specimen [4]. In 1998, it was laid on two sites in Ireland where its acoustic 
performance has been monitored since then. The noise levels were quantified using the Statistical Pass-By Index (SPBI) 
[5]. 
 
This paper presents an account of the evolution of the SPBI of the rubber crumb modified asphalt on two test sites and 
compares its performance to alternative surfacings. 
 
2. EXPERIMENTAL SITES 
 
In June 1998, Colsoft was laid for the first time in Ireland on a collector road that passes through a residential area in 
Galway City. The existing surface was a 12.5 mm (half inch) surface dressing with a rugose macro-texture that 
generated high noise levels. It had an average texture depth of 2.41 mm. 
 
A collector road in a residential suburb of Dublin City, was the second site to be resurfaced with Colsoft in November 
1998. The existing road was a jointed concrete pavement that had been overlaid with 10 mm nominal size asphalt 
concrete. Reflective cracking in the surface due to the traverse joints of the concrete pavement exacerbated the noise 
levels. 
 
3. RUBBER CRUMB MODIFIED MATERIAL 
 
The target aggregate plus rubber gradings for the two sites are shown in Figure 1. The material consisted of a 
combination of 10 mm nominal size greywacke coarse aggregate, limestone dust, limestone filler, rubber crumb and an 
SBS polymer modified bitumen. The crumb rubber content was 2% (by mass of the aggregate and the rubber). The 
aggregates sources were different for the two sites. For both sites, the ‘dry process’ mixing system, whereby the crumb 
rubber was pre-blended with the aggregate before the bitumen was added, was employed. The target binder content was 
6.3% (by mass of the aggregate plus rubber) for the Galway site. For the Dublin site, the target binder content was 
6.5%. Compacted specimens of the asphalt used in Galway had voids contents of 14% and 12%, respectively, using 50 
blows and 75 blows of the Marshall hammer.  Therefore, it can be classified as a semi-dense material. It was laid to a 
compacted thickness of 35 mm. 
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Figure 1 : Target Grading Curves for the Two Rubber Crumb Modified Asphalts 
 
Before resurfacing, a tack coat of polymer modified 70% bitumen emulsion was applied at a rate of 0.6 litre/m2. Before 
the Dublin site could be resurfaced, the concrete slabs over which the existing asphalt concrete surface had been laid 
were excavated and replaced with 60 mm of asphaltic concrete. This work was carried out over several weeks prior to 
the resurfacing operation. 
 
4. EXPERIMENTAL PROCEDURE 
 
Views of the Galway site and the Dublin site are shown in Figures 2 and 3. As there was no location on either road that 
fully complied with the ideal site requirements of ISO 11819-1 for taking acoustic measurements, it was necessary to 
set up the microphone with concrete boundary walls within the 10 m limit of the microphone position. Hence, the 
measurement procedures need to be described as ‘special’ cases and, consequently, direct comparisons between the sites 
are not reasonable. 
 
Ideally, 4 days must have elapsed since the latest precipitation before sound measurements can be recorded. 
Consequently, much of the late autumn, winter and early spring was unsuitable for data collection in a temperate Irish 
climate. 
 
Two operators were required to record the measurements. One was responsible for measuring the sound pressure level 
as a vehicle passed in front of a microphone located 1.2  0.1 m above the plane of the road and 7.5  0.5 m from the 
centre of the near traffic lane. As required, the microphone was placed on a tripod and connected to the sound meter 
using a 10 m long cable as shown in Figure 3. The second operator was responsible for determining the speed of 
vehicles, as they passed in front of the microphone, from a concealed downstream position. Both operators 
communicated using two-way radios to ensure that they were both targeting the same vehicle. Ambient air temperature 
readings were also recorded at 15-minute intervals using a mercury thermometer positioned at the roadside. 
 
The sound pressure level from a passing vehicle was recorded in A-weighted decibels, dB(A). In practice, it was 
necessary to limit measurements to vehicles that were relatively isolated on the road to ensure that the recorded pass-by 
sound pressure level was due only to noise that was generated by the targeted vehicle and not to a combination of noises 
from several vehicles travelling closely together. Finally, the speed measurements were corrected for ‘cosine error’ that 
is due to the displacement of the meter from the line of travel of the vehicles. 

5. STATISTICAL PASS-BY INDEX 
 
ISO 11819-1 requires that recorded vehicles be separated into three vehicle categories, i.e. cars, dual-axle heavy 
vehicles and multi-axle heavy vehicles. The categories are denoted 1, 2a and 2b, respectively. For the car vehicle 
category, a minimum of 100 measurements is required. For the two heavy vehicle categories, a minimum of 50 is 
required for either of the two and 30 for the other. 
 
The maximum A-weighted sound pressure level is plotted against the logarithm of the corresponding speed of the 
vehicle for each vehicle category. Regression equations are fitted through the data points from which a reference sound 
pressure level, Lveh, is calculated for a reference speed, Vveh. The appropriate reference speeds are specified in ISO 
11819-1 as a function of the average measured vehicle speed. Then, the resulting reference sound levels are combined 
using the following equation to give the Statistical Pass-By Index, SPBI, in dB(A) for a standard mix of light and heavy 
vehicles: 



SPBI = 10 lg W110L1/10 W2a
v1

v2a
10L2a /10 W2b

v1
v2b

10L2b /10
  [1] 

where L1, L2a and L2b are the reference sound levels for vehicle categories 1, 2a and 2b; 
W1, W2a and W2b are standard weighting factors that are the assumed proportions of the vehicle categories in the 
traffic; and v1, v2a and v2b are the standard reference speeds for the individual vehicle categories.  

 
The appropriate values of Wx and vx depend on the road speed categories. Roads with traffic travelling at an average 
speed of 45 km/h to 64 km/h are classified as low speed roads, and roads with traffic travelling at an average speed of 
65 km/h to 99 km/h are classified as medium speed roads.  
 

 

Figure 2 : The Galway Site before Resurfacing 
 

 
 

Figure 3 : The Dublin Site after Resurfacing 
 
To demonstrate the nature of the data, the relationship between the dB(A) sound level and the logarithm of speed for the 
car vehicle category on the Galway site, 5 years after resurfacing, is shown in Figure 4. The wide scatter of the points 
reflects the variations in the noise level that resulted from the mix of different makes, age, condition, size and shape of 
vehicle on the road. The R2 values were relatively poor. 
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Figure 4. Data for cars after 5 years of Trafficking on the Galway Site 
 
EXPERIMENTAL RESULTS 
 
Due to the almost complete disappearance of multi-axle heavy vehicles on the Dublin site due to the completion of a 
local bypass (M50) and the complete absence of multi-axle heavy vehicles on the Galway site, a value for the parameter 
L2b in Equation 1 could not be included in the study. Therefore, this vehicle category was omitted from the calculation 
of the SPBI and weighting factors of 0.9 and 0.1 were used for W1, and W2a, respectively, to make comparisons over 
time. 
 
It is recommended in ISO 11819-1 that measurements be made at air temperatures as close as practical to the reference 
air temperature of 20 C. For the Galway site, the temperature was sufficiently high for the first measurements to be 
made two weeks after resurfacing. Due to low temperatures, first measurements were not taken on the Dublin site until 
20 weeks had elapsed, when the ambient air temperature was 13 C on average. Therefore, it was necessary to apply a 
correction factor to correct for the effects of temperature; and the correction factor stipulated in the French standard NF 
S 31-119 was used [6]. Accordingly, the noise levels were adjusted for the reference temperature of 20 C by decreasing 
the measured noise levels by 0.1 dB(A) for each degree below 20°C.  
 
Comparisons of the SPBIs were made by comparing the before and after indices that were obtained with corrections for 
temperature differences. A statistical analysis using multiple linear regression to describe the immediate before and 
after effects of the surfacing and the influence of the traffic composition showed that dual-axle vehicles and multi-axle 
vehicles increased the noise level by 5.6 dB(A) and 11.2 dB(A), respectively. After resurfacing, the initial reduction in 
noise was 5.1 dB(A) [7]. 
 
The corrected SBPIs before and up to eight years after resurfacing are presented in Figure 5. Whereas the immediate 
benefit of the resurfacing was of the order of 5 dB(A), it had decreased to 1.4 dB(A) for the Galway site and 0.7 dB(A) 
for the Dublin site after eight years of trafficking. From 2000 to 2006 on the Galway site, the increase in the SPBI was 
0.4 dB(A) per annum. It may be worth noting that bicycle lanes, which were delineated with a slurry seal, were installed 
on the Dublin site two years after resurfacing. 
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Figure 5. Evolution of the SPBIs 

In 2000, 93 weeks after laying, approximately two years of service, on the Galway site, the low speed SPBIs of a hot 
rolled asphalt (HRA) and a porous asphalt were recorded on a nearby road (N6) for comparison. Accordingly, only cars 
and dual-axle heavy vehicles with weighting factors of 0.9 and 0.1 were used in the reckoning. The porous asphalt was 
a 20 mm nominal size material with an SBS modified binder. It was approximately four years old and had not been de-
clogged since it was laid. The HRA contained 30% coarse aggregate with a nominal size of 14 mm, i.e. a 30/14 
designation, to which 20 mm coated chippings were applied; it was also four years old. The average texture depths and 
ages of the surfacings at this time are summarised in Table 1. 

SURFACING TEXTURE DEPTH AGE 
Colfoft 0.9 mm 2 years 
Porous Asphalt Not Applicable 4 years 
Hot Rolled Asphalt 1.8 mm 4 years 

 
Table 1. Average Texture Depths and Ages of the Surfacings. 
 
Subsequently, the SPBIs of the HRA and the porous asphalt were recorded in 2006, i.e. 10 years after laying. These 
results are also shown in Figure 5. In 2000, the performances of the Colsoft (2 years old) and the porous asphalt (4 years 
old) were close, 69.3 dB(A)and 69.9 dB(A), but the SPBI of the HRA (4 years old) was higher, 74.8 dB(A). After a 
further 6 years of trafficking, the SPBIs of the Colsoft and the HRA increase by 2.5 dB(A) and 3.0 dB(A), respectively, 
but the SPBI of the porous asphalt increased by 7.2 dB(A). Apart from the evolution of the acoustic performance of the 
surfacing materials over this time span, there have also been changes in the traffic composition and the types of tyres 
used on vehicles, which also affect noise levels. Statistics on vehicle engine capacities, which are recorded officially, 
show that the average engine capacity of private cars in Ireland increased from 1411 cc to 1474 cc over the seven-year 
period from 1998 to 2005, and that the percentage with engine sizes greater than 1300 cc increased by 7.1 %; the 
percentage of heavy goods vehicles (HGVs) of unladen weight over 1525 kg increased by 11.2 % over the same period. 
Equivalent records on tyre usage are not available to the same extent but there has been a swing to the use of wider tyres 
over the period. It is recorded for the United Kingdom that the most popular tyre size in 2003 did not rank in the 10 
most popular tyres in 1998 and that the most popular size in 1998 (155/80 R 13T - 8.5%) no longer ranked in the 10 
most popular tyres in 2006, for which the 195/65 R 15 V, a 40 mm wider tyre, was the most popular size [8]. There is 
evidence that there is a tendency for noise emissions to increase as tyre width increases and that this may be true for a 
range of surfaces [9]. Hence, it is not possible to be categorical about the performance of the different surfacings over 
time using the SPBI method. It is significant, however, that there was an increase of 3 dB(A) in the SPBI of the HRA 
surfacing from 2000 to 2006. It would seem reasonable to expect that the acoustic performance of the HRA did not 
deteriorate to this extent over this period; hence; it is arguable that the 3 dB(A) increase could reflect, at least to some 
extent, the change in the average traffic conditions. In this event, some of the increases in the SPBIs of the Colsoft 
could be attributable to traffic conditions also and it would not seem reasonable to attribute the increase in the SPBIs to 
acoustic deterioration alone. The deterioration in the acoustic performance of the porous asphalt may have been partly 
due to the fact that it had not been de-clogged since it was laid. 
 



CONCLUSIONS 
 
In monitoring the SPBI acoustic performance of a road surfacing over many years, it is difficult to draw categorical 
conclusions on its actual performance. Elements of uncertainty arise from the nature of the regression analysis to 
calculate the SPBI; changes in vehicle engine capacities, wheel and tyre profiles over time; and changes in the physical 
features on the pavement and its environs. It this study, it was necessary to look at the comparative performances of 
other materials to glean a reasonable interpretation of how the acoustic performance of the rubber crumb modified 
asphalt was evolving over time. 
 
Resurfacing two noisy surfaces with a rubber crumb modified asphalt resulted immediately in large reductions of 5 
dB(A) in the SPBI. At a later stage, the SPBI increased at a rate of 0.4 dB(A) a year, eventually attaining a level of only 
0.75 dB(A), on average, below the original noisy levels. However, the SPBI of a hot rolled asphalt was observed to 
increase by 0.5 dB(A)  a year for the same period. As increases in the engine capacities of cars and goods vehicles and 
increases in tyre widths also occurred during the monitoring period, it is not reasonable to attribute the reduction in the 
SPBIs to acoustic performance alone. Indeed, the acoustic performance of the rubber crumb modified asphalt may well 
have endured. The deterioration in the acoustic performance of the porous asphalt, which had not been de-clogged since 
it was laid, was more pronounced. Whereas the SPBI is useful for before and immediately after studies, it is not an ideal 
index for monitoring acoustic performance over long time periods due to changes that occur in both the vehicular traffic 
and the surrounding environment. 
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ABSTRACT 
 
Fatigue is one of the main distresses in asphalt pavements. Finding better ways to understand and explain fatigue 
behavior of asphalt and asphalt mixture will lead to the establishment of better design approaches to prevent fatigue 
failure. Now, many researchers have researched the fatigue of asphalt and asphalt mixture and have tried their best to 
find one appropriate index to evaluate their fatigue performance. But at present, the united fatigue evaluation index has 
not been established. Some researchers have already payed attention to the healing characteristic of asphalt. But we 
still don’t know whether it can heal entirely after stop loading or what degree can it heal? 

The objective of this study is to research the heal characteristic of asphalt. Two kinds of tests have been done to 
evaluate the heal characteristic of asphalt using DSR (Dynamic Shear Rheometer). One is to evaluate the heal 
characteristic at the condition of no load after the modulus of asphalt reach 6 percent of its initial modulus, the other is 
to evaluate its heal characteristic in the loading with rest interval. The results reflect that when the load stop before the 
asphalt gets damage the modulus of asphalt can heal, but it can’t recover to its initial value.. This research can help us 
to understand the fatigue performance of asphalt deeply. It is also useful to research the fatigue mechanism of asphalt. 
 
Keywords: healing, asphalt, DSR 
 
1. INTRODUCTION 
At present, fatigue is one of the main damage modes in asphalt pavements in China. So it is essential to understand the 
fatigue behavior of asphalt and asphalt mixtures in order to improve asphalt mixture design and pavement performance. 
And now many researchers have been researching the fatigue performance of asphalt and asphalt mixture, such as test 
method, evaluation index, fatigue model and so on. And the fatigue characteristics of asphalt mixture or asphalt are 
usually determined in continuous loading tests. However, asphalt pavements are actually loaded discontinuously due to 
rest periods between load pulses. Hence, it becomes pertinent to study the influence of rest periods on the fatigue life 
and what behavior does asphalt and asphalt mixture show during rest periods. And that is mainly determined by the 
healing characteristic.  
For the healing characteristic of asphalt and asphalt mixture, some researches have been done. Among these researches, 
Goodrich [1] [2]; Christensen and Anderson [3]; Smith and Hesp [4]; and Yong-Rak Kim et al. [5] used dynamic 
mechanical analysis (DMA) to characterize fatigue damage and healing in asphalt mixture. And differences among 
these studies include the sample geometry used, the sample composition, and the loading sequence (including rest 
periods). María Costro and José A. Sánchez [6] used rectangle specimen different from DMA to do healing test, the 
result also showed that the rest period can increase the fatigue life. 
For the healing characteristic of asphalt mixture, the contribution should belong to asphalt. The study of Bahia et al. [7] 
can prove that further. The study showed significant effects of rest periods on fatigue damage recovery in dynamic shear 
rheometer (DSR) tests using various binders. Quantitative analysis of healing was conducted in the study, and the study 
showed that the healing can increase the fatigue life. 
Synthesizing the above studies, they mainly researched the effect of rest periods on fatigue life. The healing 
characteristic of asphalt has been proved, but the healing degree of asphalt has not been studied. Can it heal entirely or 
what degree can it heal? That is what this paper will to research. 

 
2. TEST METHOD 



DSR (Fig 1) was used to measure the healing characteristic of asphalt. Because fatigue failure mainly appears at 
medium temperature, 15  was chosen in the tests. Based on the <Superpave Fundamentals Reference Manual>[8], the 
plate with the diameter of 8mm should be used and the distance between the two plates should be 2mm, when the 
temperature is between 4  to 40 . So the plate with the diameter of 8mm was used in this research. The asphalt was 
between the two plates, and the distance between the two plates was 2 mm. The under plate was fixed, and the above 
plate swayed around the central axis, from A to B then back to C passing A and to A again. That is one cycle, as shown 
in Fig 2.  

Figure 1: Dynamic Shear Rheometer 

 
Two different types of tests have been done. One is that the specimen is sheared using the stress of 3.0E+05 Pa until its 
modulus reaches nearly 6 percent of its initial modulus. Then wait the specimen to heal, without loading. Data about its 
modulus, phase angle and so on are collected every two hour, at first every half an hour. The other is that the specimen 
is sheared using the stress of 3.0E+05 Pa until its modulus reaches nearly 50 percent of its initial modulus. Then shear it 
every half an hour also using the stress of 3.0E+05 Pa. After five times of rest intervals, the test is stopped.  

 
3. TEST RESULTS AND ANALYSIS 
The results are shown as follow. Four specimens have been tested, and two results are showed in Fig. 3. It shows the 
healing condition of asphalt after its modulus reduces to about 6 percent of its initial value. From figure 3, we can find 
that the modulus heals with time increasing, and after forty hours, it can heal to the value close to the initial one. It also 

indicates that it is not appropriate to use the index 50% reduction in initial complex modulus (50%G ) to evaluate the 

fatigue performance of asphalt, because when the complex modulus reduce to 50% of its initial value, fatigue failure of 
asphalt does not happen. In the fist hour of its healing time, its healing capacity is most great. Noting the last few points 
of the curve, the modulus can reach bigger than its initial value. This phenomenon can be believed to be caused by the 
measure error and hardening. 

Figure 2: The explanation of working course for DSR 
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Fig. 4 is the result of the second test. During the healing period of asphalt, the loading operated on the specimen every 
half an hour to let the complex modulus reduce to 50 percent of its initial value. From the result, we also find that 
asphalt has the ability to heal and rest period can increase its fatigue life. But the healing rate descends with the number 
of loading increasing. During the healing period, the modulus after healing gets less and less because of the loading. 
That indicates that some of the energy in asphalt dissipates with the number of cycle increasing. 
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Figure 3: The healing of asphalt with time 
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Figure 4: The loading test with rest intervals 

 
4. CONCLUSIONS 
From the study, we can find that the modulus of asphalt can heal to the value which is close to its initial value after its 
value reduce  to about 6 percent of its initial value. Rest period can increase the fatigue life of asphalt. With the 
number of loading increasing, the healing capacity of asphalt decrease. Based on the results, we can believe the index of 

50% G  is not appropriate to evaluate the fatigue performance of asphalt. 
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ABSTRACT 
 
 
Danish road authorities have in conjunction with the industry and consultants worked out a system for specification 
and documentation of asphalt surfacings exhibiting noise reducing properties. The system is based on the Close 
Proximity Method (CPX) and encompasses the following items. 
 

 A guide to use asphalt surfacings in traffic noise abatement. 

 A system for the documentation and declaration in classes of the noise reducing properties of the asphalt 
surfacing as determined by the CPX method.  

 Three classes A, B & C, where surfacings in class A exhibit the highest noise reducing effect and class B & C 
exhibit lower noise reductive effects as compared to regular dense graded asphalt surfacings.   

 Reference values of the noise emission as determined by the CPX method. 

 Description of the CPX method including the definition of method variables. 

 Requirements on supplementary calibration of the measuring device. 

 Paradigm for use in contracting and preparation of tender documents. 
 
The system described in this paper represents the first attempt in Denmark to be used in contracting asphalt surfacings 
exhibiting noise-reducing properties. The system has some limitations and several aspects need to be addressed in the 
future development of the system. Especially there is a need of better knowledge on the accuracy offered by the CPX 
method, and the development of appropriate acceptance criteria to be used in contracting. 
 
 
 
Keywords:   Emissions, Environment, Noise reduction, Tyre/road noise, Close proximity method 
 



 

 

 

1.  INTRODUCTION      
 
Using asphalt surfacings exhibiting noise reducing properties represents an efficient measure for noise abatement, that 
can be used either alone or in combination with other measures such as e.g. noise barriers, walls or speed regulation.  
With the objective to work out procedures for contracting asphalt surfacings with noise reducing properties and for 
documentation of their properties a working group has been established. The Group has representation from road 
authorities, industry and consultants as follows.  
 
Peter J. Andersen, Danish Road Directorate   (Chairman) 
Tony Andersen, Danish Road Directorate 
Jørgen Kragh, Danish Road Institute 
Carsten Bredahl Nielsen, Danish Road Institute 
Hans Christian Korsgaard, Grontmij | Carl Bro A/S 
Ole Olsen, Province of Ribe 
Ole Grann Andersson, Skanska Asfalt I/S 
Jørn Bank Andersen, NCC Roads A/S 
Mikael Thau, LOTCON (Secretary) 
 
Today models to estimate traffic noise incorporate the properties of the pavement surface. Such models will normally 
use input obtained by the Statistic Pass By method (SPB). However, the SPB method gives significant limitation in day-
to-day use and seems to hamper the progress of use and development of the technology. To speed up progress it was 
decided to develop a 1st generation system based on the more easily applicable Close Proximity method (CPX). 
Performing proper transformation between SPB data and CPX data makes it possible to take advantage of the ease of 
testing and continuous data collection offered by the CPX method.  
A reference value of the noise emission is the basis for the characterisation of a noise reducing property of an asphalt 
surfacing. The 1st generation system defines such reference values at two traffic speeds, 50 km/h and 80 km/h, 
respectively.  
The system describes requirements for the documentation and declaration in classes of the noise reduction of an asphalt 
surfacing, including requirements to trial sections. Three classes A, B & C are described, where surfacings in class A 
exhibit the highest noise reduction and class B & C exhibit lower noise reduction effects as compared to regular dense 
graded asphalt surfacings.  
The 1st generation system is to be regarded as a first attempt in Denmark to promote and drive development and 
progress. The high applicability offered by the CPX method gives the method a high priority. However, the limitations 
of the CPX method is recognised and several aspects need to be addressed in the future development of the 1st 
generation system.  
 



 

 

 

2.  NOISE MEASUREMENTS BY THE CPX METHOD 
 
The CPX measurements performed in the 1st generation system are executed by using the survey method. However, the 
CPX method in the draft standard ISO/CD 11819-2 describes several variables when conducting the testing, which may 
compromise accuracy and thereby the documentation. In the Danish 1st generation system a number of these variables 
have been settled by selecting certain parameters with the purpose to define and clarify how to run the test. Such 
clarification includes tire mounting and driving pattern. Results of CPX measurements performed in the 1st generation 
system are expressed as an index denoted CPXDK combining CPX-results for light and heavy vehicles in the ratio 85/15. 
 
 

 
Figure 1. Presently two companies are performing CPX measurements in Denmark. To the left the consultant 

Grontmij | Carl Bro A/S using a closed trailer, and to the right the Danish Road Institute using an 
open trailer.  

 
 
3.  DECLARATION IN NOISE CLASSES 
 
When a producer wants to claim a certain noise reducing property of one of his asphalt surfacings, he will need to 
declare a noise class appropriate for the product. For the preparation of the necessary documentation, the producer must 
test his product on a trial section, where proper noise measurements by the CPX method can be performed.  
The trial section shall at least be 100 m long. The measurements shall be performed over a distance of minimum 400 m. 
This shall be accomplished either by measurements on a 400 m trial section or alternatively repeated runs over shorter 
sections. 
The result obtained is then compared to the appropriate reference value and the actual noise reduction is calculated as 
the difference “x”. 
 

Noise class   Noise reduction in dB(A) 

A:   Very high noise reduction          x > 7,0            

B:   High noise reduction  5,0 < x < 7,0  

C:   Noise reduction   3,0 < x < 5,0  
 

Surfacings with limited noise reduction properties below 3,0 dB(A) will not be classified as a noise reducing surfacing. 
At present the producers offer surfacings in class B and C. The higher class A has been introduced as a driver for future 
development and improvement of the noise reduction properties. 

 



 

 

 

4.  REFERENCE VALUES  
 
Reference values at 50 km/h and 80 km/h are defined in the 1st generation system. Based on these reference values it is 
possible to determine the noise reducing properties of an asphalt surfacing. The reference values defined in the 1st 
generation system were derived from the Danish noise emission data of the Nord2000 model. Using data obtained from 
comparison testing between the SPB method and the CPX method conducted by The Danish Road Institute and the 
Dutch consultant M+P the Nord2000, reference values were transformed to the corresponding CPX values. The result 
of the comparison testing is shown in figure 2. 
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Figure 2: Relation between SPB and CPX. 
 
 
The CPX values correspond to the noise emission assumed in the Danish part of Nord2000 representing approximately 
8 year old asphalt surfacings of dense graded asphalt concrete or SMA both with 11 mm nominal aggregate size. The 
CPX values shown in figure 2 represents the index CPX_L. However, the 1st generation system employs the CPXDK 
index, which combine light and heavy vehicles in the ratio 85/15. The average difference between CPX_L and CPXDK 
is in the order of a tenth of a decibel and the CPXDK reference values have been defined as shown below. 
 
 CPXDK  reference at 50 km/h: 94,0 dB(A)  

 CPXDK  reference at 80 km/h 102,0 dB(A)  
 
No reference has been defined for traffic speed 110 km/h, due to the limited number of data obtained at this speed. 
In the figures 3 and 4 results of CPX-measurements performed in 2004-2005 in Denmark are shown. 
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AB: Asphalt Concrete;   TB: Ultra Thin Layer AC;   OB:  Surface Dressing;      
DA: Porous Asphalt;   SMA:  Stone Mastic Asphalt.
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Figure 3. Results of CPX-measurements in Denmark on new asphalt surfacings (up to 15 months after laying) 

at 50 km/h and 80 km/h, respectively. The testing was conducted by DGMR Industrie, Verkeer en 
Milieu B.V. using the open trailer in 2004-2005 for the Danish Road Institute. 

 



 

 

 

 

LN: Low noise;   AB: Asphalt Concrete;   TB: Ultra Thin Layer AC;   OB:  Surface Dressing;      
DA: Porous Asphalt;   SMA:  Stone Mastic Asphalt.
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Figure 4. Results of CPX-measurements in Denmark on new asphalt surfacings at 50 km/h and 80 km/h, 

respectively. “Old asphalt pavement” represents selected old surfacings. The testing was conducted 
by M+P in 2004-2005 using the closed trailer for Grontmij | Carl Bro A/S. The dark blue area limits 
max. and min. values obtained for the different surfacings. 



 

 

 

  
5.  REQUIREMENTS ON SUPPLEMENTARY CALIBRATION OF THE MEASURING DEVICE  
Before any equipment can be used for CPX measurement to prepare documentation of the noise reducing property of a 
surfacing, the equipment must have carried out the supplementary calibration protocol described in the 1st generation 
system. The supplementary calibration protocol is mandatory and is introduced to be certain that use of different 
equipment will give consistent and comparable results.  
If any differences between results obtained by different equipment are encountered, such differences are compensated 
for by a correction constant attributed to each piece of equipment. The supplementary calibration is carried out by 
annual measurements on selected reference sections with known performance.  
 
 
6.   CONTRACTING 
The 1st generation system contains a paradigm for the preparation of tender documents to be used in works, where a 
noise reducing effect in the pavement is specified. The structure of the paradigm matches the standard Danish 
specification concerning construction of asphalt pavements. The noise reduction is addressed by reference to the 1st 
generation system. The system is at present a part of the Danish specification on a trial basis.   
During a tender the bids submitted by individual contractors shall be followed by a declaration of the noise reducing 
property in accordance with the 1st generation system. An example of a such declaration is shown below in figure 5. 
Furthermore, the proposed surfacings shall comply with the following requirements. The requirements ensure a 
minimum quality in regard to durability.  
 
 
SRS  type: 

 
TB  6k  

SRS 
 

 
TB 8k 
SRS 

 

 
AB 6å 
SRS   

 
AB 8å 
SRS  

 
SMA 6+ 

SRS  

 
SMA 8  

SRS 

Bitumen: 70/100 – 160/220  
or modified1)  

70/100 – 160/220  
or modified1) 2)  

40/60 – 160/220  
or modified1) 

 
 
Max. aggr. size 
 

 
 

6 mm 
 

 
 

8 mm 
 

 
 

6 mm 
 

 
 

8 mm 
 

 
 

8 mm 
 

 
 

11 mm 

 
 

8 mm 

Marshall-
volumetric: 
 
HMA 
Air voids 
VB/VS 

 
 
 

 23 
10 – 16 

 0,15 

 
 
 

 23 
10 – 18 

 0,15 

 
 
 

 20 
6 – 14 

 0,15 

 
 
 

 20 
8 – 16 

 0,15 

 
 
 

 20 
4 – 10 

 0,18 

 
 
 

> 19 
3-10 

> 0,17 

 
 
 

> 22 
4-12 

> 0,18 
Minimum layer 
thickness3) 

40 kg/m2 45 kg/m2 45 kg/m2 55 kg/m2 45 kg/m2 50 kg/m² 55 kg/m² 

Polymermodified Standard Tack coat 
emulsion4) 
Amount of residual 
binder 

 600 g/m2  700 g/m2  

Notes: TB: Ultra Thin Layer AC;   AB å: Asphalt Concrete open;   SMA:  Stone Mastic Asphalt;                         
VB/VS:  Volume bit. / Volume aggregate. 

 
1) Bitumen 160/220 shall not be used for traffic intensities above 2000 ADT or 50 ESAL due to 

preservation of the noise reducing surface texture.  
2) Due to relative high air voids in AB 6å  SRS and AB 8å  SRS it is recommended to produce these SRS 

types using polymer modification (elastomeric type), due to increased risk of ageing of the bitumen. 
3) There are no requirements to compaction for SRS laid down in thicknesses  55 kg/m2.   
4) Concerning TB k it is important that the tack coat is not applied in too high quantities which would 

disturb the surface texture. 
 

 



 

 

 

 
Figure 5: Example of the declaration form submitted by the contractor. 



 

 

 

7.   FUTURE FOLLOWS UP ON THE 1ST GENERATION SYSTEM  
The system described in this paper represents the first attempt in Denmark to be used in contracting asphalt surfacings 
exhibiting noise reducing properties. The system is to be regarded as a 1st generation system, since the system has some 
limitations first of all due to possible uncertainties associated with the Close Proximity method. 
Several aspects need to be addressed in the future development of the system. Examples of such topics are the link to 
the Nord2000 traffic noise prediction method, improvement of measurement techniques, better knowledge on the 
accuracy of the CPX method and the development of appropriate acceptance criteria to be used in contracting. 
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ABSTRACT 
 
Continuous traffic of heavy trucks on a road causes fatigue. This can lead to cracking in the lowest bituminous layer in 
the pavement. That means that the pavement looses his bearing capacity which can lead to more cracking and failure of 
the pavement. 
 
The visco-elastic binder has in itself a mechanism that counteracts the development of the damage due to fatigue: the 
self repairing possibility, commonly named as healing. Healing repairs micro damage caused by fatigue in times where 
the pavement is not solicited with heavy loads.  
The designers of asphalt roads has taken into account this healing because they know that damage is repaired and 
damage will remain small. In the Netherlands, the designer manual of DWW estimates the healing factor at 4. This 
means that a road can be built about 4 cm less thick then without a healing factor (healing factor =1). 
 
The decision about the healing factor is taken in the seventies on the basis of research done by Mr Van Dijck [1, 2]. All 
the research was done on mixes with new materials and rather soft binders (80/100). But since that time, a lot has been 
changed: recycling has become normal practise. And other kind of binders was introduced: multigrades, hard paving 
grades or PMB. 
 
To be sure that the healing factor these days is still the same as in the seventies, Benelux Bitume has asked for a 
preliminary research. Therefore we took samples from a 350.000 ton production of asphalt containing 60% of 
reclaimed asphalt and which has been used for a highway in the Netherlands. We came to the conclusion that the 
healing factor in this material was reduced to about 1. 
 
Keywords: reclaimed asphalt, fatigue, healing, healing factor, 4 point bending test. 
 
 



 
1. INTRODUCTION 
 
Every year a big amount of reclaimed asphalt is available. To close the chain of the raw materials, reclaimed asphalt is 
reused by preference in asphalt. A problem is the binder in the reclaimed asphalt. This binder has been aged and the 
result is hard bitumen. The fatigue characteristics and the healing behaviour have changed. To compensate the hardness 
of the binder of the reclaimed asphalt, the Netherlands sometimes add soft bitumen. Nevertheless, there still is a real 
concern about the fatigue and healing behaviour of recycled asphalt. 
The goal of this investigation is to look if there is a reason that we must consider the fatigue and healing behaviour of a 
mix with fresh base materials different from this behaviour with recycled asphalt. 
 
In this report, we will discuss the results of an investigation of fatigue and healing behaviour of a base layer called 
STAB. Tests are performed two samples: 
-  STAB 0/16 with fresh materials to test if we can measure the same healing factor as Van Dijck did, with modern 
apparatus. 
- STAB 0/22 with 60% reclaimed asphalt (RAP) 
 
The mixes are produced in the lab and tested on fatigue at 30 °C with strain levels of 150 and 250 m/m. The fatigue 
tests are done with rest periods of 0, 3 and 6 cycles. 
 
2. MIXES 
 
For this investigation we have chosen 2 mixes. 
 
Sieve Cumulative rest 
16 mm 1.2 
8 mm 35.0 
2 mm 57.0 
0.063 mm 94.0 
0 mm 100 
 
Table 1. Mix 1, STAB 0/16 aggregate composition. 
 
The mix contained 4.3% mass bitumen 40/60 and a void content of 4.6. The density was 2352 kg/m3. 
 
 
Sieve Cumulative rest 
22.4 mm 0.7 
16 mm 2.9 
11.2 mm 10.6 
8 mm 20.9 
2 mm 45.3 
0.063 mm 90.4 
 
Table 2.  RAP aggregate composition. 
 
The penetration of the binder (25°C, 100g) recovered from RAP was 37 0.1 mm. 
The added bitumen 70/100 had a penetration of 89 0.1 mm and softening point of 47.0°C. 
 
 
Sieve Cumulative rest 
22.4 mm 1.5 
16 mm 13.0 
11.2 mm 27.5 
8 mm 40.6 
2 mm 57.0 
0.063 mm 93.0 
0 mm 100 
 
Table 3.  Mix 2, STAB 0/22 with 60% RAP aggregate composition. 



 
 
We also have compared the volumetric composition of both mixes and we could confirm that both were the same except 
the “filling ratio (VRS)”. This VRS is defined as  
(Volume of mastic – voids in compacted stone skeleton)/ voids in compacted stone skeleton 
The VRS for mix 2 is 1.23 and for mix 1 is < 1. This means that mix 1 is not overfilled because of the sand which has a 
very narrow granular composition. Mix 2 is overfilled and that is important to know. 
 
3. FOUR POINT BENDING TEST 
 
The goal is to measure healing. Healing is defined as a factor (H) with which a continuous repeated load repetitions 
much be multiplied to take into account the rest periods between the loads. 
H = Nf,rest/Nf,cont 
To measure healing, we have chosen the four point bending test. For the test we have made two asphalt plates. From 
those plates test specimen (about 450 X 50 X 50 mm) have been sawed. 
The test was carried out as a displacement steered test with a continuous sinusoidal displacement signal for measuring 
the fatigue. For the healing measurement, the displacement signals were stopped for some periods. The frequency of the 
displacement signal was 29,3 Hz and the rest periods were 0, 3 or 6 cycles. The maximum values of the sinusoidal 
signal were 150 and 250 m/m. The temperature was 30 °C. 
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Figure 1. Sinusoidal displacement signal 
 
 
4. DETERMINATION SMIX 
 
With the four point bending test we can calculate the stiffness (Smix) of mix 1 and 2. 
Out of the registered loading repetitions and the stiffness, we have calculated the fatigue life Nf as the number of 
loading repetitions were  Smix has reached 50% of the original value with N = 50 load repetitions (strain steered fatigue). 
 



 
5. RESULTS 
 
5.1. Is it possible to measure healing? 
 

strain sample Rest 
period 

Smix (N=50) 
[MPa] 

Nf H 

9001 
9007 
9013 

0 
0 
0 

8532 
8445 
7962 

 
8313 

67000 
136000 
68000 

 
90333 

 
1.00 

9005 
9010 

3 
3 

7882 
7764 

7823 435000 
306000 

370500 4.10 

 
 
 

150 

9008 
9012 

6 
6 

     

9002 
9006 
9009 

0 
0 
0 

8214 
7948 
7321 

 
7828 

10000 
16000 
21000 

 
15667 

 
1.00 

9004 
9011 

3 
3 

7200 
6426 

6813 1²9000 
34000 

26500 1.69 

 
 
 

250 

9014 
9003 

6 
6 

6847 
7008 

6928 18000 
63000 

40500 2.59 

 
 Table 4. Results of mix 1, STAB 0/16 
 
Table 4 shows that healing factors were measured . The healing factor 4 shows up under the conditions were it was 
expected. So the same healing factor as Van Dijck can be measured with modern apparatus. 
Healing decreases with bigger strain, this is normal and a known effect. To calculate healing you can extrapolate to 
strains which occurs in the road. 
 
5.2. Healing for mix 2 
 
In 5.1. we have seen that healing can be measured. Here we give you the results of the measurements for mix 2, 
meaning a mix with 60% RAP. 
 

Strain sample Rest 
period 

Smix (N=50) 
[MPa] 

Nf H 

9507 
9510 
9512 

0 
0 
0 

6574 
6646 
5813 

 
6345 

640000 
466000 
484000 

 
530000 

 
1.00 

9501 
9509 

3 
3 

 
5967 

5967 400000 
969000 

684000 1.29 

 
 
 

150 

0513 
9514 

6 
6 

     

9505 
9506 
9511 

0 
0 
0 

5739 
6114 
4054 

 
5302 

89000 
33000 
112000 

 
78000 

 

1.00 

9502 
9503 

3 
3 

5782 
5662 

5722 60000 
131000 

95500 1.22 

 
 
 

250 

9504 
9508 

6 
6 

5532 
4590 

5061 254000 
131000 

192500 2.47 

 
 Table 5. Results of mix 2, STAB 0/22 with 60% RAP 
 
It is clear that also for this mix, healing was measured. And we find the same trends as with the virgin material. 
 



 
6. COMPARING RESULTS 
 
6.1 Disclaimer 
 
This chapter may only be read to develop general views or to under build them in a restrictive way. You may not forget 
that we are doing a comparison between two mixes which are not totally comparable: other materials, restricted number 
of measurements, restricted number of mixes,…). In other words you may not generalise those findings. They are meant 
to bring the discussion up to a higher level. 
 
6.2 Stiffness and fatigue life 
 
The last two tables show that the stiffness of the mix with RAP is lower then the stiffness of the virgin mix. In The 
Netherlands it has been observed that a mix with RAP can have stiffness that can be higher or lower then stiffness from 
mixes which were produced with virgin materials. Maybe that is due to the fact that in some mixes (like in mix 2) the 
“filling ratio” is bigger then 1 and so the mix is overfilled. Overfilling explains the lower stiffness. 
But mix 2 has a longer fatigue lifetime (Nf) then the virgin mix. In The Netherlands, the reference fatigue lifetimes are 
under given circumstances (stiffness 7500 MPa), 100.000 cycles with a strain of 150 m/m and 10.000 cycles with a 
strain of 250 m/m (without healing). 
 

 STAB 0% RAP STAB 60% RAP Reference 
Stiffness 7189 5361 7500 

Fatigue life @150 m/m 90333 530000 100000 
Fatigue life @250 m/m 15667 78000 10000 

 
 Table 6. Review of results 
 
Under the conditions of § 6.1 some remarks: 
-  the mix with 60% RAP has a lower stiffness, which confirms that the mix is overfilled; 
- overfilling shall increase the fatigue life but the resistance to permanent deformation decreases; 
- overfilling will lead to an overestimation of the healing. 
 
6.3 The healing factor 
 
The disclaimer of § 6.1 is also valid for this paragraph. 
 
Healing of a volumetric correct STAB with 60% RAP will be very small compared with the STAB with no RAP. 
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Figure 2. Healing factor H with rest period (strain = 150 m) (n = 0% RAP – p=60% RAP) 
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Figure 3. Healing factor H with rest period (strain = 250 m) (n = 0% RAP – p=60% RAP) 
 
Healing depends of the strain level: with a bigger strain, healing decreases. To determine the healing for highway 
pavements we can extrapolate like shown in figure 4: 
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 Figure 4. Healing factor with strain (= Opgelegde rek) 
 

In figure 4, the lines are determined based on: 
-  starting point are the measured values; 
- if they are not complete, the level is determined by an available measurement; 
- the healing factor increases with a decreasing value of the imposed strain; 
- the trend measured for a rest period of 3 will repeat itself with a rest period of 6: 3/p is under 3/n and therefore 

6/p will also be beneath 6/n. 
 

7. EXAMPLE 
 
The results of chapter 6 demonstrate that it is difficult to compare the STAB 0% RAP with the STAB 60% RAP. There 
are differences in Smix, in H and in Nf. Together they determine the resistance to fatigue. 
 



 
We gathered fatigue data at 30°C and with a frequenty of 29.3 Hz. This gave us the possibility to calculate k1 and k2  
(coefficients in the Wohler equation) 
 
Nf  =  k1 . k

2 
 
where  = imposed strain and k1 and k2  material characteristics. 
This gives us: 
 

Material Smix 
 [MPa] 

k1 
 x 1012 [-] 

k2  
[-] 

Stab 0/22 60% RAP 5631 77,10 -3,75 
Stab 0/16 7189 2,63 -3,42 

 
 Table 7. Review of Stiffness and calculated k-values. 
 
With these figures we can now compare those two materials. Therefore we have chosen a pavement construction as 
follows: 
 

Material Thickness 
[mm] 

Stiffness 
[MPa] 

Poisson 
[-] 

Stab 250 measurement 0,35 
Foundation 250 550  0,35 
Sand 1000 100  0,35 
Sub grade Infinite 40  0,35 

 
 Table 8. Pavement construction. 
 
When a 50 kN axle load passes on this construction, following values are calculated: 
 

Material Strain 
[ m/m] 

Nf,cont 
[-] 

H 
[-] 

Nf,rest 
[-] 

Stab 0/22 60% RAP 78,3 6,07 x 106 1,4 8.5 x 106 

Stab 0/16 66,5 1,47 x 106 4.8 7.1 x 106 
  
 Table 9. Calculated values with 50 kN axle load. 
 
The H value is calculated by extrapolation. 
Just to remind you that the “filling ratio” of the two mixes are different and the comparison is therefore difficult.  
 
8. CONCLUSIONS 
 
This report shows that it is possible to measure, with present modern equipment, the same healing factor as van Dijk 
performed in 1975. 
Filling factor is an important property to take into account. 
Healing from STAB with RAP seems less then from STAB without RAP. 
The difference of the healing factor decreases when the rest periods increase. 
The difference of the healing factor decreases when the strain increases. 
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ABSTRACT 
 
The performance of an overlay to a jointed concrete pavement can be affected by the occurrence of reflection cracks 
above the joints. Reflection cracks are transverse and/or longitudinal cracks that occur in the overlay above the joints 
or cracks in the underlying concrete. If the cracks are not promptly treated and left to widen and propagate to the full 
depth of the asphalt layer, the subsequent influx of water can weaken the foundation and fines can be pumped to the 
surface creating voids beneath the base.  In the most severe cases, the structure of the pavement is compromised to such 
a degree that movement of the pavement structure occurs under normal traffic loading. In some cases, the surfacing can 
also ravel back from the crack with the reduced lateral support, impairing the ride quality. If allowed to progress to this 
state, the maintenance implications are more serious. This paper summarises the performance to-date of a number of 
overlaid jointed concrete sites, with slab lengths varying from 5 m to 24 m, and various sites containing a cement bound 
granular material (CBGM) base. The treatments applied included: variations in asphalt thickness; use of polymer 
modified binders; crack and seat techniques; saw-cut and seal; interlayers; and concrete joint treatments. Over 35 sites 
were monitored as part of this research including full-scale trials and schemes over a 15 year period. Guidance is given 
for jointed un-reinforced (URC) and jointed reinforced (JRC) concrete pavements and flexible composite pavements 
with a CBGM base. This guidance will assist the highway engineer in preparing maintenance design options, enabling 
the most cost-effective maintenance treatment to be selected, having regard to the existing construction and its current 
condition, the resources available and the required life of the pavement.  
 
Keywords: overlays, thermal cracking, crack propagation, interlayer (SAMI), maintenance 
 
1. INTRODUCTION 
 
The performance of an overlay to a jointed concrete pavement is greatly affected by the appearance of reflection cracks 
at the joints.  Reflection cracks are transverse and/or longitudinal cracks that occur in the overlay above the joints or 
cracks in the concrete layer due to the thermal expansion and contraction of the underlying concrete as shown in 
Figure 1.  Reflection cracks may also occur in pavements that have a lean concrete layer under an asphalt overlay due to 
the irregularly spaced thermal shrinkage cracks that form during the curing of the lean concrete. 
At the onset of reflection cracking, the crack widths are often barely visible to the naked eye and are not considered to 
significantly reduce serviceability.  However, if the cracks are not promptly treated and left to widen and propagate to 
the full depth of the asphalt layer, the subsequent influx of water can weaken the foundation and fines can be pumped to 
the surface, creating voids beneath the base.  In the most severe cases, the structure of the pavement is compromised to 
such a degree that movement of the pavement structure occurs under normal traffic loading. In some cases, the 
surfacing can also ravel back from the crack with the reduced lateral support, impairing the ride quality. If allowed to 
progress to this state, the maintenance implications are more serious. 
 

 
 
Figure 1: Reflection cracking present in asphalt overlay over 5 m concrete bays 
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Cracking is caused by the thermal expansion and contraction of the underlying concrete. The thick overlays provide a 
layer of thermal insulation, which may cause the contraction of the concrete slabs to be greater at the top of the slab 
than at the bottom and can result in a warping of the slab with the highest strains being found at the pavement surface 
where age hardening also occurs more rapidly.  Hence, cracking initiates at the surface and propagates down through 
the overlay until it reaches the joint or crack in the concrete.  
To minimise the cracking, the advice for the overlay of jointed concrete motorways and trunk roads in the UK has 
generally been that approximately 180 mm of asphalt material is required following rehabilitation of any failed joints or 
slabs in the concrete [1].  
In order that an engineer is able to select the most appropriate, cost-effective overlay solution for a concrete road, he 
needs to be made aware of the range of techniques that are available, and any constraints that may reduce their 
applicability.  This paper reviews the treatment options currently available and selects techniques that show potential 
benefit for use on the HA network. 
 
2. DESCRIPTION OF OVERLAY TECHNIQUES MONITORED 
 
2.1 Categories of techniques 
 
A number of overlay techniques were investigated aimed at reducing the occurrence of reflection cracking, and these 
are summarised in Table 1.  These techniques can be divided into three categories: 
 Fractured slab techniques, where the characteristics of the concrete construction are changed; 
 Interlayer techniques, where materials are placed on the concrete surface or between layers of asphalt overlay; and 
 Surfacing techniques, where the surface course is treated or modified. 

It should be noted that some of the techniques identified may not be suitable for all construction types considered, as 
indicated in Table 1.  The three construction types are jointed reinforced concrete (JRC), un-reinforced concrete (URC) 
and cement bound granular material (CBGM).  
 
Table 1: Summary of treatments 
 
Treatment Technique Type Applicability 
Crack, seat and overlay (CSO) Fractured slab  URC, CBGM 
Saw-cut, crack, seat and overlay (SCCSO) Fractured slab JRC 
Rubblisation Fractured slab URC, JRC, CBGM 
Geogrids/geotextiles Interlayer URC, JRC, CBGM 
Stress Absorbing Membrane Interlayer (SAMI) Interlayer URC, JRC, CBGM 
Crack Relief Layer (CRL) Interlayer URC, JRC, CBGM 
Modified asphalts Asphalt Overlay  URC, JRC, CBGM 
Saw-cut and seal (SCS) Asphalt Overlay URC, JRC 
Programmed sealing Asphalt Overlay URC, JRC 
 
2.2 Fractured slab techniques 
 
These techniques require the concrete slabs to be broken into smaller lengths prior to an overlay being applied.  By 
reducing the effective slab length, the strains resulting from thermal movements are reduced and distributed more 
regularly and, therefore, reflection cracking is minimised. It is important to maintain good load transfer between 
fractured slab elements in order to maintain the load carrying capability of the pavement.  These techniques, which 
tackle the root cause of reflection cracking, include crack, seat and overlay (CSO); saw-cut, crack, seat and overlay 
(SCCSO); and rubblisation. 
 
Crack, seat and overlay 
The main principle behind the CSO technique is to reduce the effective length of the concrete prior to overlaying. If the 
effective lengths of the slabs are reduced, the horizontal strains resulting from the thermal movements should be evenly 
distributed throughout the pavement and, hence, reduce the potential for reflection cracking to occur.  
The cracking operation creates fine, close-spaced cracks generally spaced between 0.5 m and 2.0 m, and change the 
concrete pavement into a strong cement-bound base. It is extremely important that the cracks created within the 
concrete are fine so that good aggregate interlock, needed for load transfer, is maintained. It is also important that the 
cracks produced are vertical (as shown in Figure 2) because inclined cracks are likely inhibit thermal movements due to 
the aggregate interlock from the weight of the overlying pavement structure. 
After cracking, the treated surface is then rolled with a pneumatic tyred roller (PTR) prior to the application of the new 
overlay. This seating operation minimises the occurrence of voids under the slabs prior to overlaying. 
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Figure 2: Core showing ‘fine, full depth crack in concrete’ after crack and seat 
 
Saw-cut, crack, seat and overlay 
This treatment is applied to reinforced concrete slabs which are normally two to five times longer than standard jointed 
un-reinforced concrete bays (that is, up to 25 m). 
SCCSO was developed by TRL and the first UK trial took place in 1999 on 25 m joint reinforced concrete slabs.  The 
operation consists of sawing narrow cuts transversely across the slab to a depth of just below the reinforcement 
(determined by pre-scheme coring and ground penetrating radar (GPR) survey), in order to sever the longitudinal 
reinforcement steel. 
Once cut, the remaining depth of the concrete is then cracked to retain satisfactory load transfer characteristics. It is 
important that the cracking operation takes place with minimum damage (spalling) to the saw-cut which could reduce 
load transfer between slabs. Previous trials had shown that using a steel strike plate reduced the spalling of saw-cuts that 
occurred when they were struck directly. This technique also allows a lower impact force to be used, thus reducing 
vibration and lessening damage to the lower layers. 
 
Rubblisation 
Rubblisation is a technique developed in the USA which has been used since 1990. It is applied to both reinforced and 
un-reinforced concrete nearing the end of its service life. It is also possible to rehabilitate an old flexible composite 
pavement, by removing the existing asphalt overlay, then pulverising the existing concrete pavement to effectively 
create a sub-base layer for the new pavement construction. 
The pavement is broken into fragments, varying in size from about 25 mm at the surface to 380 mm at the bottom of the 
layer. The pavement is rubblised by the use of a Multi-Head Breaker (MHB) and then compacted by the use of a 
vibratory steel grid roller. 
Rubblising effectively eliminates the problem of reflection cracking; however, it also removes much of the strength of 
the old concrete and should only be considered as a viable option when there are major structural problems with the 
existing pavement. 
 
2.3 Interlayers 
 
The introduction of a material layer between the concrete and the new overlay, called an interlayer, allows the overlay 
to move relative to the concrete.  Examples of interlayer systems are geogrids, geotextiles and SAMIs – a membrane 
layer that can deform longitudinally without breaking. 
 
Geogrids/geotextiles 
Geogrids and geotextiles have been used as interlayers between concrete and asphalt overlays to retard reflection 
cracking since the 1960s. 
Geogrids are designed to enhance the tensile strength of the asphalt overlay by absorbing the horizontal tensile stresses 
above the joints in the concrete and distributing them over a wider area. These are said to result in reduced stress levels 
in the asphalt overlay at joint locations resulting from thermal effects. 
 
Stress Absorbing Membrane Interlayer 
The main aim of a SAMI is to provide a flexible layer that is able to deform horizontally without breaking. They 
generally consist of a thick layer of polymer modified binder that is sprayed onto the concrete surface and is sometimes 
used in combination with aggregate chippings. 
 
Crack Relief Layer 
The use of CRL was pioneered within the USA and used on both jointed and continuously reinforced pavements, albeit 
mainly overlaid with a relatively thick layer of asphalt.  
In the UK, TRL trials using porous friction course (PFC) as a CRL on military airfields have shown good performance 
in resisting reflection cracking, even with a CRL as thin as 20 mm [2]. 
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2.4 Surfacing treatments 
 
Surfacing treatments are treatments that control reflection cracking within the surface course; they can be modified 
overlays with properties which retard the onset of reflection cracking.  These techniques generally include polymer-
modified and fibre-reinforced overlays, and use of the saw-cut and seal technique to the finished surface. 
 
Modified Asphalts 
Polymers are often added in order to improve the performance of the bituminous binder. These polymers are usually 
added to help improve the viscosity of the binder in high and/or low temperatures. 
 
Saw-cut and seal 
The SCS technique has been used in the UK since 1990. The main principle behind SCS is to accommodate the stress 
and strains associated with expansion and contraction of the underlying jointed concrete by introducing joints into the 
bituminous overlay directly above the joints in the concrete. These joints are then filled with an approved sealant, which 
creates a highly flexible reservoir and stops the formation of reflection cracks at the surface whilst controlling their 
development from a crack initiation slot below the surface. 
 
Programmed sealing 
Programmed crack sealing is more of a policy than a treatment. The theory behind the policy is that it is very hard to 
prevent reflection cracking occurring in thin overlays and, therefore, the policy recommends that a certain proportion of 
unhindered reflection cracks may occur in the overlay before being sealed. This policy is an alternative to slot sealing 
and the SCS techniques where the position of the slots and saw-cuts need to be located very accurately over the joints in 
the concrete. However, this policy involves intervention treatments and several visits may be required for further or 
repeat treatments. 
 
3. TRIAL SITES 
 
During the course of the study, 35 sites were monitored covering a range of constructions and overlay techniques.  More 
extensive information about these sites and details of the surveys undertaken is available [3]. 
The methods used to assess the performance of the test sections after the asphalt maintenance treatments were applied 
included: 

(i) Visual condition surveys (VCS); 
(ii) Core extraction to inspect the extent to which cracks had propagated, to measure the overlay thickness and to 

provide samples for material testing; 
(iii) Load transfer efficiency across transverse joints determinations using a falling-weight deflectometer (FWD) in 

order to assess the impact of the reflection cracking; 
As part of the visual survey at each site, the location and length of every crack (where possible) was measured, together 
with a rating of the severity of the crack, defined as: 
a. Wide greater than 2 mm, often with spalling or bifurcation. 
b. Easily visible less than 2 mm wide, single crack. 
c. Fine including cracking only seen when the road surface is drying. 
To bring the results to a common denominator so that a direct comparison could be made of the performance of the 
different test sections, the amount of reflection cracking above the joints, or cracks, was expressed in terms of a crack 
index. The crack index is the proportion of cracks in per cent compared to the number and total length of the transverse 
joints on the PQ concrete pavements, or the number and length of the existing cracks on lean concrete before treatment 
was carried out. This approach effectively normalises the data, allowing a comparison of the performance of different 
test sections directly because test sections do not all contain the same number of transverse load transfer joints or cracks. 
The Crack Index measurement of crack propagation was used for each of the sites. 
The Crack Index (CI) is a quantitative measure designed to take into account the visual severity rating in the assessment 
of reflection crack propagation. It uses the total length of reflection cracking weighted by a factor depending on the 
visual severity grading of the reflection crack. The CI value can be calculated using the following formula: 

2secint
2''5.1''1''

tionwithinsjotransverseoflengthtotal
cracksaoflengthcracksboflengthcrackscoflengthCI  

Hence, for a CI of unity, all cracks would be full width and category ‘a’, severe. 
 
4. MEASUREMENTS AND RESULTS 
 
Only a limited sample of the results obtained are given in this paper. However, typical examples are given for the 
development of cracking of different techniques, which provided the basis for the guidance.  
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The development of cracking on 12 m long reinforced PQ slabs with SCS and control treatments at various overlay 
thicknesses, as shown in Figure 3, demonstrated the 110 mm SCS section has performed better than both the 110 mm 
and 150 mm controls. The 150 mm SCS has performed better than all of the controls and the results demonstrate that 
this treatment can be effective on slab lengths up to 12 m. 
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Figure 3: Development of cracking in control and SCS treatments over 12 m reinforced concrete slabs 
 
Laying of thin surfacings directly onto jointed concrete will lead to ongoing maintenance issues, and even SCS is not an 
appropriate treatment as demonstrated by the cracking observed in the asphalt either side of the treatment in Figure 4. 
 

 

Figure 4: Cracking on both sides of saw-cut and seal 
treatment on 30 mm thick thin surfacing applied 
directly to jointed concrete pavement 
 

 
Comparison of performance between control and C&S sections is given in Figures 5 and 6 for slabs cracked using 
guillotine and whip-hammer respectively. These results demonstrate the benefits of using a guillotine procedure for 
effective treatment of slabs compared with the whip-hammer technique and control treatments. 
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Figure 5. Performance of Crack and seat by Guillotine against control treatments over 5 m jointed concrete slabs 
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Figure 6. Performance of Crack and seat by Whip-hammer against control treatments over 5 m jointed concrete 
 
The performance between various geotextiles and control treatments on a flexible composite pavement with a CBGM 
base is shown in Figures 7 and 8.  The results of the 40 mm sections indicated comparable performance between control 
and geotextile sections, while the 80 mm sections show the sections containing geotextiles to be performing well, 
although the CI for the 80 mm control section is < 0.1 after 13 years service. 
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Figure 7 Comparative performance between various geotextiles and control treatments with a 40 mm overlay on 
a flexible composite pavement with a CBGM base 
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Figure 8 Comparative performance between various geotextiles and control treatments with a 40 mm overlay on 
a new 40 mm binder course (flexible composite pavement with a CBGM base) 
 
Table 2 shows the comparison between the development of cracking established from cores and FWD load transfer data. 
The data demonstrates a number of factors that can affect performance which include: 

 treatment thickness; 
 workmanship (SCS); and 
 crack and seat method. 

A lower level of load transfer across cracks was generally an indicator of the depth of cracking that had developed 
below the surface. 

Cores extracted from site, without exception, demonstrated that all cracking initiated at the surface, even over 24 m long 
reinforced concrete slabs, as shown in Figure 9. 
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Figure 9: Surface initiated cracking over 24 m reinforced concrete slabs 
 
Table 2: Details of 100 mm diameter cores extracted from A14 Quy after 7 years service 
 

Location Section 
Overall 
thickness 
(mm) 

Detail 
FWD 
Load 
transfer 

Crack severity 
or SCS 
debonding 

Jt 218 150 mm SBS 150 No cracking seen n/a c 
Jt 517 180 Cracking to 47/71 mm depth 0.92 a 
Jt 518 

180 mm Control I 
174 Cracking to 24/42 mm depth 0.92 c 

Jt 584 180 mm SCS 186 New seal ok. Cracking to 
85/103 mm depth 

0.93 none, c* 

Jt 672 180 mm CSO by 
guillotine 

165 Cracking to 18/45 mm depth, crack 
in surface of concrete (offset from 
joint by 1 m) 

0.88 c 

Jt 740 100 mm SCS 100 Seal failed, crack full depth 0.73 c 
Jt 776 94 Cracking to 15/54 mm depth 0.82 b/c 
Jt 792 

100 mm Control 
96 Crack full depth, core split into two 0.64 a 

Jt 815 95 Cracking to 40 mm depth 0.80 c 
Jt 819 90 Crack full depth 0.76 c 
Jt 849 95 Crack full depth 0.88 c 
Jt 852 

100 mm CSO by 
whip-hammer 

90 Cracking to 22 mm depth 0.85 c 
Jt 867 100 mm CSO by 

guillotine 
90 Crack full depth - c 

Jt 960 180 mm CSO by 
whip-hammer 

170 Crack full depth, in thin surface 
patch 

0.63 b 

Jt 1049 180 mm CSO by 
guillotine 

175 Cracking to 35 mm depth - c 

Jt 1211 150 mm SCS 148 Crack full depth, some horizontal 
cracking one side of seal only 

0.75 c 

* assessment of SCS bonding made prior to resealing works 
Crack severity: c= fine, b = medium, a = wide/multiple 
 
5. DEVELOPMENT OF GUIDANCE ON TREATMENTS 
 
Based on the findings of this study, treatment options have been developed for jointed un-reinforced, jointed reinforced 
concrete pavements and flexible composite constructions with CBGM bases. Figure 10 gives an example of the process 
and treatments options for un-reinforced concrete pavements. 
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Figure 10: Treatment options for un-reinforced concrete slabs 
 
6. CONCLUSIONS AND RECOMMENDATIONS 
 
Reflection cracking is a frequent problem when overlaying jointed concrete and CBGM pavements that can be 
minimised by the use of an appropriate maintenance technique. Much progress has been made in understanding the 
causes and consequences of reflection cracking in concrete pavements in recent years. In particular, the following 
summary sets out the current status of the options available: 
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Crack and seat and Saw-cut, crack and seat 
 The crack and seat technique and saw-cut, crack and seat technique results to date show these are effective ways of 

reducing the occurrence of reflection cracking when compared with control sections with the same thickness of 
overlay. The use of guillotine type equipment is preferred for inducing cracks. 

 Overlays of 150 mm or more seem to be the best performing with minimal cracking present after 10 years service 
for crack and seat and no cracking after 4 years service for saw-cut, crack and seat. 

 Detailed investigation is needed to accurately determine the depth of steel in reinforced concrete pavement (GPR 
and coring) when applying SCCSO. 

 Crack and seat techniques should be applied where the existing pavement is in a fair or moderate condition. 
 
Saw-cut and Seal 
 The SCS technique has shown to be a very effective in reducing the occurrence of reflection cracking. 
 Performance with overlay thicknesses of less than 50 mm has not been satisfactory and it is recommended that this 

is the minimum thickness for this technique to be applied, although preferably it should be at least 70 mm. 
 Good quality control during the application of the SCS technique is an important factor in the performance. 

 
Geogrids/Geotextiles 
 The performance of geogrids and geotextiles are very variable with some sites cracking prior to the control section 

with the same overlay. 
 The process is very labour intensive and requires good weather conditions for satisfactory results and good control 

of the installation process. 
 The use of geogrids/geotextiles can give rise to problems when the surfacing is to be replaced if used between the 

surface and binder course layers. 
 
Modified Asphalts 
 Experience with modified binders has shown some promising but variable results. There is, therefore, scope for 

further use of modified binders but a clearer understanding of how to achieve good performance is required. 
 
Thin Surfacing 
 Not considered a suitable overlay directly onto jointed concrete due to cracking normally occurring within a couple 

of years and the development of an on-going maintenance problem. 
 
Rubblisation 
 This technique is only considered viable for pavements nearing the end of their serviceable life and is considered a 

more sustainable alternative to full depth reconstruction, for pavements in a generally poor condition. 
 Further data is needed on the durability of this treatment. 

 
Crack Relief Layers 
 The use of this techniques on airfields has shown some promising results, although further data is needed on the 

durability of this treatment. 
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ABSTRACT 
 
To estimate the resistance to permanent deformation of asphalt under high traffic loading and high temperatures it is 
possible to use dynamic laboratory tests. Such a performance orientated test is the cyclic compression test without 
confinement as a special case of the triaxial cyclic compression test with the confinement stress set to zero. This test 
method is described in a German test specification as well as in European Standard EN 12697-25. In comparison with 
other dynamic test methods this test approved as unfailing, fast and simple. 
In the presented investigations the relevant asphalt deformation of the wearing course with stone mastic asphalt of eight 
test sections was determined in the laboratory and in situ. The creep rate of the cyclic compression test without 
confinement (short: cyclic compression test) was deployed as deformation quantity in the laboratory. The rut depth rate 
from the varied rut depths of the test sections, normalized with traffic loading, cross section and location, was taken as 
deformation quantity in situ. The comparison of the creep rate and the rut depth rate shows a mathematically strong 
linear dependence for the examined data as an evaluation background. Further investigations showed the influence of 
increased temperatures on the deformation behaviour of stone mastic asphalt in the test. With the determined results an 
evaluation scheme could be developed for the strain rate of the cyclic compression test under consideration of traffic 
loading and high temperatures. 
Now it is possible to estimate the deformation behaviour of stone mastic asphalt with the cyclic compression test 
especially during type testing to avoid substandard asphalt. With this the long-term performance of the wearing course 
can be optimized and thus the maintenance of infrastructure can be less expensive for our society.  
 
Keywords : Life cycle assessment, Performance testing, permanent deformation, SMA 
 
1. INTRODUCTION 
 
Over 80 % of the European road network consists of asphalt roads. Asphalt basically shows more complex 
performance-orientated properties than other road construction materials. Asphalt can for example undergo permanent 
deformation in the form of rutting when subjected to different loading conditions. During the coming years an increase 
in heavy traffic loading is predicted, thus more rutting will occur and the resistance of asphalt mixes to permanent 
deformation will become an increasingly important issue. In order to avoid future damage or deterioration the 
deformation behaviour of asphalt should be taken into consideration before construction.  
 
To estimate the deformation behaviour of asphalt when subjected to high traffic loads and high temperatures, dynamic 
laboratory tests can be undertaken. An example of such a test is the cyclic compression test, which is described in a 
German technical test specification [1]. This test method is also equivalent to the European asphalt specification 
DIN EN 12697-25 [2] and differs only in that it is a special case of the triaxial cyclic compression test with the 
confining stress set to zero. Many years of experience with this laboratory test method have proven it to be a practical, 
reliable and fast method to test deformation behaviour [3,4]. However, performance requirements for this type of test 
have only occasionally been determined. These tests presume a known, objectively secured evaluation background. A 
formulation of this evaluation background concerning the prognosis of deformation behaviour will be discussed here. 
On this basis a further evaluation scheme was developed from which requirement values were derived using stone 
mastic asphalt nominal top size 11 mm as an example. 
 
2. CYCLIC COMPRESSION TEST 
 
The uniaxial cyclic compression test with no confinement stress, from here on the cyclic compression test, has been 
developed and tested in several research projects [5,6,7]. The test describes a procedure in which the deformation 
behaviour of asphalt can be addressed at high temperatures under axle-load-simulating dynamic load. The base of a 
cylindrical test specimen is subjected to haversine load with rest periods at isothermal test conditions. The test 
specimens that were used in this investigation were prepared by impact compactor and had been grinded in an 
orthogonal-plan-parallel direction under wet conditions to a height of 60 mm. In principle also other test specimens can 
be used, e.g. drill cores from slabs that have been produced in the laboratory. During testing, the irreversible 
deformations that occur in the direction of loading are recorded and evaluated for each loading cycle. Figure 1 shows 
the scheme of the test.  
 



 

Figure 1: Schematic representation of the cyclic compression test 

The test conditions have been optimized in several research projects for the German high performance asphalt mixes 
such as stone mastic asphalt. The idea was to establish a fast and simple test with a uniaxial loading, similar to other 
building material tests. Especially it was payed attention to the test conditions, the stress distribution, the shape and the 
height of the specimen, the size of  the loading platen and the test temperature to get interpretable and varying creep 
curves for different asphalt mixes. Thereby the composition of the asphalt mixture and the corresponding void content 
of the specimen have a big relevance for the behaviour in the test: Asphalt mixes with high or very high void contents 
such as porous asphalt perform poor according to their dominant inner friction that needs some confinement. As well 
Asphalt mixes with very low or zero void contents such as mastic asphalt perform poor according to their dominant 
viscosity that also needs some confinement. For all the other asphalt types in between like asphalt concrete or stone 
mastic asphalt with typical void contents of 2,0 to 8,0 Vol.-%, even if they are composed with larger quantities of  
crushed stone, the defined testing conditions without confinement are suitable to identify the different performance 
behaviour of the asphalt mixes. For example results of the test show the modification of binder content, binder type, 
quantity of crushed gravel, gravel type for one asphalt mixture.   
                  
Figure 2 shows the test conditions and the distribution of stresses during testing. The time scale consists of a sequence 
of loading pulses and rest periods. The loading pulse has a duration of 0,2 s and the rest period has a duration of 1,5 s. 
The whole loading cycle thus has a duration of 1,7 s. In total, 10.000 load repetitions are applied at a temperature of 
50 °C. This amount of load cycles is adequate to distinguish between different asphalt mixes under the given testing 
conditions. The stress distribution is characterised by a minimum stress u and a maximum stress o. The minimum 
stress has a constant value throughout the test of 0,025 MPa. The maximum stress chosen depends on the material and 
here has a value of 0,35 MPa for stone mastic asphalt. This stress is adapted to the testing conditions and does not relate 
to real stresses in the field. Its reduced maximum stress was chosen to avoid to large radial deformation or a break up of 
the specimen during the test. With this it is assured that the performance behaviour of the asphalt mixture is tested and 
not the stability of the specimen. Due to this principle it is necessary to choose the maximum stress for asphalt types 
depending in their viscosity. For example the German standard asphalt concrete (without modified bitumen) is tested at 
a maximum stress of 0,25 MPa. In current investigations the asphalt concrete with modified bitumen is tested at the 
same conditions as stone mastic asphalt with modified bitumen at a maximum stress of 0,35 MPa.     
 

 
 

Test conditions according to TP A-StB: 

Maximum stress o: 0,35 MPa 
Minimum stress u:  0,025 MPa 
Loading pulse duration:  0,2 s 
Rest period duration:  1,5 s 
Number of load repetitions:  10.000 
Temperature:  50 °C 

 

 

Figure 2: Test conditions und stress distribution in the cyclic compression test [1] 

During the test there is a minimum increase in permanent deformation of the test specimen after each loading cycle. The 
graphical representation of these deformations against the number of loading pulses results in a creep curve shown in 
Figure 3. This acquired creep curve is used for the evaluation of the deformation behaviour of asphalt. According to 
TP A-StB [1] the most characteristic parameters of this curve are the number of loading pulses n, the strain  in ‰ and 
the strain rate * in ‰·10-4/n. These are either determined at the turning point or if this test stage has not yet been 
achieved, at the end of the test (n = 10.000). 
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Figure 3: Typical impulse creep curve with a tangent at the turning point 

Statistical evaluations and sensitivity analyses show that the strain rate * is the most significant and competent 
parameter determined in the cyclic compression test of stone mastic asphalt. In the near-to-linear section of the creep 
curve, i.e. sustained phase of the asphalt (Phase 2 in Figure 3), it shows the deformation behaviour most favourably: 
Gently inclined tangents with low values for the strain rate * represent asphalts with a high resistance to deformation 
and vice versa.  
 
3. DEFORMATION VALUES OF ASPHALT FROM TEST SECTIONS 
 
An evaluation background had to at first be developed for the deformation behaviour of stone mastic asphalt with the 
objective of creating an evaluation scheme. The aim here was to find a correlation between the deformation behaviour 
of asphalt during the uniaxial cyclic compression test and the same asphalt under in situ conditions. For this purpose 
specific asphalt test sections of which ample information was available, were chosen (e.g. traffic loading, temperature 
stress, external conditions, type tests and quality control tests). This information was used for comparison and for the 
interpretation of test results. 
When having looked at all the test sections there were large differences in deformation of the stone mastic asphalt 
layers. Cross sections were recorded to determine deformations and a number of drill cores were taken at each of these 
sections. From these drill cores layer thicknesses were determined and graphical layer profiles were generated to verify 
whether deformations only affect the wearing course. Furthermore, it was assured that the asphalt complied with the 
specifications of the technical guideline and the results of the type testing. If test sections did not fulfil the specifications 
they were no longer taken into account for further investigations. 
From the asphalt of the drill cores of the wearing course test specimens were produced and subjected to the uniaxial 
cyclic compression test. In Table 1, Column 2 the test results are given. Under the defined test conditions for the cyclic 
compression test the strain rate represents the relevant deformation value of asphalt from test sections determined in the 
laboratory. 
 

Route Marking LN-Strain Rate *ln Rut depth rate SPT*
- [‰ · 10-4/n] [‰/äAÜ0,5]
1 2 3
A 1,31 0,020
B 1,50 0,026
C 2,27 0,038
D 2,79 0,066
E 3,20 0,075
F 1,44 0,020
G 1,28 0,034
H 0,99 0,011

Table 1: Relevant deformation values of asphalt from test sections determined in the laboratory (strain 
rate) and in situ (rut depth rate) 

To determine the relevant in situ deformation values, the measured surface profiles at the cross sections were analysed 
and the right rut depth was determined. The layer depth of the wearing course was taken into account during the 
analysis of deformations, in that the rut depth was indicated as a permanent deformation of the wearing course depth in 
pars per mille. Naturally the rut depths of each particular test route differ as each particular route has been influenced 
differently during its life time. In order to standardise the rut depths the possible influences on the test routes were 
recorded and by means of an analysis they were evaluated according to quantity or quality. The deformation behaviour 
of asphalt is affected by different influences and their complex interaction. In principle a classification into four 
categories can be made: traffic loading, climate or alternatively temperature stress, cross section, alignment, location 
and environment as well as the asphalt composition and state of compaction. However, loading due to traffic or 
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temperature and traffic can be regarded as the most important factors. For the traffic loading, cross section and 
alignment a traffic loading B in terms of equivalent 10-t-axles were calculated according to the German guideline 
„Richtlinien zur Standardisierung des Oberbaues von Verkehrsflächen“ [8]. This parameter B is the design parameter 
used in German pavement design. There is however no design parameter which takes into consideration the temperature 
stresses. Here different approaches were made. One approach was to determine the number of days during the life time 
of a test section on which the temperature exceeds 28 °C and from these values the average temperature stress was 
investigated. It was however not possible to determine an adequate spread of the test sections when subjected to these 
temperatures. It can thus be assumed that the temperature stresses of the chosen test sections in southern Germany are 
similar. 
Accordingly, temperature was not considered for the evaluation background during the standardising of the test 
sections. Furthermore, influences due to location and environment as well as asphalt composition and state of 
compaction can be disregarded as these showed no conspicuities or were equal. For a qualified standardisation of rut 
depths of the chosen test sections the design traffic loading B was derived from the influencing factors traffic, cross 
section and alignment. By using the well-known mathematical formula for rut depth development SPT = a  B0,5, the rut 
depth can be plotted against traffic loading giving distinctively different trends (Figure 4): The curves of test sections D 
and E are comparatively steep while the curves of A, F and H are gently inclined.  
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Figure 4: Possible trends of rut depths against traffic loading using the equation SPT = a  B0,5 

 
The last mentioned test sections experienced only a small gain in rut depth despite high cumulative traffic loading. 
Thereby the factor „a“ of the function describes the characteristic trend of the curves. This parameter will furthermore 
be called the rut depth rate SPT* and is defined as the quotient of the rut depth with the root of the traffic loading B: 
 

0,5äAü
‰

B
SPTSPT*     (Equation 1) 

 
where: SPT* = rut depth rate [‰/äAÜ0,5] 
 SPT = rut depth [‰] 
 B  = traffic loading [äAÜ] 
 
In Table 1, column 3 the calculation results using Equation 1 are shown. The rut depth rate represents the decisive 
deformation value of the asphalt for the test routes in situ. The results show that the chosen routes still have 
considerable differences when looking at the standardised deformation values. These discrepancies can be attributed to 
the deformation behaviour of the different asphalt mixes that were used. In the discussion below it will be shown that 
the cyclic compression test is suitable for determining the differing deformation behaviour of the chosen asphalt. 
 
4. EVALUATION BACKGROUND FOR DETERMINING A PROGNOSIS OF THE DEFORMATION 
BEHAVIOUR 
 
From the analysed data a mathematical linear dependency with a high correlation could be achieved when comparing 
the decisive deformation values strain rate and rut depth rate (Figure 5). This coherence in the so-called basis diagram 
shows clearly the dependency of the different rut depth rates of the test routes on the deformation behaviour of the 
respective stone mastic asphalt. This correlation proves that the uniaxial cyclic compression test is suitable to predict 
the deformation behaviour resp. rutting of stone mastic asphalt in the field. For the basis diagram, routes from the 
German building classes SV and I were used. These are 4-lane high level roads with a stone mastic asphalt nominal top 
size 11 mm wearing course. At the outset there were no deformations and damages and it must be assumed that nearly 
the same climate exists for the routes in southern Germany. 
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Figure 5: Coherence between the rut depth rate and the strain rate in the basis diagram 

One possibility to consider the temperature stress is the analysis in the laboratory with the cyclic compression test at 
different temperatures. Normally the standard conditions of 50 °C are adequate to determine the deformation resistance 
of asphalt at high temperatures. By using comparative investigations at higher temperatures the temperature influence 
could be interpreted. Starting from standard conditions, the test temperature was raised in 2 steps of five Kelvin to a 
maximum temperature of 60 °C.  
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Figure 6: Coherence between the strain rate and the test temperature 

These investigations show (Figure 6) that the strain rates experience a very similar linear increase with increasing 
temperature within the examined section. Furthermore it can be observed that the inclines of the straight lines are 
dependant on the size of the strain rate at 50 °C. It is therefore possible to estimate the strain rate of stone mastic asphalt 
at test temperatures up to 60 °C by using the strain rate at standard test conditions. 
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Figure 7: Extended basis diagram 

In the so-called extended basis diagram (Figure 7) a second straight line which represents a test temperature of 60 °C, 
was included. The influence of temperature on the principle deformation behaviour of stone mastic asphalt can thus be 
estimated as a stress factor or alternatively a “thermal sensitivity”. 
 
 
 



5. EVALUATION SCHEME 
 
The evaluation scheme was developed on the basis of the extended basis diagram which takes into consideration traffic 
loading and temperature stress. The diagram in Figure 8 shows an extended basis diagram. The aim here was to also 
create a user friendly, easily understandable handling. In the negative direction of the abscissa the design traffic loading 
B [Mio. äAÜ] was included, i.e. traffic loading is taken into consideration. Additionally, the results of the rut depth rate 
SPT* for different traffic loadings at the same maximum rut depth (SPT) of 250 ‰ were calculated from Equation 1 
and the resulting curve was drawn. For a standard wearing course of 40 mm a rut depth of 250 ‰ is equivalent to an 
acceptable absolute deformation of 10 mm (alert value). It is therefore no longer necessary to calculate the rut depth rate 
SPT* from Equation 1 depending on B. The values can now be read directly from the graph. 
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Figure 8: Derivation of requirements with the extended basis diagram 

For a given traffic loading B the corresponding rut depth rate is read from the intersection with the curve on the left, 
then, when moving right in a horizontal direction the intersection with the representative temperature line can be 
determined. The corresponding value on the abscissa gives the strain rate which is a representation of the requirement 
value for the resistance to deformation determined with the cyclic compression test in the laboratory under the given 
conditions. It is thus shown that a route which is subjected to high traffic loading has a smaller deformation (increase in 
rut depth) per loading than a route with a low traffic loading at the same absolute maximum deformation. Thus the rut 
depth rate and therefore also the respective required strain rate are smaller. The same procedure can be done in the 
reverse direction. By starting off with the strain rate from the cyclic compression test the corresponding traffic 
loading B for both temperature stresses can be determined. When the same strain rate is used at very high temperatures, 
higher rut depth rates are achieved as the deformation per loading is accordingly larger. The maximum possible traffic 
loading will therefore be accordingly smaller under the given constraints. 
As there is a linear coherence between the strain rate of an asphalt mix at different temperatures of 50, 55 and 60 °C 
(Figure 6), it is possible to interpolate between these temperatures. Based on such interpolations additional 
representative straight lines between 50 and 60 °C could be included into the extended basis diagram. However, for 
reasons of clarity only the two temperature stress boundaries were represented. It can thus be stated that the temperature 
in the examined range can be variably selected. Thus in the specified diagram a requirement value for the cyclic 
compression test can be defined for every traffic loading value using a rut depth rate and by taking into consideration a 
temperature stress. The coherence of these three relevant parameters can be shown in an elementary diagram (Figure 9). 
 
The traffic loading and temperature stress are represented on the abscissa and ordinate respectively and are compared in 
a two-dimensional coordinate system. For every coordinate a maximum strain rate can be determined which is the 
associated requirement in the cyclic compression test. The diagram thus entails points with different values for the 
strain rate. The joining of points with the same strain rate results in isolines. For a given pair of coordinates which 
consists of a traffic loading and a temperature stress value the respective strain rate requirement during the cyclic 
compression test can be read from the closest isoline with lower value. The graphical representation of the acquired 
interrelationships makes it possible to determine, in an elementary way, the requirements for the maximum strain rate 
during the uniaxial cyclic compression test with given traffic loading and temperature stress values. 
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Figure 9: Diagram for the determination of strain rate requirements for variable traffic loading and 
temperature stress (Evaluation diagram) 

 
6. SUMMARY 
 
The investigations show, that the uniaxial cyclic compression test is suitable to predict the deformation behaviour resp. 
rutting of stone mastic asphalt in the field. The acquired evaluation scheme allows to quantify the requirements needed 
for stone mastic asphalt nominal top size 11 mm in the test with respect to the deformation behaviour which in turn is 
under the influence of the estimated traffic loading from the field and temperature stresses. For performance tests during 
type testing or mix design this procedure should therefore be used to select the best design-mix asphalt and to avoid 
substandard asphalt. Given the evaluation background, the method is principally also transferable to other rolled asphalt 
mixes. With this results the long-term performance of the wearing course can be optimized and thus the maintenance of 
infrastructure can be less expensive for our society. 
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ABSTRACT 
 
Different laboratory test methods are established worldwide to predict the fatigue behaviour of asphalt mixes. The pa-
per presents particularly the results of Triaxial Tensile Tests (TTT) carried out at Dresden University of Technology, 
Germany. Different asphalt mixes were investigated within the research project. The influence of the loading frequency 
and the test temperature on the fatigue behaviour and the Resilient Modulus will be described. 
Additional, other fatigue tests (Direct Tensile Test (DTT) and Indirect Tensile Test (ITT)) with similar test conditions 
were carried out on the same asphalt mixes.  
The results of the dynamic TTT will be compared with the results of the ITT and the DTT. It will be demonstrated that 
the fatigue surface in 3D space can be determined using either the results of the TTTs or of ITTs and DTTs. 
 
Keywords: triaxial tensile test, indirect tensile test, direct tensile test, fatigue cracking, stiffness 
 
1. INTRODUCTION 
 
The general aim of the research project was the development of a pavement design tool for the prediction of fatigue and 
rutting of asphalt pavements. In this paper only the part concerning asphalt fatigue will be presented. 
The fatigue tests described in this paper were conducted within the research project funded by the German Federal Mi-
nistry of Education and Research. The Department of Pavement Engineering at Dresden University of Technology and 
the Institute for Highway Engineering at Technical University of Braunschweig were involved in this research. 
The analytical pavement design method developed at Dresden University of Technology takes various factors affecting 
the pavement deformation and fatigue behaviour into account. As a result of the design process the stresses and strains 
within each pavement layer can be calculated and the remaining life of the whole pavement structure can be predicted. 
Generally, the fatigue lines determined by different test methods can be used within the analytical pavement design 
process. However, by comparing the fatigue lines for the same material using Direct Tensile Test (DTT), Indirect Ten-
sile Test (ITT) and Triaxial Tensile Test (TTT) results, different lines are usually determined. Hence, one particular aim 
of the research project was to develop a new method to compare on one hand and to combine on the other hand the re-
sults of different fatigue tests directly. 
 
2. FATIGUE TESTS 
 
2.1 Asphalt Mixes investigated 
 
Fatigue parameters are commonly determined using the results of dynamic tensile tests on asphalt mixes. These parame-
ters are among other things required for the design process of asphalt pavements. 
Different dynamic test methods have been established in Germany and worldwide to determine the fatigue behaviour of 
asphalt mixes (e.g. DTT and ITT). The Triaxial Tensile Test was not used for the determination of the fatigue behaviour 
until now. Within this research project, ITTs as well as TTTs were performed in Dresden and DTTs were performed in 
Braunschweig on the same asphalt mixes. Four asphalt mixes (one asphalt base mix (AB), one binder course asphalt 
(ABi) and two Stone Mastic Asphalts (SMA I and SMA II)) that were produced in different asphalt mixing plants were 
investigated (Tab. 1). The asphalt mix design followed the German Guideline ZTV Asphalt [1] for the binder course 
and Stone Mastic Asphalts and the ZTV-T [2] for the asphalt base mix respectively. 
 

Mix Binder Bitumen Content Max. Aggregate Size Aggregate 
[-] [-] [%] [mm]  

Stone Mastic Asphalt 
(SMA I) 

PmB 45A 6.5 11 Gabbro 

Stone Mastic Asphalt 
(SMA II) 

PmB 45A 6.7 11 Moraine 

Binder Course Asphalt 
(ABi) 

PmB 45A 4.5 16 Moraine 

Asphalt Base 
(AB) 

50/70 4.2 32 Crushed 
gravel 

 
Table 1: Investigated Asphalt Mixes 



2.2 Sample Preparation 
 
For the ITT and the TTT specimens, cores were drilled from asphalt slabs that were produced using a laboratory roll 
segment compactor. Afterwards, the specimens for the TTT were cut to the exact length required and grinded to achieve 
parallel endfaces. The slabs for the ITT specimen were already produced with the accordant height. For the DTTs pris-
matic specimens were cut out of the asphalt slabs. For the ITT and the DTT the size of the samples was specified by the 
maximum aggregate size (Tab. 2). For the TTT specimen with a height of 300 mm and a diameter of 150 mm were used 
because of the dimensions of the triaxial apparatus. The maximum aggregate size could not be considered. 
 

DTT samples ITT samples Max. Aggregate Size 
Height Width Length Diameter Height 

[mm] [mm] [mm] [mm] [mm] [mm] 
11 160 40 40 100 40 
16 160 55 55 100 40 
32 160 80 80 150 90 

 
Table 2: Size of the ITT and DTT samples  
 
Afterwards, the specimens were cleaned and dehumifed at room temperature. Finally, the dimension for each specimen 
and the bulk density values were assessed.  
For testing (DTTs and TTTs), the specimens are glued to two adapters using synthetic resin glue, which has to harden 
for at least 24 hours. Before testing the temperature within the specimen has to be consistent throughout. A tempering 
time of four hours in a temperature cabinet was chosen for small specimens (DTT and ITT). The larger specimens of the 
TTT must be tempered for at least six hours already installed in the triaxial apparatus because of the installation time of 
one hour. 
 
2.3 Triaxial Tensile Tests 
 
Figure 2 shows the stress conditions on the bottom of the asphalt base. The volume element shown is loaded horizon-
tally because of bending and temperature. In vertical direction the element is compressed in consequence of the traffic 
load. This stress conditions can be simulated during the Triaxial Tensile Test. 
The triaxial apparatus (Figure 1) used is designed for a cylindrical specimen of 150 mm diameter and a height of 
300 mm. The apparatus is able to apply a dynamic load of up to -70 / +50 kN on the specimen with a maximum fre-
quency of 10 Hz. In addition, the apparatus is able to apply a confining stress of up to 1.0 N/mm² on the specimen. The 
specimens are covered by a thin rubber membrane firstly to protect the main membrane. Secondary the movement be-
tween the main membrane and the specimen can be ensured by using the thin rubber membrane and glycerine as slip 
additive. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: Triaxial apparatus [8] 
 
Using this testing apparatus the ratio between the vertical and horizontal stress can be chosen independently. Hence, 
numerous stress conditions occurring in the real pavement can be simulated in the laboratory at the temperature range 
between –10 °C and +50 °C. Different test temperatures were selected from this range at first. A maximum test tem-
perature of 20 °C was chosen, because tensile tests at higher temperatures (e.g. 35 °C and 50 °C) were not successful 
with regard to cracking.  
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adapter 

specimen 
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Parameter Performed Test Conditions 
Wave (vertical and horizantal) sinusoidal stress, without cycling through zero 

Frequency f [Hz] 1, 5, 10 
Duration of Loading [s] 1/f 

Rest period [s] none 
Test Temperature [°C] -10, +20 

Lower Stress – vertical [N/mm²] 0.2 
Upper Stress – vertical [N/mm²] 1.0, 2.0, (2.5)* 

Lower Stress – horizontal [N/mm²] 0.02 
Upper Stress – horizontal [N/mm²] 0.3, 0.6, 0.9 

* asphalt base mix only 
 
Table 3: Dynamic TTTs – Test Conditions  
 
As an example, a vertical force of +44 kN was applied to induce vertical upper stresses of 2.5 N/mm² in a specimen. 
Depending on the possible stress range of the apparatus the different horizontal stresses were chosen. Furthermore, a 
phase angle of  = 10 ms between the horizontal and the vertical stress was defined for tests on the four different mate-
rials [3]. 
During the test elastic and permanent vertical deformations of the specimen were measured at different locations. Ex-
ternal Linear Variable Differential Transformers (LVDTs) and an internal contact-less system were used to measure the 
axial deformations. The external system could be used to measure permanent deformations over the sample height and 
to define the termination criteria of the test. The internal system uses poled magnets and coils. This measurement sys-
tem consists of six magnets with a diameter of 20 mm that had to be placed in the specimen. Small holes were drilled 
into the specimen. Afterwards, the magnets were glued into the specimen using bitumen. Using this system it is possible 
to measure the vertical elastic and permanent deformations in the mid height of the specimen. The distance between two 
magnets is 150 mm on average. In Figure 3, a specimen prepared for testing is shown. The adapters on which the 
specimen is glued to apply the tensile force and also two of the six magnets are visible on the picture. The system to 
measure the radial or horizontal deformations consists of nine LVDTs. The LVDTs are placed at three heights (75, 150 
and 225 mm) in the pressure ring. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Stress conditions on the lower side of the asphalt base Figure 3: Specimen prepared 
  for testing in the triaxial  
  apparatus 
 
2.4 Indirect Tensile Tests 
 
The ITT is a practical test using circular specimens with a constant stress ratio x/ y = 1/3 in the centre of the specimen. 
In the case of the ITT, the resultant horizontal deformations are measured for a cylindrical specimen, which is loaded by 
two diametrically arranged compressive forces applied via curved loading strips. The dynamic ITT applies dynamic 

horizontal: 
Tension (Bending / Temperature) 
 
vertical: 
Compression (Traffic Load) 

Asphalt layers 

Subbase without Binder 



loading to the specimen up to a defined criterion for test termination (fatigue crack). The horizontal displacement of the 
sample was measured using LVDTs.  
The loading strips had a width of 12.7 mm for specimen with a diameter of 100 mm and a width of 19.1 mm for speci-
men with a diameter of 150 mm. Table 4 shows the test conditions for the ITTs.  
 

Parameter Performed Test Conditions 
Wave sinusoidal stress, without cycling through zero 

Frequency f [Hz] 5, 10 
Duration of Loading [s] 1/f 

Rest period [s] none 
Test Temperature [°C] -5, +5, +20 

Lower Stress contact stress / temperature-induced stresses 
Upper Stress triple variation dependent on the temperature 

 
Table 4: Dynamic ITTs – Test Conditions  
 
The temperature-induced stresses were determined using the results of cool-down tests [4] conducted at the University 
of Braunschweig. Based on this test results the lower stress levels were determined for the test temperatures of +5 °C 
and -5 °C. However, a contact stress value of 0.035 N/mm² was defined for the test temperature of +20 °C to assure that 
the specimen remains in the right position between the loading strips. The upper stress level of each test was determined 
depending on the direct tensile strength of the asphalt mix at the defined temperature. Upper stress levels of 30% and 
40% of the direct tensile strength and additionally of 1.0 N/mm² were chosen. 
 
2.5 Direct Tensile Tests 
 
For the DTTs, the specimens were loaded with their longitudinal axis aligned with the measuring device. The vertical 
deformations of the specimen during the test were measured using LVDTs. 
 

Parameter Performed Test Conditions 
Wave sinusoidal stress, without cycling through zero 

Frequency f [Hz] 3, 5, 10 
Duration of Loading [s] 1/f 

Rest period [s] none 
Test Temperature [°C] -15, -5, 0, +5 

Lower Stress temperature-induced stresses 
Upper Stress triple variation 

 
Table 5: Dynamic DTTs – Test Conditions  
 
Again, the temperature-induced stresses were defined as the lower stress levels for the DTT. In addition, static DTTs 
were conducted. Based on the results, the upper stress levels for the dynamic DTTs were determined (30% and 40% of 
the direct tensile strength at the defined test temperature). Additionally, an upper stress level of 1.0 N/mm² was chosen 
for all test temperatures. 
 
2.6 Fatigue Criteria 
 
A procedure that can be used for all tests and that takes into account the same criteria is necessary to determine the 
number of load cycles until crack formation. 
Rowe [5] developed a method by detecting the number of load cycles at the time of crack formation based on the con-
cept of dissipated energy. Figure 4 gives an example of the method suggested by Rowe. A change of the curve progres-
sion can be observed when the product of the number of load cycles and the stiffness modulus is plotted against the 
number of load cycles and thus the moment of micro-crack initiation and macro-crack formation can be identified. The 
maximum value of the curve can be interpreted as the moment of macro-crack formation. Micro-cracks occur by defini-
tion in the moment the curve differs from the linear slope. However, the number of load cycles until micro-crack forma-
tion was not taken into account for the interpretation of the test results within the project. 





 
Figure 5: Strain-based fatigue line for the four investigated asphalts using TTT results at two temperatures 
(loading frequency 5 Hz) 
 
Furthermore, the influence of the loading frequency on the fatigue behaviour of asphalt could be determined using the 
results of the TTTs (Fig. 6). Because of the maximum aggregate size and the fixed dimensions of the triaxial apparatus 
the scatter of the fatigue test results of the asphalt base mix is comparatively high. Comparing the two fatigue lines of 
the two loading frequencies 10 Hz and 5 Hz only a small difference could be determined, particularly with regard to the 
scatter of the test results. It is remarkably that the value of the material parameter K2 (see Eq. 1) of the fatigue line de-
termined with test results at a loading frequency of 1 Hz is high. That implies an accelerated fatigue progression at this 
loading frequency. 
Figure 7 shows the influence of the loading frequency on the fatigue line parameters K1 an K2 of the asphalt base mix. It 
can be observed that there is a linear relationship between the parameter K2 and the loading frequency. 
In addition, the Resilient Modulus values at 20 °C are given in this figure. For the pavement design process both, the fa-
tigue function and the function of the Resilient Modulus must be taken into account for the appraisal of the fatigue be-
haviour of the pavement. Similar results are also obtained for the other three asphalt mixes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SMA I

y = 0,9763x-0,2096

R2 = 0,9182

SMA II

y = 1,2023x-0,2295

R2 = 0,9594

ABI

y = 1,0987x-0,2471

R2 = 0,9667

AB

y = 0,4401x-0,1847

R2 = 0,8975

0,01

0,10

1,00

10 100 1.000 10.000 100.000 1.000.000

Load cycles until macro-cracking Nmacro [-]

In
iti

al
 e

la
st

ic
 st

ra
in

  
el

  [
10

-3
]

SMA I

SMA II

ABi

AB

1.0E+00 
 
 
 
 
 
 
 
 
 

1.0E-01 
 
 
 
 
 
 
 
 
 
 
 

 
1.0E-02 

1.0E+01          1.0E+02            1.0E+03        1.0E+04          1.0E+05     1.0E+06 

SMA I 
y = 0.9763x-0.2096 
R² = 0.9182 

AB 
y = 0.4401x-0.1847 
R² = 0.8975 

ABi 
y = 1.0987x-0.2471 
R² = 0.9667 

SMA II 
y = 1.2023x-0.2295 
R² = 0.9594 



10 Hz

y = 0,3028x-0,1256

R2 = 0,7666
5 Hz

y = 0,4401x-0,1847

R2 = 0,8975

1 Hz

y = 0,8841x-0,2454

R2 = 0,96

1,0E-02

1,0E-01

1,0E+00

1,0E+01 1,0E+02 1,0E+03 1,0E+04 1,0E+05 1,0E+06

Load cycles until macro-cracking Nmacro [-]

In
iti

al
 e

la
st

ic
 st

ra
in

  
el
 [1

0-3
]

10 Hz

5 Hz

1 Hz

 
 
Figure 6: The influence of the loading frequency on the strain-based fatigue lines of the asphalt base mix 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: The influence of the loading frequency on the material parameters K1 and K2 of the strain-based fa-
tigue lines of the asphalt base mix 
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3.2 Resilient Modulus 
 
It is a well known fact that the Resilient Modulus is among other things dependent on the temperature and the loading 
frequency. Figure 8 shows that the Resilient Modulus value is decreasing with a decreasing loading frequency for the 
SMA I as example. The same trend changing Resilient Modulus values with the loading frequency was observed for all 
asphalt mixes investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Resilient Modulus of the SMA I dependent on the temperature and the loading frequency  

 
4. COMPARISON OF THE RESULTS OF TTTS, ITTS AND DTTS 
 
A new method was developed to compare the results of DTTs, ITTs and TTTs. The measured elastic strains 1 in direc-
tion of the tensile stress 1 were divided into a fraction of strain 1* because of the tensile stress 1 and a fraction of 
strain 1** in consequence of the compressive stresses 2 and / or 3 (TTT, 1 is perpendicular to 2 / 3) [7]. For the 
ITT results the measured horizontal elastic strains 1 in the direction of the tensile stress 1 were divided into a fraction 
of strain 1* because of the tensile stress 1 and a fraction of strain 1** in consequence of the compressive stress 3 
(Fig. 9). 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Strain fractions for the ITT 
 
The method used requires a rotational symmetric approach for the TTT. The equations for the calculation of the strain 
fractions can be found below.  
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For the ITT, Equation 5 is valid 
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For the TTT, Equation 6 is valid  
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where initial elastic strain;  = Poisson ratio; stress; and E = resilient modulus. 

Figure 10 shows the fatigue surface in 3D space for the SMA I. Different equations types were determined using Statis-
tica [10] to find the most compatible one. The fatigue surface can be described using Equation 7. 
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where 1*, 1** = initial elastic strain fractions; N = number of load cycles until macro-crack; and A, B, K, J = material 
parameter.  
 
The material parameters of the fatigue surface in 3D space of the SMA I illustrated in Figure 10 are: 
 A = 6.66    B = 25.88    J = -3.59    K = 50.03 
An additional result of the tests performed are two restrictions which are necessary for the use of the 3D-fatigue within 
the analytical pavement design process.  
For very small strain values 1 < 0.03 [10-3] the number of load cycles until macro-cracking converges towards infinity. 
Some specimen tested in the triaxial apparatus with an induced initial elastic strain value below 0.03 [10-3] did not fail 
within 6105 load cycles. Because of the small number of test results the determined initial elastic strain value could not 
be defined as endurance limit. 
For strain values 1* << 1** no cracks can be expected because of a large plastic deformation. The specimen and con-
sequently the asphalt layer in the pavement will only be squeezed because of the high compressive stress and the rela-
tively low tensile stress. Only for strain values 1* > 1** cracks can be expected at the specimens and that could be ob-
served during the TTTs, too. The strain values 1* << 1** can be induced by different stress combinations and 
temperature levels in the TTT specimens or in the asphalt layer of the real pavement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Fatigue surface in 3D space for the SMA I at 10 Hz [7]  
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The ITT results shown in Figure 10 are located on a curve because of the constant stress ratio 1 / 3. The DTT results 
are located in a line because 1** = 0. 
The material parameters B and J (Eq. 2) are corresponding with the parameters K1 and K2 (Eq. 1) that were determined 
using the DTT results. The material parameters A and K are dependent on the properties of the asphalt mix and can be 
determined by means of the least square method.  
For the determination of fatigue surfaces in 3D space the results of DTTs and ITTs or TTTs are required. It can be con-
cluded that an extensive test programme is necessary either the results of DTTs and ITTs or TTTs will be used. By us-
ing a fatigue surface in 3D space numerous stress states (due to traffic and climatic conditions) within the asphalt layer 
can be taken into account in the pavement design process.  
Figure 11 shows fatigue lines and as the results of the three different fatigue tests for the SMA I. It can be observed that 
the slopes of the fatigue lines are different because the fatigue progression depends on the state of stress within the 
specimen of the three different fatigue tests. These results are in contrast to [9] where it is described that the slopes of 
fatigue lines determined with different types of test are equal and only the intercept value is variable.  
Also the fatigue line determined using the results of all three test methods is shown in Figure 11. The coefficient of de-
termination of the entire fatigue line is acceptable.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Comparison of the fatigue lines of the SMA I determined using DTT, ITT and TTT results 
 
The pavement design process can be performed with the fatigue lines determined using the results of the three described 
types of test. The TTT is close to reality but the ITT is more practicable. Currently the TTT is used for research projects 
only and the DTT as well as the ITT can be used for the pavement design process. 
For all three fatigue tests the shift between laboratory tests and the field fatigue relation must be determined taking into 
account effects like lateral wander of traffic, healing and the differences in geometry and test conditions (e.g. state of 
stress within the specimen). Hence, it is not reasonable to use the entire fatigue line given in Figure 11. An averaged 
shift (or expansion) factor would be necessary. 
 
5. CONCLUSION 
 
Different testing methods have been established in Germany and worldwide to determine the fatigue behaviour of as-
phalt mixes (Direct Tensile Tests (DTT), Indirect Tensile Tests (ITT) and Triaxial Tensile Test (TTT)). Within this pro-
ject, DTT were performed in Braunschweig and ITT as well as TTT were performed in Dresden on the same asphalt 
mixes. The fatigue lines were determined using the results of different fatigue testing methods. The concept of dissi-
pated energy was applied to define the number of load cycles until macro-cracking.  
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Two major factors influencing the fatigue behaviour and the Resilient Modulus E could be detected using the results of 
the TTT. The factors are the loading frequency and the testing temperature. 
A new method to compare the results of the three test methods was developed. 3D strain-based fatigue surfaces were 
determined using the results of the DTTs, the ITTs and the TTTs. The new 3D fatigue surface offers the possibility to 
use the results of 3D FEM calculations for the pavement design process. It was possible to improve the pavement de-
sign process with the results of the tests performed within the research project.  
The test results demonstrated that single test results from different test methods can not be directly compared and dif-
ferent shift factors should be considered to describe the relation between the results of laboratory tests and the field fa-
tigue. 
 
 
6. ACKNOWLEDGEMENTS 
 
The authors extend their kind regards for the help provided by the University of Braunschweig for making the DTT data 
available, the German Federal Ministry of Education and Research for funding the research project and S. Werkmeister 
for her assistance with the English language and the helpful remarks.  
 
REFERENCES 
 
[1] ZTV Asphalt-StB 01. "German Guideline for the creation of asphalt layers". FGSV, Köln, Germany, 2001. 
 
[2] ZTVT-StB 95. "German Guideline for the creation of roadbases". FGSV, Köln, Germany, 1995. 
 
[3] Renken, P., Büchler, S. "Optimisation of the triaxial test to assess the deformation resistance of asphalt". Reports 

of the Federal Highway Research Institute (BASt), S 39, Bergisch Gladbach, Germany, 2005. 
 
[4] "German Technical Test Specification – Behaviour of Asphalt at low Temperatures". FGSV, Köln, Germany, 

1994. 
 
[5] Rowe, G. "Performance of Asphalt Mixtures in the trapezoidal Fatigue Test". Proceedings of the Association of 

Asphalt Paving Technologists, Vol. 62, page 344-384, 1993. 
 
[6] Read, J.M. "Fatigue cracking of bituminous paving mixtures". PhD thesis, University of Nottingham, Department 

of Civil Engineering, Great Britain, 1996. 
 
[7] Weise, C. "Characterization of the fatigue behaviour of asphalt mixes using uni- and multiaxial tension tests". PhD 

thesis, University of Technology Dresden, Germany, unpublished, 2008. 
 
[8]  Weise, C., Wellner, F., Werkmeister. "Determination of the fatigue behaviour of asphalt mixes using the result of 

direct, indirect and triaxial tensile tests". Proceedings of the International Conference on Advanced Characterisa-
tion of Pavement and Soil Engineering Materials, page 175-184, Athens, Greece, 2007. 

 
[9] Molenaar, A.A.A. "Prediction of fatigue cracking in asphalt pavements: Do we follow the right approach?". Com-

pendium of Papers CD-ROM, TRB 86th Annual Meeting, Washington DC, USA, 2007. 
 
[10] STATISTICA Version 7.1., www.statsoft.com, StatSoft, Inc., USA, 2005.  



402-016 INVESTIGATION OF ASPHALT CREEP COMPLIANCE AT LOW 
TEMPERATURES USING THIN BEAM SPECIMENS  
 
A. ZOFKA 1, M. MARASTEANU 2, M. TUROS 2 
1 University of Connecticut, Civil & Environmental Engineering, 261 Glenbrook Road, Storrs, CT 06269-2037, 
UNITED STATES 
2 University of Minnesota, Civil Engineering, 500 Pillsbury Drive SE, Minneapolis, MN 55414, UNITED STATES 
 
ABSTARCT 
 
The prevalent distress in asphalt pavements in northern US and Canada is low temperature cracking. As a result of 
severe temperature drops transverse cracks develop at almost regular intervals that significantly deteriorate the ride 
quality and allow water to infiltrate and further damage the pavement at an accelerated rate. The current AASHTO 
specification is based on Indirect Tension (IDT) tests performed on relatively thick cylindrical specimens that limits the 
use of this test with field cores from thin layers or construction lifts. Furthermore, thick specimens do not allow 
investigating the gradual aging that occurs in asphalt layers as a result of oxidation and volatilization. This paper 
investigates the use of the Bending Beam Rheometer (BBR), used as part of the bitumen PG system, with thin asphalt 
beams to determine the low-temperature creep compliance of the asphalts. Twenty different asphalts were tested at 
three temperature levels using both the IDT and the BBR instruments. Gyratory specimens were first cut into IDT 
specimen.  The specimens were tested in the IDT and then thin beams were cut using a tile saw and were tested in the 
BBR.  The analysis of the experimental results indicates that testing thin asphalt beams can be used for low-temperature 
characterization but several factors need closer investigation. 
 
Keywords : creep, thermal cracking 
 
1. INTRODUCTION 
 
Thermal-cracking is a major distress of asphalt pavements in cold climate regions. In order to minimize the pavement 
damage and limit user-delay costs, asphalts should be designed and prepared with materials that are resistant to the 
stresses induced by the cold temperatures during the winter months. To predict the performance of asphalts in 
pavements subjected to real environmental conditions, an appropriate performance model should be used. Depending 
upon the model output, the material input parameters vary and are usually determined in laboratory conditions using 
laboratory prepared asphalts.  
The Thermal Cracking (TC) model included in the mechanistic-empirical pavement design guide (MEPDG) requires 
the creep compliance of asphalts as the primary input [1]. The TC model predicts the depth and the amount of thermally 
induced cracking in asphalt pavements over service life. The current standard test to determine the creep compliance of 
asphalts is the Indirect Tensile (IDT) test AAHTO T 322-03 [2]. The main advantage of this test is the ability to 
simulate a state of stress similar to the state induced under the wheel in the asphalt layer of the pavement [3]. During the 
IDT test, the cylindrical specimen is loaded vertically along its length and displacements are measured on both faces of 
the specimen (Figure 1).  
 

 
 
Figure 1:  IDT experimental setup 
 
In the IDT test, a creep displacement curve is obtained under constant load and the creep compliance can be calculated 
using appropriate data interpretation procedures [4] [5] [6]. According to AASHTO T 322-03, the IDT creep test is 
performed at three temperatures 0°C, -10°C and -20°C, regardless of the PG grade of the bitumen in the asphalt. 
The Bending Beam Rheometer (BBR) is used to determine the creep compliance of bitumen as part of the PG 
specification in the US [7] [8]. The BBR concept is based on 3-point bending setup commonly used in mechanics.  



A constant force is applied in the middle of the beam and deflections of the beam are measured throughout the duration 
of the test (Figure 2). BBR testing on thin asphalt beams has several advantages compared to IDT: testing procedure is 
very easy and repeatable, the sample size allows for almost nondestructive evaluation of the asphalts in existent 
pavements, and the small beam thickness allows analyzing the effect of aging at very small pavement depths. The actual 
thin asphalt beam placed onto BBR supports is shown in Figure 3.  
 

 
 
Figure 2: BBR testing concept on asphalts 
 
One of the drawbacks of testing thin asphalt beams is the fact that the thickness of the beam is smaller than the 
maximum aggregate size for most asphalts and violates the representative volume element (RVE) concept that defines 
the minimum specimen dimensions that are required to obtain reliable and repeatable test results.  At higher 
temperatures, at which asphalt components have drastically different mechanical properties, the scale effect plays a 
significant role.  However, at low temperatures (in the vicinity of bitumens’ glass transition temperature) the mismatch 
between the aggregates and the bitumen diminishes considerably as bitumen start to behave as brittle linear viscoelastic 
materials (for which the response can be easily obtained from elastic behavior using the elastic-viscoelastic 
correspondence principle). Since both constituent materials, at any time point, have similar responses, the bulk 
properties of the asphalts become less dependent on the size and spatial distribution of aggregate particles. Several 
authors reported this phenomenon in their research publications [9] [10] and suggested that RVE can be significantly 
reduced at lower temperatures. 
 

 
 
Figure 3: Thin asphalt beam in BBR  
 
The objectives of the study presented in this article were to compare asphalt creep compliance data obtained from the 
IDT and from the BBR and investigate the relation between these two datasets for 20 different asphalts. Furthermore, 
bitumens used in the asphalts were also tested in the BBR after RTFOT aging and the variability in the creep 
compliances values for the bitumens were compared with the corresponding asphalt results.  
 
2. MATERIALS AND SPECIMEN PREPARATION 
 
10 different bitumens and two aggregate sources were considered in this study which resulted in 20 different asphalts. 
The bitumens represented typical grades used in the cold climates including both modified and unmodified material. 
Two aggregate types were limestone and granite. Asphalt specimens were prepared using gyratory compactor and after 
volumetric properties were measured, every gyratory specimen was cut into IDT specimens. After IDT testing was 
finalized, part of IDT specimens were further cut into small beams using a tile saw. This specimen preparation process 
was originally proposed by authors in [11] and in slightly modified version is schematically presented in Figure 4. 
Figure 5 shows the distributions of the width and thickness of all 655 beams cut and tested in this study. Taking into 



account the complexity of the specimen preparation, it is believed that obtained precision and accuracy of the beams 
dimensions are satisfactory.  
 

 
 
Figure 4: Beam cutting procedure 
 

 
 
Figure 5: Beam dimension distributions (n=655) 
 
The nominal maximum aggregate size (NMAS) of the aggregate blends was 12.5 mm. The optimum bitumen content in 
the asphalt design was determined at 4% air voids and VMA (Voids in the Mineral Aggregate) and VFA (Voids Filled 
with Asphalt) values were evaluated according to Superpave specifications (SP-2) for design traffic level of 3-30 
millions equivalent single axle loads (ESALs).  The final asphalt design parameters are presented in Table 1. Table 2 
shows the PG grades of the bitumens and the asphalt identification system used throughout this study. It should be 
mentioned that prior to BBR testing, bitumens were short-term aged (RTFOT) using AASHTO procedure T240-03 [12]. 
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 Granite 
asphalts 

Limestone 
asphalts 

Optimum asphalt content [%] 6.0 6.9 
VMA [%] 16.3 16.2 
VFA [%] 75.9 75.0 

 
Table 1:  Asphalt design results 
 
 

Aggregate 
 Bitumen 

Granite (GR) Limestone (LM) 
PG 58-40:M1 58-40:M1:GR 58-40:M1:LM 
PG 58-34:M1 58-34:M1:GR 58-34:M1:LM 
PG 58-34:M2 58-34:M2:GR 58-34:M2:LM 
PG 64-34:M1 64-34:M1:GR 64-34:M1:LM 
PG 64-34:M2 64-34:M2:GR 64-34:M2:LM 

M
od

ifi
ed

 b
itu

m
en

s 

PG 64-28:M1 64-28:M1:GR 64-28:M1:LM 
PG 58-28:U1 58-28:U1:GR 58-28:U1:LM 
PG 58-28:U2 58-28:U2:GR 58-28:U2:LM 
PG 64-28:U1 64-28:U1:GR 64-28:U1:LM 

U
nm

od
ifi

ed
 

bi
tu

m
en

s 

PG 64-22:U1 64-22:U1:GR 64-22:U1:LM 
 
Table 2:  Designation system for asphalts 
 
3. EXPERIMENTAL TESTING 
 
10 RTFOT bitumens were tested in BBR and 20 asphalts were tested in IDT and BBR. Creep tests in IDT and BBR 
were performed for 1000sec at three temperatures that were related to the lower PG grade of the bitumen used in given 
asphalt. Due to different temperature susceptibility, the temperature step between testing temperatures was different for 
the asphalts and the bitumens: shorter step, 6°C was used for the bitumens and larger step, 12°C was used for the 
asphalts (see Table 3). For example, bitumen PG 64-28 was tested at -18°C, -24°C, and -30°C whereas asphalt 64-
28:U1:GR was tested at -6°C, -18°C and -30°C. This system allowed for a direct comparison of laboratory results for 
the bitumens and the asphalts at two matching temperatures. 
 

Test temperature level Test temperature 
value Asphalts Bitumens 

(PG+10)+12 H (High) - 
(PG+10) I (Intermediate) H (High) 
(PG+10)-6 - I (Intermediate) 
(PG+10)-12 L (Low) L (Low) 

 
Table 3:  Test temperatures for asphalts and bitumens 
 
The BBR testing on bitumens was performed according to AASHTO T313-05 using 2 specimens at each test 
temperature.  
The IDT testing was performed according to AASHTO standard T322-03. Each specimen was treated separately and 
the creep compliance was calculated as the arithmetic mean from at least two specimens.  
The BBR testing on asphalt beams followed the bitumen standard except that a higher load of 500g was used during the 
creep test and the duration of the test was extended to 1000s.  According to the BBR manufacturer (Cannon Industries) 
no modification of the instrument were required to accommodate these changes in the testing procedure. The number of 
BBR replicates varied from 5 to 11; more details on the experimental effort can be found in [13]. 
 
 
 
 



4. RESULTS 
 
The results are presented in two parts. First part shows the direct comparison of the asphalt creep compliances obtained 
from the IDT and the BBR together with proposed phenomenological equation to predict IDT results from the BBR 
results. Second part compares the variability in the creep compliance values for the RTFOT bitumens and 
corresponding asphalts.  
 
4.1 Comparison of BBR and IDT results on asphalts 
 
The experimental data allows the direct comparison of the 1000sec creep compliance curves obtained from both tests at 
three temperature levels.  Figure 6 shows such comparisons for two asphalts: 58-28:U2:GR and 58-34:M2:LM. 
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Figure 6: Measured IDT and BBR creep compliance curves for two asphalts 
 
Visual inspection of the curves indicates that the creep compliance curves do not perfectly match. The difference 
between the curves varies primarily with test temperature and to lesser degree with time. The trends are similar for both 
asphalts, which were prepared with unmodified and modified bitumens and with granite and limestone aggregate, 
respectively.  At the higher temperature the IDT creep compliance is larger, at the intermediate temperature both curves 
are almost similar, and at the lower temperature the BBR compliance is larger.  
The creep compliance at 60sec was further selected to perform simple statistical analyses since this time is used in the 
bitumen specification. It should be mentioned that compliance values at any other times could be chosen.  In order to 
quantitatively assess the influence of the individual parameters, such as aggregate, temperature level or presence of 
modification, on the relation between IDT and BBR results, it was decided to perform Analysis of Variance Analysis 
(ANOVA) on the difference between the natural logarithm of the IDT and natural logarithm of the BBR results.  The 
aforementioned parameters were considered as factors with appropriate levels.   
 
 

Source DF P-value 
Temp 2 0.000 
Aggregate 1 0.965 
Modyfication 1 0.141 
Temp.*Agg. 2 0.285 
Temp.*Modyf. 2 0.211 
Agg.*Modyf. 1 0.273 

 
Table 4:  ANOVA results for ln(IDT)-ln(BBR) at 60sec 
 
Figure 7 shows the variation of the difference between IDT and BBR as a function of the considered factors and the real 
temperature values for all 20 asphalts.  
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Figure 7:  Difference ln(IDT)-ln(BBR) at 60sec 
 
Visual inspection reveals that the difference in natural logarithms of creep compliance at 60sec varies almost linearly 
with the temperature but no consistent conclusion can be made in terms of the influence of aggregate type and presence 
of modification.  ANOVA results (Table 4) confirmed that observation and showed that only temperature level factor is 
significant which was further confirmed by the Bonferroni comparisons between levels within each factor. 
Based on the previous observation that the difference between the measured BBR and IDT values changes with 
temperature and also with time, and on ANOVA results, an attempt was made to develop a temperature-dependent 
relation between the IDT and the BBR results.  Regression analysis was performed using a linear model and treating 
(ln) IDT results as the response and (ln) BBR data as the explanatory variable. The regression analysis was then 
repeated for creep compliances obtained from the IDT and the BBR at several loading times: 16, 60, 120, 240, 500, and 
1000sec.  A final expression was obtained combining the results as follows 
 
 , ,ln( ( , )) ln( ( , ))t T t TIDT t T a BBR t T b

 
 
where coefficients at,T and bt,T vary with time t and temperature level T. The values of slope a and intercept b found in 
this study are presented in Table 5 and in Figure 8. One can notice that once no clear trend can be observed for the 
slope, the intercept b has similar trends for all three temperature levels after passing 200sec and two out of three curves 
are overlapping. Furthermore, the lower the temperature level the smaller the intercept value which does not hold for 
the slope a.  
 

 Test Temperature Level, T 
Time, t [sec] H I L 

Slope, at,T 

16 0.7346 0.6123 0.4040 
60 0.6250 0.8207 0.4101 

120 0.5949 0.9099 0.4395 
240 0.5643 1.0008 0.4323 
500 0.5138 1.0625 0.4374 
1000 0.5142 1.1668 0.4780 

Intercept, bt,T 

16 -0.1863 -0.9603 -1.9873 
60 -0.0216 -0.2753 -1.8303 

120 0.1192 0.0080 -1.6860 
240 0.2627 0.2541 -1.6369 
500 0.4098 0.4010 -1.5788 
1000 0.5740 0.5806 -1.4513 

 
Table 5:   Regression coefficients on ln-ln scale (IDT vs. BBR) 
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Figure 8:  Slope and intercept for proposed model between IDT and BBR results 
 
The proposed relation between BBR and IDT results can be next used to predict the IDT creep compliance curves using 
the BBR results. The prediction, for the same asphalts as presented in Figure 6, is shown in Figure 9. It can be observed 
that measured and predicted IDT compliance curves are matching very well for both asphalts across all three 
temperature levels.  
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Figure 9:  IDT measured and predicted creep compliance curves for two asphalts 
 
4.2 Variability in results on asphalts and bitumens in BBR  
 
The variability of the BBR results on asphalts can be directly compared with the variability of the BBR results on 
bitumens. Coefficient of variation (CV) values for creep compliance (J) at 60sec on both bitumens and asphalts are 
plotted as a function of creep compliance ln(J) in Figure 10 for all three temperature levels. Two immediate 
observations can be made: 
 Bitumens results have wider range of creep compliance values than the asphalts. 
 The aggregate skeleton in asphalts has dual effect: first, it stiffens the material and causes smaller range of effective 

J values and second, it introduces extra variability in the effective properties due to random aggregate structure 
inside the asphalt.  

It should be noted that the temperature groups for the asphalts and bitumens presented in Figure 10 do not necessary 
correspond to the same temperature values as explained earlier.  
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Figure 10:  Comparison of variability in BBR results on asphalts and bitumens at 60sec 
 
5. SUMMARY 
 
In this paper, the feasibility of using the BBR device to perform creep tests on thin asphalt beams was investigated.  The 
comparison of the experimental results for 20 different asphalts showed that the ratio between the creep compliance 
determined with the BBR and the IDT depends on the test temperature and loading time. 
Using statistical analysis, a simple relation was derived and it was shown that this relation gives good predictions of the 
IDT compliance curves from the BBR results. It was also shown that results on asphalts carry additional variability due 
to aggregate skeleton structure and the creep compliance range for the asphalts is narrower when compared with 
bitumens.  
The results presented in this paper suggest that BBR can be used for practical estimation of asphalt creep compliance. 
However, further research is needed to understand the scale effect in thin beams at low temperatures. Before further 
research and validation, this methodology should be used with caution since it was verified on limited number of 
asphalt with identical asphalt design.  
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ABSTRACT 

 
The design of track infrastructures at lowest life cycle costs is an important priority in order to increase 
the profitability of this transport mean. The increase of high-speed traffic demand and the rise of 
maximum speeds to 350 km/h in the close future require the development of new low maintenance 
structural solutions for high speed ballasted tracks. From a track structure point of view, it is shown that 
the use of an optimum track resiliency can reduce the railway system operational costs. From a track bed 
design perspective, the use of an alternative to the conventional granular sub-ballast is discussed. The 
good results obtained in Italian high-speed lines with the use of bituminous sub-ballast form the basis for 
the development of a study on the viability of this solution. This paper analyzes theoretically what must be 
the characteristics of the track design with a bituminous layer in order to fulfil current high-speed tracks 
requirements. Furthermore, this paper discusses in what terms the use of a bituminous sub-ballast 
solution can contribute to an effective reduction of track life cycle costs. 
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1. INTRODUCTION 

 
The optimization of track design has plays a fundamental role in the performance improvements along the 
time of this transport media. After more than 20 years after inauguration of the first European high-speed 
line, the configuration of the new lines seems to reach some degree of optimization. In almost all of the 
European high speed lines a classical ballasted track configuration has been used. However, the increase 
in traffic and speed will drive to an increase in maintenance costs. Consequently an important effort has 
been done to try to reduce these cost developing low-maintenance track structures for high-speed lines. 
One way to do this is to develop new subballast systems that allows to reduce maintenance costs without 
increase in construction costs. The use of bituminous mixtures layers instead of granular layers have been 
adopted in some European high-speed networks. 
 
This paper focuses in the interest of use of a subballast layer to improve the track structural design.  
 
 

2. LIMITATIONS OF GRANULAR LAYERS  
 
The use of subballast granular layers is a solution that has been optimized with the experience. At the date 
there have been obtained good results when applied to high speed lines. 
 
However the use of granular layers implies the use of high thickness to obtain minimum required values 
of bearing capacity as can be seen in figure 1.  
 
The need to use high thickness implies in some circumstances some problems of construction. For this 
reason, the impossibility of increasing of thickness to reach the required values of bearing capacity, 
implies the original design modification and led to the use of cement-treated soils and cement-treated 
gravel instead of the traditional granular layers. 
 



 
 
Figure 1. - Bearing capacity vs. subballast thickness (From DB ( Deustche Bahn)) 
 
But the thickness increase supposes not only a constructive limitation but also a limitation in structural 
behaviour like track settlement. This fact generates more needs of maintenance. 
 
Another important limitation of the granular layers is their difficulty to attenuate vertical stiffness of track 
structures with granular subballast. These stiffness variations generate settlement differences in addition 
to increases in defects associated with track levelling. This phenomenon is particularly important when 
stiffness variations are pronounced, as with transitions between natural infrastructures and rigid structures 
(bridges or tunnels). It is well known that this phenomena increase the maintenance needs. 
 
The third limitation has an environmental nature. Track long-term functioning depends highly on 
formation quality during the track’s life cycle (1, 2, 14). The goal of using sand and gravel layers on 
conventional high-speed lines is to protect the formation not only against traffic load but also against 
environmental conditions. 
 
However, it has been shown that these layers tend to lose their filter characteristics over the lifetime of the 
track, reducing subgrade protection and resulting in possible ballast or subgrade contamination. 
 
 
3. ADVANTAGES OF BITUMINOUS SUBBALLASTS 
 
Use of bituminous subballasts present some advantages considering the following track maintenance 
factors: 
 

 Track settlement.  The bituminous subballast can reduce overall track settlement because is more 
flexible than granular subballast, 

 
 Vertical stiffness variations. The bituminous subballast can reduce differential track settlement 

and improve track structure homogenization,  , and 
 

 Subgrade life cycle, increase in track life cycle as a result of more efficient protection against 
humidity. 

 
 
3.1. Track Settlement 
 
The experience available in traditional ballasted structures has shown the relationship of mean track 
settlement with loss of track geometric quality and, thus, track maintenance needs. On tracks with good- 
quality subgrades (as in the case of high-speed lines), ballast settlements represent generally about 50% to 
70% of total track settlement (1), as shown in Figure 2. 



 
In the case of bituminous subballast layers, settlement can be considered null, allowing for reductions in 
the overall mean settlement of the track. This advantage is of particular interest if one attempts to reduce 
subgrade settlement by altering subballast thickness. 
 
Increases in granular subballast height lead to increases in settlement. 
 

 
FIGURE 2 Contributions of different layers to mean track settlement (1). 
 
Equation 1 represents a quantitative example of this situation: 
 

fsbbtrack SSSS                         (1) 
 
 
where 
 
S track = the total settlement of the track (in millimetres), 
S b =the settlement of the ballast layer (in millimetres), 
S sb =the settlement of the subballast layer (in millimetres), and 
S f  =the settlement of the track formation (in millimetres). 
 

21,0026,0 ThS bb      (2) 
16,0017,0 ThS sbsb     (3) 

52,04,1 TSb       (4) 
 
 
where 
hb =the thickness of the ballast layer (in millimetres), 
hsb =the thickness of the subballast layer (in millimetres), and 
T =cumulative traffic (in millions of gross tons). 
 
From Equations 1 and 3, it can be deduced that increases in subballast thickness (hsb) will increase 
settlement. This reasoning is applicable mainly to the initial life period of the track (after this period, on a 
good-quality track, settlement will be concentrated in the upper part of the ballast). However, track 
settlements verified on this initial life period (and the corresponding defects corrected by tamping) will 
keep having a residual effect on the track geometric deterioration process along track life cycle. From this 
perspective it can be inferred that increasing ballast support-bearing capacity by means 



of stiffer layers without deformities (e.g., bituminous subballasts) will result in reduced levels of track 
settlement. 
 
3.2. Vertical Stiffness Variations 
 
Along a given route, there are significant variations in the vertical stiffness of track structures with 
granular subballasts. A recent statistical analysis of the Madrid–Seville high speed line showed that track 
deterioration along embankment–bridge transition structures was, on average, 5 to 7 times more 
widespread than deterioration on regular track spans (11). In contrast, pronounced vertical stiffness 
variations are normal when tracks reside on natural foundations. Measurements performed with recently 
developed track loading vehicles (12, 13) have shown that, even on good-quality tracks, stiffness 
variations might be extremely high. 
 
Figure 3 shows the influence of abrupt stiffness variations on ballast stress levels. It can be seen that use 
of softer rail pads can balance stress distribution and thus smoothen differential track settlement. 
 
 

 
 
FIGURE 3 Influence of abrupt track bed stiffness variations on sleeper reaction 
forces for different rail pads (5). 
 
 
From a substructure perspective, use of stiffer materials such as subballasts can also reduce track vertical 
stiffness variations. As a result of its high modulus, the bituminous subballast can balance overall track 
bed bearing capacities at lower thickness levels than 
a granular layer. 
 
3.3 .Subgrade Life Cycle 
 
Because it is almost completely water resistant, the bituminous subballast offers important comparative 
advantages to granular solutions in relation to long-term deterioration of the subgrade (15). In addition to 
such advantages, it helps maintain moisture content, a very important factor in the deterioration process. 
It is difficult to evaluate these possible advantages in a theoretical investigation; instead, it is necessary 
to compare, over the long term, similar track characteristics, similar environmental conditions, and 
different track bed designs. 
 
 
4. ANALYSIS OF THE HIGH-SPEED DESIGN WITH BITUMINOUS SUBBALLAST 
 
From a theoretical point of view, the effects of subballasts can be related to the following (easily 
assessable) track design parameters: 
 



 Vertical stresses on the ballast, as an indicator of possible track settlement (and thus track 
maintenance needs and costs); 

 Tensile strains on the subballast, as an indicator of service life; and 
 Vertical stresses on the subgrade, as an indicator of subgrade long-term performance (track 

maintenance costs) and overall track service life. 
 
 
 
A parametric study involving a well-known and validated track numerical model (KENTRACK) was 
carried out to evaluate these aspects of track design. This track model, based on elastic multilayer theory, 
incorporates a finite element procedure involving the rail–rail pad–sleeper system (Figure 4). A detailed 
description of the track model can be found in Rose et al. (7) and Huang et al. (8). 
 
 
 

 
 
FIGURE 4 Depiction of rail track model (KENTRACK) used in present analysis (7). 
 
 
 
Also, an algorithm was developed to evaluate track load inputs representing design quasi-static loads at 
high-speeds. The vehicles assessed in the study were high-speed trains that are operating or will be 
operating on Spanish high-speed lines: the AVE 101 (Alstom TGV), the AVE 102 (Talgo-Bombardier 
350), and the AVE103 (Siemens ICE 3). Maximum running speeds are 300 km/h for the first train and 
350 km/h for the other two. Here results are presented only for the AVE 101. Three levels of track quality 
(high, medium, and low) were considered in calculations of the spectral defect densities. Because one of 
the factors assessed (track stiffness) depends on track characteristics (the variable examined in this study), 
load input was calculated according to an interactive procedure: 
 
Track vertical stiffness (K0) was calculated for an initial load Q0, the dynamic load Qi was evaluated, and 
track stiffness (Ki) was calculated until values converged. 
 
The study, involving the materials shown in Table I, was based on elastic linear assumptions. The initial 
step was that of evaluating the minimum requirements for the bituminous subballast relative to the 
granular option. The new high-speed line under construction in Spain, between Madrid and Barcelona, 
requires a minimum of 30 cm of granular subballast, and therefore this was the value taken as a reference 
for comparison with the bituminous subballast. 
 
 
 
 



 
 
 
 
 
 
 
 
 
Table I. - Assumptions made for calculations. 
 

MATERIAL GRANULAR SUBBALLAST 
STRUCTURE 

BITUMINOUS 
SUBBALLAST 
STRUCTURE 

Rail UIC60 E = 210 GPa;  I = 3055 cm4; weight= 60,34 kg/m 

Monoblock sleeper E = 64 GPa;   weight = 315kg; (2,60m x 0,30m x 0,22m)  
                       Sleeper spacing = 0,60m 

Railpad stiffness kpa = 25  to 500 KN/mm 

(Reference: 100 kN/mm) 

Ballast E=130 MPa;  =0,2;  thickness = 0,35 m 

Subballast modulus 100 a 200 MPa  

=0,3 

(Reference: 200 MPa) 

2.000 a 11.000 MPa; =0,45  

f (temperature, voids, 
bitumen volume, frequency) 

 (Reference: 9.000 MPa)   

Subballast thickness 
 

20 a 50 cm 

(Reference: 30cm) 

8 a14 cm 

(Reference: 12 cm) 

Subgrade (poor, 
medium, 
and good quality) 

E (variable) = 12,5 a 80 MPa ; =0,3 a 0,4 

(Reference: 80 MPa, =0,3) 

(*) See Huang et al. (1984) 

 
 
 
Figure 5 shows the positions of the different track parameters in relation to the vertical stresses 
transmitted to the subgrade. As can be seen, track geometric quality and rail pad stiffness were the 
parameters in which a change would cause higher degrees of variation on subgrade stress levels and, thus, 
on subgrade fatigue and service life (apart from the bearing capacity of the subgrade). It is noteworthy 
that a slight increase in the thickness of the bituminous subballast layer will have more of an effect on 
subgrade fatigue than an increase in the subballast dynamic modulus (use of a high-modulus bituminous 
mix, for example, will lead to a reduced effect). 
 



 
FIGURE 5 Roles of different track parameters in subgrade stresses (bituminous 
subballast structure). 
 
 
 
The present analysis also showed that if stress–strain levels are to be similar to those associated with a 
granular subballast, the minimum thickness of a conventional bituminous mix should be 12 to 14 cm. 
 
Figure 6 shows a situation in which the stress levels in the ballast layer and atop the subgrade are 
equivalent. Maintenance costs are expected to be at least equivalent between these two options when the 
bituminous mix falls at these levels and higher (assuming a stress-based track deterioration criterion). 
 

 
FIGURE 6 Schematic representation of results obtained for (a) ballast and (b) subgrade maximum 
vertical stresses: granular and bituminous subballasts. 
 
 
 
Concerning the service life of the bituminous subballast, it was found that for tracks with medium- and 
good-quality subgrades, subballast fatigue occurs long after subgrade fatigue (common highway fatigue 
criteria, derived from the Asphalt Institute and current Spanish roadway standards and based on the 
horizontal tensile strain at the bottom of the layer, were used in these calculations). In summary, from a 
stress–strain perspective, use of bituminous subballasts 12 cm to 14 cm in thickness would meet Spain’s 
typical high-speed track requirements. 
 
 
 
 



 
 
5. CONCLUSIONS 
 
In addition to discussing possible improvements in conventional high-speed track design, this paper has 
described the possible benefits of using bituminous subballast layers on high-speed tracks. The present 
theoretical analysis indicates that a conventional bituminous mix with a minimum thickness of 12 cm to 
14 cm (as an alternative to the typical granular layers used) is necessary to meet the minimum Spanish 
standards for high-speed tracks. The analysis also provided evidence that applying a bituminous 
subballast layer can lead to improvements in high-speed track performance, enabling low levels of track 
settlement and better track bearing capacities. 
 
Nevertheless, this structural solution results in higher construction costs than those associated with 
granular layers (except in areas where adequate granular subballasts are not locally available). If it is to be 
determined whether bituminous subballasts are more cost effective than granular layers, the long-term 
performance of the two options must be compared. A study is now being undertaken comparing 
maintenance needs related to tracks with different subballast layers (using bituminous subballast data 
from the Rome–Florence high-speed line) to quantify the situations in which this option leads 
to significant reductions in track life-cycle costs. In the same way, Spanish Railways will build up in the 
summer of 2007 a trial with bituminous subballast (with a length of approximately 3 km) in the section 
Sils-Riudellots of Barcelona–French border high-speed line currently under construction, to evaluate its 
behaviour under high speed traffic conditions. 
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ABSTRACT 
 
Polymer Modified Bitumen (PMB) is often used to improve the resistance to cracking and rutting of asphalt pavements. 
Although the benefits for application in top layers have been shown in many cases, PMBs are rarely used in base layers. 
A joint research programme was initiated between Delft University of Technology and Kraton Polymers Research to 
study the effects of different types of SBS modification in a base course asphalt mix. The study entails binder testing, 
asphalt mix testing and material modelling and simulation using Finite Element Analysis. Based on the binder test 
results, six PMBs were selected for evaluation in a base course asphalt mix. A base course mix with non-modified 40 
pen bitumen was used as reference. The asphalt mix testing included monotonic uniaxial compression and tension tests. 
The polymer modified mixes showed a very good performance compared to the non-modified reference, particularly in 
the tension test. The test results were used to determine the parameters in the Asphalt Concrete Response (ACRe) model 
which was implemented into the CAPA-3D finite element system. So far one polymer modified mix and the non-modified 
reference mix have been evaluated in two asphalt pavement thicknesses: 150 mm and 250 mm. The pavement structure 
containing polymer modified asphalt showed about four times less damage (accumulated plastic strain) than the non-
modified reference mix. Also the effect of the polymer modified asphalt on the rut depth was significant. The results 
until time of writing this paper have shown that polymer modification can be an effective measure to extend pavement 
life and to reduce life cycle costs.  
 

 
Keywords: modified binders, polymers, mechanical properties, performance testing 
 
 
1. INTRODUCTION 
 
Block copolymers of the Styrene-Butadiene-Styrene type have been applied since the seventies of the past century to 
improve the durability of mainly asphalt top layers. Many studies and case examples have been generated which show 
the effect of SBS modification on the resistance to cracking (fatigue and thermal) and rutting. SBS accounts for at least 
65% of the global polymer modified asphalt market.  
The effects of modified base courses on the performance of the total asphalt pavement is however an area that has 
hardly been explored. A full-depth polymer modified pavement should bring advantages in terms of durability of the 
total pavement as well as the possibility to construct thinner pavements. Improving the performance of the traditionally 
non-modified base courses could lift the overall quality of the asphalt pavement to new levels and to an improved 
economy. 
 
In order to investigate this opportunity a joint research programme has been initiated between Kraton Polymers 
Research and the Road and Railway Engineering section as well as the Structural Mechanics section of the Delft 
University of Technology (DUT). The study includes binder research, fundamental asphalt mix testing and Finite 
Element Modelling (FEM). The project entails a fairly large experimental programme which is -at the time of writing 
this paper- not yet fully completed.  
 
2. BACKGROUND OF THE STUDY 
 
After a fairly long incubation period Polymer Modified Bitumen (PMB) and Polymer Modified Asphalt (PMA) have 
become one of the main solutions for the road building industry to construct more cost effective and better performing 
pavements. Especially in the last two decades the use of PMB has made a large impact, while its use is mainly restricted 
to the top layers. 
 
Particularly for areas with heavily loaded pavements and environmentally hostile conditions it may be worthwhile to 
consider full-depth polymer modified pavements. Also for so called perpetual pavements full-depth modification may 
provide a cost effective alternative. The study was set up to evaluate various polymer modified binders in a full-depth 
modified asphalt pavement in comparison with conventional structures. 
 
 
 
 



3. EXPERIMENTAL PROGRAMME 
 
The study entails full depth modification of the asphalt pavement. This implies that not only the top layer(s) but also the 
asphalt base course should be polymer modified asphalt. In order to specifically address this part, a typical base course 
mix was selected. The base course mix is continuously graded asphalt with 40 pen base bitumen. First several binders 
with different SBS polymer grades were tested on low temperature cracking performance in a three point bending test 
for bituminous binders. This was done to rank the fracture toughness of these binders. Based on the outcome of this test 
a selection of binders was made to be used in the base course mixture to be evaluated. 
 
The asphalt mixture testing was done using resilient modulus tests, fatigue tests and compression and tension tests, the 
results of which were used to feed the material models implemented in the finite element code CAPA. 
 
3.1 Binder testing 
 
The three point bending test on notched bituminous bars is a relatively new test that originally was used to test metals.  
In this test a notched bituminous bar is loaded with a displacement rate of 0.6 mm/min until it breaks. This is done at 
low temperatures; at some point the force required for breaking the bar changes dramatically. This indicates the ductile-
to-brittle transition point. The dimensions are given in figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Dimensions of the three point bending test 
 
Different requirements can be distinguished for a PMB to be used in base course asphalt: 

 A high stiffness is required to give the asphalt mixture a large load-spreading capacity. This implies that a 
relatively hard base bitumen should be used and hence for modification. The viscosity of the PMB should be 
looked at carefully when selecting SBS grade and content. 

 A hard bitumen generally contains less maltenes; this means that less “solvent” is available. This should also 
be considered when selecting the SBS grade and content. 

 The PMB should give the asphalt mixture a high resistance to cracking and permanent deformation. 
 
Various SBS grades have been tested; from low molecular weight linear grades to high molecular weight radial grades. 
Also some experimental polymers specifically designed for this application have been tested. 
 
Polymer contents of 3%, 6% and 7.5% were tested; it soon became clear that 3% SBS was not sufficient to bring the 
cracking performance at the desired level. This is in line with previous experiences; a continuous polymer rich phase is 
needed to get significantly improved resistance to cracking. This continuity of the polymer rich phase occurs generally 
from polymer contents of 5% and higher (depending on the polymer grade and the base bitumen). For the reasons 
mentioned above it was decided to apply 6% and 7.5% polymer content. 
 
Due to this relatively high polymer content the higher molecular weight grades were no longer feasible because of 
workability. These grades were abandoned and focus was put on the experimental and low molecular weight grades. 
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3.2 Mixture testing 
 
Initial fatigue studies on a base course mixture showed that modifying the binder strongly improved the fatigue 
behaviour of the asphalt mixture. The stiffness and fatigue properties were determined with the four point bending test 
(figure 2). With the stiffness and fatigue properties known it is possible to use these properties in the design methods 
based on a linear elastic multi-layer system. The problem with these traditional methods however is that they do not 
give information on how damage actually initiates and progresses in relation to the type of asphalt mixture used, the 
thickness of the pavement and the number of load repetitions. 
Subsequently more fundamental research was initiated to differentiate between the effects of polymer modification of 
the binder in a base course mixture. This work is reported in this paragraph. 
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Figure 2. Fatigue lines of non-modified reference (mix 40) and two SBS modified mixes (41 and 42) 
 
Use is made of ultimate surfaces according to the Asphalt Concrete Response (ACRe) model [1,3]. This model is based 
on the theory of rate dependent consistent plasticity and provides a realistic, unified and phenomenological approach for 
materials that exhibit strain rate dependent and inelastic deformations. The model is based on the limit surface 
developed by Desai [4,5,6]. Later on in this paper some background information on the model will be given.  
 
As a reference a so-called stone asphalt concrete 0/22 (maximum aggregate size 22 mm) mixture, with a 40 pen binder 
was used. It is a standard base course mixture, designed according to the Dutch specifications. This reference mixture is 
called mixture 40 in the paper. In all cases the volumetric composition of the base course was kept constant, with a 
binder content of 4.6% (w/w) in the mixture and a voids content of the compacted mixture around 5%. Together with 
the reference mixture six SBS modifications were tested in the mixture testing program. The mixtures with SBS 
modified binders are coded as mixture 41, 42, 43, 45, 46 and 47.  
 
First of all master curves for the stiffness were determined with the indirect tension test (ITT) to show the influence of 
the polymer modification on the stiffness. The results of the tests are given in figure 3.  
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Figure 3. Master curves of the resilient modulus at 10ºC for all mixtures (linear-log scale) based on ITT test 
frequency sweeps 
 
For the determination of the ultimate surfaces according to the ACRe model it is necessary to perform at least two 
failure tests under different strain rates and temperatures. At DUT it is normal practice to use the monotonic uni-axial 
tension and compression tests for this purpose.  
Monotonic uni-axial tension and compression tests were carried out on the seven base course mixtures.  
 
The monotonic uni-axial tests were done at 5°C, 20°C and 40°C. At each temperature strain rates were varied from 
0.001 %/s to 1 %/s in tension and from 0.01 %/s to 5 %/s in compression to fully recognize the influence of temperature 
and strain rate on the material properties. 
An example of the results of the tension and compression test performed on mixture 45 is given in figures 4 (tension 
test at 5 oC) and 5 (compression test at 40 0C). 
It should be noted that in figure 4 the axial strains are positive and the radial strains are negative. In figure 5 the results 
from compressive stresses are given and the axial strains are negative and the radial strains are positive. 
From the figures it is very clear that the materials show hardening response and softening response. These phases in the 
material behaviour need to be implemented in calculations to get a good indication of damage development in a real 
structure. 
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Figure 4. Tensile stress as a function of axial and radial strain at different axial strain rates for mixture 45 at T = 
5°C 
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Figure 5. Compressive stress as a function of axial and radial strain at different strain levels for mixture 45 at T 
= 40°C 
 
From these monotonic uni-axial tension and compression tests a number of parameters were calculated like strength, 
failure energy, E-moduli (tangent and secant), strain at peak, total strain and Poisson’s ratio. Comparison of these 
properties at different temperatures and strain rates gives a good indication of the characteristics of the materials 
relative to each other.  
Figure 6 e.g. gives a comparison of the tensile strength of the various mixtures at 40 oC while figure 7 gives such a 
comparison for the compressive strength at 5°C.  
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Figure 6. Tensile strength at 40°C as a function of strain rate 
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Figure 7. Compressive strength at 5°C as a function of strain rate 
 
From figures 6 and 7 it becomes clear that it is possible that the ranking of the mixtures can change in relation to 
temperature and strain rate. It is clear that at 40°C the tensile strength of all SBS modified mixes is superior to the 
reference (40), but at 5°C the reference (40) shows higher compressive strength compared to most of the SBS modified 
mixtures. 
Hence in order to compare the mixtures in a pavement structure it is necessary to compare them in a material model that 
covers the whole range in terms of temperature and strain rate. As mentioned before the material model is based on the 
flow surface proposed originally by Desai and further developed at DUT resulting in the Asphalt Concrete Response 
(ACRe) material model.  
If the tensile- (ft) and compressive strength (fc) of a material are known at a certain temperature and strain rate it is 
possible to estimate a failure line at these conditions by plotting these two (stress) points in the I1- J2 plane, where I1 is 
the first stress invariant and J2 the second stress invariant.  
 
In figures 8 and 9 some of these response surfaces are given at a strain rate of  0.01 %/s and two extreme temperatures. 
The ultimate surfaces show that the modified binders improve the resistance to combinations of tensile (I1 is positive) 
and shear stresses considerably compared to the reference, especially at higher temperatures. Figures 8 and 9 also 
contain the ultimate surfaces as determined for other types of asphalt mixtures and cement concrete. 
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Figure 8. Ultimate slopes of the tested mixtures at T = 5ºC and strain rate = 0.01 %/s together with concrete, 
Dense Asphalt Concrete, Stone Mastic Asphalt, Porous Asphalt Concrete and base course mix EME (Enrobé à 
Module Elevé) 
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Figure 9.  Ultimate slopes of the tested mixtures at T = 40ºC and strain rate = 0.01 %/s together with concrete 
Dense Asphalt Concrete, Stone Mastic Asphalt, Porous Asphalt Concrete and base course mix EME (Enrobé à 
Module Elevé)  
 
 
4. MATERIAL MODELLING AND SIMULATION 
 
4.1 Material constitutive model 
 
The material constitutive model, which is used to describe the response of the asphalt mixtures is based on the flow 
surface proposed originally by Desai (1980, 1986, 2001) and further developed by Scarpas (1997), Erkens (2002), Liu 
(2003) and Medani (2006) resulting in the Asphalt Concrete Response (ACRe) material model.  
The chosen form of the surface is given by: 
 

n 2
2 1 1
2

a aa

J I R I RF 0
p pp

                                                         (1) 

where I1 is the first and J2 is the second stress invariants respectively, pa is the atmospheric pressure with units of stress, 
R represents the triaxial strength in tension. In 3D space, Equation (1) represents a closed surface, as shown in figure 10. 
The value of the yield function F determines the response of the material to a state of stress. For F<0, the state of stress 
is within the yield surface and the response of the material is elastic. For F=0, the state of stress is on the yield surface 
and the response of the material is inelastic. States of stress outside the yield surface cannot exist. 
 
 

 
Figure 10. Schematic representation of Desai response surface 
 
The isotropic hardening/softening of the material is described by means of parameter . The values of  control the size 
of the response surface. It is typically defined as a function of deformation history. As  decreases, the size of the 
surface increases. When  = 0, the ultimate stress response surface of the material is attained.  



The two phases of inelastic response of the material (hardening and softening) are pictured in figure 11. Hardening is 
spanning the range from the start of elasticity (point 1) to ultimate peak response (point 3) and softening is spanning 
from the ultimate response (point 3) to the complete annihilation of the material (point 5). 
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Figure 11. Schematic representation of the main phases of the material model response 
 
Parameter   is related to the ultimate strength of the material. It denotes the slope of the ultimate stress response surface. 
Parameter n is related to the state of stress at which the material response changes from compaction to dilation. 
 
4.2 Simulation of Hardening and Softening Behaviour 
 
In this investigation, the hardening and softening response have been based on simulation of material compressive 
behaviour. Due to the differences in the response mechanism of a compressive and a tensile test, the Hoffman response 
surface will be utilized for simulation of tensile response degradation on a crack plane. 
 
4.2.1 Material Hardening 
As discussed earlier, parameter  in the model controls the size of the flow surface. In the constitutive model it is 
postulated to be a function of the plastic deformation history. In the framework of this investigation, on the basis of 
laboratory tests for the mixture, the following relationship was found between  and the effective plastic strain  over 
the range of test data: 
 

0
lim

lim
exp                                                                                       (3) 

where 0 is the  value that corresponds to the initiation of plasticity, lim is the value of the effective inelastic strain at 
peak stress and  is a material hardening parameter. Non-linear curve fitting over the available data sets results to the 
expression of  for the  mixture: 

2
1 T1 exp                                                                                  (4) 

where T and are the temperature and strain rate respectively. 
 
4.2.2 Material Softening 
An isotropic measure of the degradation response can be introduced into the model to simulate the softening response. 
This can be done by means of specifying the variation of the model parameter , after the initiation of the degradation 
response, as a decaying function of a monotonically increasing physical quantity (e.g. equivalent post fracture strain pf), 
strain rate and temperature T. The expression of   is given by: 
 

2pf
min max min 1exp                                                                (5) 

in which max and min are the value of   at the point of peak stress and the point of complete annihilation of the material 
respectively. 1 and 2 are material constants.   
 
4.2.3 Cracking 



The tension softening model proposed by Scarpas and Blaauwendraad (1998) is used. This implies that for states of 
stress exceeding the magnitude of the fracture surface, a plane of cracking is introduced perpendicular to the principal 
tensile stress direction. On the crack plane a Hoffman response surface is specified to control the subsequent softening 
response. The following expression is proposed for the softening in tension: 
 

pf
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t2
1t t T                                                                                                   (7) 

in which t is the tensile stress, i (i = 1 – 2) are material constants. 
 
4.3 Parameter determination 
 
To determine the parameters of the material model using results of uni-axial monotonic compression and tension tests, a 
two-steps procedure has been applied. The first step is the setting of the framework and getting the mathematical 
formulations using the methodology proposed by Scarpas et al. (1997) and Liu (2003). The dependency of the material 
properties on strain rate and temperature, will be expressed using the unified model presented by Medani (2006). This 
model allows material parameters like tensile strength, fracture energy etc at a given temperature and strain rate to be 
estimated from the same parameters as determined at other temperature – strain rate combinations, using a time – 
temperature superposition principle. This allows definition of the flow surface at any given combination of strain rate 
and temperature.    
In order to interpret the FEM simulation results, it is necessary to introduce the definition of damage. Damage is 
defined as the cumulative amount of plastic strain ( p) in the material. In mathematical terms, damage denoted as  can 
be defined as:   
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The total damage can be divided into volumetric and deviatoric (shear) components. The volumetric damage can further 
be subdivided into compressive volumetric deformation and tensile volumetric deformation.  
This helps in understanding what kind of damage is developed. Compressive volumetric damage is associated with 
permanent deformation of the material (rutting). Tensile volumetric damage is associated with cracking. Deviatoric 
damage is the result of tensile-compressive states of stress and can lead to Mode II associated cracking. 
Both the capability of the model and the accuracy of the determination of the parameters can be examined by 
comparing the numerical predictions of the material response with the observed laboratory behaviour. The proposed 
constitutive model has been calibrated and verified with the test data. Figure 12 presents two comparisons of the 
numerical predictions with the results of monotonic compression tests. The left part of figure 12 shows the model fit for 
the reference mixture (no 40) while the right hand part of figure 12 shows the model fit for a polymer modified mixture 
(no 45). The model parameters utilized for each comparison are determined on the basis of the proposed constitutive 
model. It is observed that the numerical predictions obtained from the constitutive model show good agreement with the 
experimental results. Because of the complexity of performing the tension test in the laboratory, it is difficult to identify 
clearly the hardening and the softening regimes from the test data.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Numerical predictions and actual test data of compression test for non-modified reference mix (left) 
and polymer modified mix (right) 
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4.4 Finite element analysis 
 
As indicated before, the ultimate goal of this investigation was to acquire insight into the mechanical performance of 
polymer modified asphalt mixes in actual pavement structures. The behaviour of the pavement structure is simulated by 
means of the finite element system CAPA-3D. The finite element mesh, figure 13, consists of 20-nodded brick elements 
for the simulation of the different layers in the pavement. Because of symmetry, only a quarter of the pavement is 
modelled. The pavement profile is assumed to consist of three material layers. The bottom layer represents a layer of 
soil with a thickness of 15 m. The middle layer represents a sub-base material with a thickness of 0.3 m. Both the 
subgrade and the base layer are assumed to behave linear elastically. The top-layer represents the asphalt layer. The 
temperature of the asphalt mixture is assumed to be 20 oC. The modulus of the asphalt layer depends on the strain rate 
and is determined in an iterative way. The reference mixture (mix 40) has been compared with a polymer modified 
mixture (mix 45). In the finite element analyses, two different top layer thicknesses, 0.15 m and 0.25 m, are investigated. 
In this paper the thicker (0.25 m) non-modified asphalt pavement has been compared with the thinner (0.15 m) modified 
pavement.  
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Figure 13. Finite element mesh for stationary load analyses 
 
The dynamic analysis option of CAPA-3D is utilized to subject the model to a series of successive half-sinusoidal 
pulses each of 25 ms duration and 0.8 MPa stress amplitude. The advantage of using dynamic analysis is that not only 
strain-rate effects but also mass effects can be considered. As a result of that, the various phenomena of wave 
generation, propagation, reflection, etc. that occur in a pavement due to the dynamic nature of traffic loading can also 
be taken into account.  
 
4.5 FEM results 
 
Figure 14 shows the development and propagation of the total damage in the asphalt layer as the number of load cycles 
increased.  
At the top of the asphalt layer of the non-modified pavement a damage concentration can be identified in the vicinity of 
the wheel. Although the separate projections of volumetric and deviatoric damage are not projected here, the results 
clearly show that this damage concentration has a volumetric nature, which indicates the gradual development of 
permanent deformation (commonly classified as rutting). 
In the non-modified pavement intense tensile damage can be observed developing at the bottom of the layer directly 
under the wheel, see figure 14. This indicates the tendency of initiation and gradual development of tensile cracking at 
the bottom of the layer. 
Both figures show the development and propagation of damage in the asphalt layer as the number of load cycles 
increased. A notable difference between the two structures is that in the thick non-modified structure damage starts 
directly under the wheel and propagates rather quickly into the body of the pavement. After 9000 load cycles another 
area of severe damage occurs at the bottom of the pavement. In the modified thinner structure the maximum damage is 
about 4 times smaller than in the non-modified structure. The damage occurs mainly in the area under the wheel. Lower 
in the structure there is hardly any effect from the load. 
 
It can be concluded that, for a given mixture, depending on the thickness of the asphalt layer, different damage patterns 
and mechanisms develop under the load within the body of the pavement. By comparing the magnitude of damage, it 
can be observed that the pavement with the polymer modified mixture demonstrates less damage accumulation than the 
pavement with the non-modified mixture, even with a 40% thickness reduction. In the case of the modified mixture, 
there is less damage development and propagation. Also the damage concentrates mostly in the vicinity of the wheel. 
The highest damage levels occur always inside the body of the pavement with the non-modified mix 40.  
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Figure 14. Development of damage in pavement structure. Left: polymer modified asphalt mixture, 150 mm 
asphalt pavement. Right: reference, non-modified asphalt mixture, 250 mm asphalt pavement 
 
Figure 15 shows the rutting profile after 9000 cycles of the non-modified thick pavement in comparison with a modified 
thinner pavement. The figure shows that the accumulated permanent deformation in the pavement with the non-
modified mixture is 4.5 times higher than the pavement with the polymer modified mixture. As mentioned before, the 
non-modified asphalt contained a 40 pen bitumen, while the modified system was based on a newly developed low 
molecular weight polymer, which gave the best performance. All modified systems showed improvement over the non-
modified asphalt, but this new polymer performed outstanding and clearly allows thinner designs. 
It should be noted however that a thinner asphalt pavement could result in more damage to the subbase. Therefore the 
asphalt pavement design always needs to be checked on the subbase criterion. 
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Figure 15. Rutting profile of 250 mm non-modified asphalt pavement (mixture 40) and 150 mm polymer 
modified asphalt pavement (mixture 45) 
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5. CONCLUSIONS 
 
The study of full depth modification has resulted in some interesting insights into the performance of non-modified and 
polymer-modified asphalt pavements. The concept of reducing the asphalt layer thickness in combination with an 
increased performance (less damage development) has been verified with finite element modelling and has proven to be 
feasible. 
 
The advanced mechanical testing of the asphalt mixtures has shown a much better performance of the SBS modified 
mixtures compared to the non-modified reference. The asphalt mixture parameters have been implemented into a finite 
element model in order to get insight into the mechanical performance of polymer modified asphalt mixtures in actual 
pavement structures. The results showed distinct differences in damage development (accumulated non-recoverable 
strain) between the polymer modified and non-modified pavement. Even in a thinner pavement structure (150 mm 
asphalt) the SBS modified asphalt had up to 4 times less damage than a thicker (250 mm) non-modified pavement. 
Furthermore, the non-modified thicker pavement structure showed 4.5 times more permanent deformation than the SBS 
modified thin structure.  
 
The study has shown that with full-depth modification the thickness of the asphalt pavement can be reduced and yet the 
damage development in the pavement is very small. This opens the way to a reduction of the life cycle costs, because 
less maintenance is required over a certain period; it could also lead to lower initial costs. Furthermore, less natural 
resources are needed to construct thinner asphalt layers which are beneficial from an environmental point of view. In 
the next phase of this project more modified structures will be evaluated. Also other structures (pavement thicknesses) 
will be included. A life cycle analysis will be made to surface the commercial benefits of the full-depth modification 
concept.   
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ABSTRACT 
 
The traffic volume increases very quickly with the economy booms in China. But serious damages occurred on the 
heavy duty asphalt pavements. Many methods, such as modified bitumen, SMA, perpetual pavement and so on, were 
employed to prevent the premature failures, but the satisfied results did not reached. In the paper, field investigation, 
data collection and analysis were conducted continuously in the last few years. Some prevailing failures on Chinese 
highways were addressed herein. Further research on the damage reasons was done through field and laboratory tests 
and FEM (Finite Element Method) computation. The results indicate that, the poor bond between the bitumen and the 
aggregate, the permeable asphalt due to high air void contents and improper asphalt design, lead to the stripping, 
potholes and water damages. The FEM computations indicate the shear stress in the asphalt layer significantly 
increased under the overload, there is high risk of rutting and top-down cracks. 

 
Keywords investigation, failures, top-down cracking, rutting, shear stress 
 
1. BACKGROUND 
 
There are more than 50,000 kilometers highways have been constructed to form the Chinese express network during the 
last 15 years. Almost of the highways were paved with asphalt concrete in 15~18cm thickness on a 30~40cm bound 
base. But nearly 15% highways suffered serious distress under the heavy duty traffic just one or two years after opening 
to traffic[1][2] The subsequently huge economy losing attracted more and more attentions from the Chinese Department 
of Transportation. Some investigations and field research sponsored by Chinese government had been conducted, and 
some valuable reports and suggestions were given to improve the pavements quality. Many new techniques had been 
employed [3][4][5][6][7], such as the bitumen performance gradation of SHRP, SUPERPAVE mixture design, SMA, 
polymer modified bitumen and so on. Although these measures do some good effect on the pavement, the premature 
failures still existed seriously.  
On the other hand, the traffic volume and axle load became much heavier in recent years, which made the shape of tires’ 
footprint and the pressure distribution were different from before, the response stresses in the pavement also changed 
much thereby. It made the road risk much more failure possibilities.  
In this paper, field investigation, data collection and analysis conducted continuously in the last few years were 
introduced. The main types of distress on Chinese highways were addressed herein; especially the rutting and top-down 
cracks were focused on because of its special mechanism. Further research on the damage reasons was done through 
field and laboratory tests and FEM (Finite Element Method) computations.  
 
2. FIELD INVESTIGATION 
 
Premature failures are very common on Chinese asphalt pavements, especially on the heavy duty highways. In recent 
years, the failures occurred much earlier and seriously than before. To find the failures reason, field investigations on a 
number of pavements have been conducted during the last a few years.  
15 highways (2480km totally) have been investigated for 5 years by now. These highways have been in service for 1~5 
years. Their typical structure is 15~18cm asphalt layer over 30~45cm bound base. The traffic volume is average 5000 



trucks per day, and average 60% trucks overloaded. The distress type, location and the pavement condition were 
recorded while investigating, and the cores were drilled for laboratory test. Through the investigations, the main types 
of damages occurred on Chinese asphalt pavements are summarized in Tab.1. 
 

Tab 1: Distress on Chinese Asphalt Pavements 

Distress Units 

A Cracking  
1. Longitudinal Cracking m 
2. Transverse Cracking number m 
3. Reflecting Cracking  

Transverse Reflecting Cracking number m 
Longitudinal Reflecting Cracking m 

4. Alligator Cracking m2 

5. top-down Cracking m 
B. Deformation  

1. Settlement m2 
2. Rutting mm 
3. Shoving number m2 

C. Surface Defect  
1. Bleeding m2 
2. Polished Aggregate m2 

D. Moisture Damage  
1. Raveling m2 
2. Potholes number m2 

3. Water Bleeding & Pumping number m2 

 
All of the distress listed in Tab.1 can be found on Chinese highways. The reason of longitudinal and alligator cracking is 
not fatigue. For premature failures, it is the deformation of the unstable subgrad leads to the cracks. Most of transverse 
cracks are reflecting cracking because of the shrink cracks in the bound base finally be reflected upward to the surface. 
As the bound base is widely used around the country, and the modulus of it usually cannot be controlled well to get the 
proper flexibility, the shrink cracks on the base and the reflecting transverse cracks are very common on the road. The 
settlement often occurred on the lower grade roads because of the structure is not strong enough. The reason of shoving 
is the improper asphalt mixture design. Especially in the cold area, north China, the bitumen with the penetration of 
90~100 is often used to prevent the temperature cracking. But in summer, the temperature often reached 30  or above, 
which lead to the instability of asphalt under high temperature, shoving, rutting and bleeding cannot be evitable. 
Polished aggregate occurred somewhere occasionally, but it is not serious because of a much more strict specifications 
on aggregate is carrying out. Raveling and potholes is considerable serious on Chinese highways, especially in rainy 
south China and some specially pavements such as decks in tunnel. The rutting is another very serious problem in China. 
It can be seen everywhere on different kind of roads. Through the investigation, top-down cracking also be found 
widely. The paper will focus on the rutting and top-down cracking to analyze the mechanisms of the failures. 
 
2.1 Top-down cracking 
 
Different from the reflecting cracking (Fig.1), the top-down cracking is usually a longitudinal crack on the wheel tracks, 
Fig.2. The width of cracks is from 1mm to more than 5mm. The pavement surface cracks but the bottom of the asphalt 
layer still together, so that it is difficult to distinguish top-down cracking by eye. The cores drilled on the cracks provide 



some valuable information of the top-down cracks, Fig.3. 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 1: Reflecting cracking        Photo 2: Top-down cracking 

 
There is about 40% of the cores drilled on the cracks is top-down cracks. The cores indicate that the depth of top-down 
cracks is 2~14cm. The cracks must begin near the surface and developed downwards. There is no cracks on the base can 
match the position where the top-down cracks location, which represent that the top-down cracking has no relation with 
the reflecting cracks.  
The top-down cracking is different from the others; there must be a different mechanism of it. In this paper, the authors 
use the FEM to compute the shear stress in the asphalt layer. The results indicate that the maximum shear stress located 
2~5cm blow the surface where may crack at first, and developed upwards and downwards together, and reach the 
surface earlier than the bottom.  
 
 
 

 
 
 
 
 
 
 
 
 
 

Photo 3: Cores drilled on the top-down cracks 
 
2.2 Rutting  
 
Rutting is still the main distress on the pavement according to the investigation, Photo.4. There are rutting on all of the 



highways investigated. To research into its mechanism, the cross-sections of the asphalt layer were cut from the 
pavement, Photo.5. 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 4: Rutting         Photo 5: Cross-sections of the asphalt layer 
 
All of the rutting deformation comes from the asphalt layer, because there is no deformation in bound base. And the 
almost all the deformation comes from the asphalt bearing course, not the wearing course, Photo.6. 
 
 
 
 
 
 
 
 
 
 

Photo 6: Deformation in asphalt layer 
 

The reason why the wearing course has no deformation is the usage of modified bitumen. The SBS, EVA and PE are the 
popular modifier. The high temperature stability of the asphalt was improved very much by the modified bitumen. But 
the asphalt bearing course, which is under the wearing course, often use the normal bitumen with penetration 60~70. Its 
high temperature stability is not as good as the wearing course, so that the bearing course deformed much under the load 
and high temperature, while the wearing course has no appearance deformation. The lateral direction of the deformation 
in bearing course indicates that the shear stress here contributes the deformation very much. 
 
2.3 Raveling and potholes  
 
Water would easily penetrate the surface and accumulate inside the asphalt layer if there were considerable enough air 
voids. Under the repeated vehicle loads, the water inside the layer scours the bitumen to strip. The stripped bitumen 
immigrated upward by the water and gathered into bitumen spots on the surface of the roads, Photo.7.  
Raveling occurs at the same time. The bitumen stripped from the aggregates and immigrated upward, aggregates at the 
bottom of the layer disintegrating because of losing adhesion to each other subsequently, Photo.8. If the raveling 
reached the road surface, the pothole would form here. 
 



 
 
 
 
 
 
 
 
 
 
 
Photo 7: Bitumen spots            Photo 8: Raveling  
 
3. STRESS COMPUTATION IN ASPHALT LAYER 
 
In china, the current pavement design method only emphasizes the integrated strength of pavement structure, especially 
the strength of base, while the shear stress in the asphalt layer is not taken into account. Pavement structure designed 
with the current method would have good strength, but poor performance of the asphalt layer, and could not fulfill the 
requirements of heavy traffic. 
In order to analyze the pavement stresses response to the heavy traffic load under actually distributed tire load, a 
non-linear finite element program NAAPS (Non-linear Analysis for Asphalt Pavement Structure) has been developed.  
In the Chinese pavement structure design method, the load is simplified into a circular footprint with 0.7MPa vertical 
pressure uniformly distributed on it. In fact, the footprint of the tires is not a circular, and the pressure distribution is not 
uniform either. Because the thickness of the asphalt layer is only 15~18cm, while the diameter of the load is usually 
more than 18cm. the distribution of the load should be taken into account. 
Once the FEM (Finite Element Method) is used to analyze pavement structure, the type/pavement interface is usually 
simplified into rectangle, the same simplification is used in the paper, i.e. shape of the interface is simplified as square 
(18.9cm 18.9cm), and thus contact area is 357.21 cm2. Based on many field measurements of actual tire/pavement 
pressure[8], the authors assume four typical patterns of non-uniformly Fig.1. The shapes of the interface are fixed, 
18.9cm 18.9cm.The axle loads acting on each tire are same 25KN. Only vertical contact pressure is considered in this 
paper. 
 
 
 
 
 

Figure 1: Load Assumption 
 
Conventional multi-layer elastic theory will be very difficult in analyzing stresses response under the load assumed in 
the paper, whereas FEM can solve this kind of problem. The three-dimensional finite element program NAAPS is 
developed specially for analyzing the mechanistic responses in bitumen pavement structure under complex load, the 
constitutional properties of linear elasticity, non-linear elasticity, viscosity, visco-elasticity and visco-plasticity of 
different pavement materials can also be considered. To simplify the problems mentioned above, only linear elasticity of 
pavement material is considered in the paper. 
The results indicate that load distribution has significantly effect on the stress response in the asphalt layer [9]. 
Especially the shear stress is very sensitive to the load distribution. Under the saddle distribution load, the maximum  
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is 24% higher than that under the rectangle distribution load. It means that the asphalt layer risk high shear failure 
possibilities because of the improper load assumption in current design method.  
Fig.2 is the maximum stress distribution on depth. It indicates that the 2~10cm beneath the pavement surface is the high 
stress zoon. It includes the wearing course bottom and the whole asphalt bearing course. In this zoon, the maximum 
shear stress reaches its peak at the position of 2~4cm under the surface. It can be inferred that the top-down cracking 
began to crack at the wearing course bottom by the shear stress. Then it develops upward and downward, and reach the 
pavement surface at first because it is only 2~4cm distance, so that it looks like a top-down cracking. Fig.3 shows the 
tensile stress contour on the pavement surface. It shows the possibilities of the cracking direction. Top-down cracking is 
most probably a longitude direction along the pavement. It just matches the situations investigated. Rutting occurs in the 
asphalt bearing course (2~10cm high stress zoon) along the shear flow. The bearing course lateral deformation 
confirmed this conclusion. Although the wearing course temperature is higher than that of bearing course, the shear 
stress and the comparable lower stability made the rutting occurs in the bearing course at first. 
From the analysis above, it can be concluded that multi-layer elasticity theory is reliable for analyzing stresses/strains at 
the bottom of surface course or the top of subgrad. Under different load distributions, stresses response in the asphalt 
course are totally different. In fact, conventional uniform load distribution assumption has apparent shortcomings in 
describing stress responses in asphalt layer. With the computation of NAAPS, the shear stress is the reason lead to the 
top-down cracking and rutting on Chinese highways. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2: Stress along depth          Fig 3: Tensile Stress on Pavement surface 

 
4. REVIEW OF THE CURRENT DESIGN 
 
Marshall Test is still the formal design method in China for the asphalt mixture. But today’s traffic situation has 
changed much, especially on the traffic volume and axle load. Marshall Standards revised long time ago, such as 
stability and flow, cannot catch up with the increasing traffic, which leads to the improper mixture design and serious 
premature failures.  
Polymer modified bitumen has already widely used in China. But it is only used as the binder of wearing course to 
resist the rutting. In asphalt bearing course, normal bitumen and dense gradation were often used, which made its 
stability comparable lower. Although the modified bitumen improved the stability of wearing course very much, the 
rutting still occurred in asphalt bearing course. On one hand, the increased traffic and overload, which lead to the 
excessive shear stress in the asphalt bearing course, should responsible for the failures. On the other hand, the lower 
stability and shear strength of asphalt also contribute the failures. 
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Further more, asphalt mixture with large air voids such as OGFC often used in wearing course to get the good surface 
texture, which made it permeable. The water can penetrate into the asphalt much easier. The raveling and potholes are 
inevitable. 
For the structure design, the main problem is the base modulus and asphalt layer combination. Because of the bound 
base is easy to crack, the reflecting cracking, water bleeding and pumping are very common. Another negative effect is 
the shear stress in asphalt layer increases with the base modulus. Although bound base provide a good strength for the 
pavement, too stiff base made the asphalt layer easy to top-down cracking and rutting. According to the FEM 
computation, 2~10cm beneath the surface is high stress zoon; a high strength asphalt layer should be set here to prevent 
failures. 
 
5. CONCLUSIONS 
 
Serious damages occurred on the Chinese heavy duty asphalt pavements with the increasing traffic. Although many 
methods such as modified bitumen, SMA, perpetual pavement and so on, were used to prevent the premature failures, 
the satisfied results did not be reached. It is very necessary to make an investigation on the failures.  
In the paper, field investigation summarizes the premature failures into 4 types, namely, cracking, deformation, surface 
defect and moisture damage. All the failures can be found on Chinese highways. Top-down cracking was newly found 
in China. It occurs longitudinal on the wheel tracks. The FEM computation and laboratory tests indicate that the 
excessive shear stress and low strength of the asphalt made the asphalt cracks at 2~4cm beneath the surface at first. The 
crack developed upward and downward at the same time, and reaches the surface much earlier than to the bottom of the 
asphalt layer. Too stiff bound base, heavy traffic load and asphalt lack of shear resistance are the main reasons lead to 
top-down cracking. 
The cross-section cut from the pavement indicate that the wearing course seldom deform because of the usage of 
polymer modified bitumen. Most of rutting deformation comes from the asphalt bearing course which located in the 
high stress zoon 2~10cm beneath the pavement surface. The asphalt deforms lateral along the shear stress flow is the 
deformation direction. To prevent the road from rutting, the asphalt design standard, high temperature stability, and 
shear strength should be improved. 
Review the current design, there are many problems on the relationship between Marshall standards with traffic, the 
base stiffness with the shear stress in asphalt layer, the asphalt layer combinations, the usage of modified bitumen and 
so on. It is much useful to improve the asphalt stability and strength to prevent premature failures. 
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ABSTRACT 
 
Asphalt mixture’s volume parameters are the exterior expressive form of asphalt mixture’s space structure. Based on 
AC-16 asphalt mixture, in this article, the influence of the change of mineral gradation on asphalt mixture’s volume 

parameters is studied on. Research showed that f , ,,, VFAVMAVV gbe VV , are sensitive to the change of gradation, 

and any two of them shows linear relationship; when the change degree of gradation is in the same level, the change 

extent of VV  is the most obvious. Based on the above research, VV is selected to be the research object, and the 
change rate of VV  is used to express the change degree of gradation. 
 
Keywords: asphalt mixture; the change of gradation; volume parameter; relationship 
 
1. INTRODUCTION 
 
Look back asphalt mixture design methods used in the past century:  From 1950’s Marshall design method which is 
based on asphalt mixture’s volume parameters to 1990’s SUPERPAVE asphalt mixture’s design method which considers 
the design of volume parameters is the most important part in asphalt mixture pavement performance design, the 
common character of them is that the principle of selecting gradation is whether asphalt mixture’s volume parameters 
are reasonable. It is indicated that asphalt mixture’s volume parameters are the exterior expressive form of asphalt 
mixture’s space structure. There is closely relationship among them. 
However, with the development of theory, more and more volume parameters which are used to express asphalt 
mixture’s characteristic are appeared. So many asphalt mixture’s volume parameters make people understanding them 
more and more deeply. But at the same time, there are some questions, such as: Whether volume parameters can reflect 
the change of gradation sensitively? Whether there is relationship among them? Which parameters can be used 
availably to control quality in field? This article is studied on them. 
 
2. ASPHALT MIXTURE’S VOLUME PARAMETERS INTRODUCTION 
 

Now f , ,,, VFAVMAVV gbe VV ,  are the most common used asphalt mixture’s volume parameters. Physical 

conceptions of these parameters are shown as figure 1: 
 



 
Figure 1: The volume composing of asphalt mixture 
 
3. INTRODUCTION OF VARIANCE ANALYSIS 
 
Variance analysis is a method that verifies whether the average of each group whose variance are the same obeys the 
same distribution, and estimate the influence of each factor on the test result , through analysising test data. Based on 
the number of factors which influence the test result, analysis methods are divided into one-side variance analysis, 
two-sides variance analysis and multi-sides variance analysis. 
 
3.1 One-side variance analysis statistical theory 
 
One-side variance analysis is an analytical method that only consider the influence of one factor on test result. 
Kruskal-Wallis test is a common used method.  
Kruskal-Wallis test supposes each observation is independent, and do not obey special distribution. Suppose that there 
are I test levels, and each level has J samples. Name Yij as the observation of the Jth sample in Ith level. Gather all 

observations, and order them in uplifted. Name ijR  as the order in all sample, namely the rank of ijR . 

Name iR  as the mean rank of observations under Ith level: 
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3.2 Two-sides variance analysis 
 
Two-sides variance analysis is a method that verifies two factors: the influence of A and B on test result. Friedman test 
is a common used method. 
Friedman test is also based on rank, and thinks each observation do not obey special distribution. Suppose that factor A 
has I levels, and factor B has J levels. 
Order the observations in uplifted in each level of factor B, and rank them. Follow formula (3) to calculate variance, and 
verifies whether factor A is the main factor to influence test result.  
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2

1
)(

)1(
12 I

i
i RR

II
JQ  approximatively obeys 2 ( I-1) 

distribution. 
 
4. ANALYSIS ON THE FACTORS TO THE CHANGE OF ASPHALT MIXTURE’S VOLUME PARAMETERS 
 
The factors which influence the change of asphalt mixture’s volume parameters are divided into two kinds: gradation 
factor; non-gradation factor. In this part, two-sides variance analysis is used to study the influence of the two factors on 
the change asphalt mixture’s volume parameters. 
Based on AC-16 asphalt mixture, applying three different trend gradations , measure their volume parameters under 
three different test conditions. Gradation curves are shown in table 1 and figure 2. 
 

bP Gradation 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

5.0 1 100 95.1 82.7 64.1 44.2 31.4 23.5 16.1 10.9 8.6 6.6 
5.0 2 100 95.7 84.8 68.4 43.6 29.9 22.2 15.4 10.5 8.3 6.6 
5.0 3 100 96.4 87.4 73.5 43.4 28.3 20.6 14.5 10.1 8.2 6.6 
Table 1: Three different trend gradations of AC-16 asphalt mixture 
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Figure 2: Three different trend gradation curves of AC-16 asphalt mixture 
 
The test data of three different gradation under three different test conditions (different apparatus, different 
experimentalists) are shown in table2~table 4: 



 
 

f (%)VV (%)VMA (%)VFA (%)beV (%)gV

Non-gradation factor 1 2.442 4.047 15.980 74.714 11.792 84.161 

Non-gradation factor 2 2.433 4.468 15.753 71.141 11.749 83.783 
Non-gradation factor 3 2.439 4.203 16.140 73.959 11.778 84.019 
Table 2: Asphalt mixture’s volume parameters of gradation 1 
 

 
f (%)VV (%)VMA (%)VFA (%)beV (%)gV

Non-gradation factor 1 2.461 3.361 15.374 78.153 11.884 84.755 
Non-gradation factor 2 2.455 3.366 15.236 77.912 11.855 84.779 
Non-gradation factor 3 2.460 3.529 15.479 77.202 11.879 84.592 

Table 3: Asphalt mixture’s volume parameters of gradation 2 
 

 
f (%)VV (%)VMA (%)VFA (%)beV (%)gV

Non-gradation factor 1 2.442 4.157 16.066 74.319 11.792 84.051 
Non-gradation factor 2 2.451 4.126 15.465 73.314 11.836 84.038 
Non-gradation factor 3 2.447 4.152 15.895 73.879 11.817 84.031 

Table 4:  Asphalt mixture’s volume parameters of gradation 3 
 
Suppose non-gradation factor as I and gradation factor as J. Analyses test data above using two-sides variance analysis: 
 

f (%)VV (%)VMA (%)VFA (%)beV (%)gV

iR 2 2 2 2 2 2 

R 0.667 0.667 4.667 4.667 0.667 2.667 

95%reliability critical point 5.991 
Whether non-gradation factor 
influences the change of volume 
parameters obviously? 

No No No No No No 

Table 5: Two-sides variance analysis of AC-16 asphalt mixture’s volume parameters 
 
It is shown that in table 5 : at 95% reliability, original hypothesis “non-gradation factor does not influence the change of 
volume parameters obviously , the change of volume parameters is caused by gradation factor” is found . It is said that 
the change of gradation is the main factor causing the change of asphalt mixture’s volume parameters. 
 
5. STUDY ON THE INFLUENCE OF THE CHANGE OF GRADATION ON THE CHANGE OF ASPHALT 
MIXTURE’S VOLUME PARAMETERS 
 
5.1 Gradation introduction 
 
The change of asphalt mixture’s volume parameters is mainly caused by the change of gradation. Based on this, study 



on the influence of the change of gradation on the change of asphalt mixture’s volume parameters, through changing the 
trend of gradation.  
Based on the AC-16 asphalt mixture, apply four different trend gradations. Gradation curves are shown in table 6 and 
figure 3. 
 

bP Gradation 19 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

5.0 1 100 95.1 82.7 64.1 44.2 31.4 23.5 16.1 10.9 8.6 6.6 
5.0 2 100 95.7 84.8 68.4 43.6 29.9 22.2 15.4 10.5 8.3 6.6 
5.0 3 100 96.2 86.7 74.8 44.7 28.9 22.7 16.3 10.6 8.4 5.8 
5.0 4 100 95.2 83.2 68.7 42.3 28.0 22.4 16.2 10.5 8.3 5.8 

Table 6: Test gradations of AC-16 asphalt mixture 
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Figure 3: Four different gradation curves of AC-16 asphalt mixture 
Asphalt mixture’s volume parameters of four gradations are shown in table 7: 
 

Gradation 
name f (%)VV (%)VMA (%)VFA (%)beV (%)gV

2.453 4.090 15.435 73.499 11.615 84.294 
2.445 4.413 15.719 71.928 11.576 84.011 
2.421 5.335 16.533 67.728 11.465 83.200 

Gradation 1 

2.405 5.965 17.087 65.094 11.389 82.647 
2.469 3.417 14.868 77.015 11.723 84.860 
2.454 3.997 15.379 74.010 11.653 84.350 
2.462 3.697 15.115 75.538 11.689 84.614 

Gradation 2

2.458 3.846 15.245 74.775 11.671 84.483 
2.443 4.400 16.089 72.649 11.543 84.057 
2.444 4.354 16.048 72.870 11.548 84.098 
2.431 4.899 16.526 70.357 11.482 83.619 

Gradation 3

2.415 5.490 17.045 67.791 11.411 83.099 
2.458 4.207 15.573 72.986 11.637 84.156 
2.447 4.655 15.968 70.846 11.583 83.762 
2.464 3.994 15.385 74.040 11.663 84.343 

Gradation 4

2.450 4.517 15.846 71.495 11.600 83.883 
Table 7: Asphalt mixture’s volume parameters of four gradations 



 
5.2 Analysis on the sensitivity of asphalt mixture’s volume parameters to the change of gradation 
 
Analyze volume parameters using one-side variance analysis. The results are shown in table 8: 
 

f (%)VV (%)VMA (%)VFA (%)beV (%)gV

SSB 237.1 198.5 243.5 199.5 259.0 210.5 
K 10.461 8.757 10.743 8.801 11.426 9.200 

95%reliability critical point 7.815 
Change obviously, yes or 

not? 
Yes Yes Yes Yes Yes Yes 

Table 8: One-side variance analysis of AC-16 asphalt mixture’s volume parameters 
 
In table 8, it is shown that at 95% reliability, each of the asphalt mixture’s volume parameters changes obviously with 
the change of gradation. It is to say that each of the asphalt mixture’s volume parameters is sensitive to the change of 
gradation. So it is possible that using volume parameters reflects the change of gradation. 
 
5.3 Research on the relativity among volume parameters 
 
5.3.1Theory analysis 
 
Each volume parameter has its own physical meaning, and its formula is the mathematic express of physical meaning. 
At first, study on the relativity among volume parameters from the angle of theory. 
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From formula (4) to formula (9), suppose f  as independent variable, volume parameter such as: VV VMA VFA, is 



simple function to f . At the same time, suppose any variance as independent variable, and other volume parameters 

are approximate simple function to it. But the relation between any two of them is not absolute linear equation, and this 

relation is influenced by other factors, such as: t , sb , beP . How deeply these factors can affect the linear relation 

between any two of volume parameters? Only analyzing in theory can not know this. 
 
5.3.2 Test analysis 
 
The relationship between any two volume parameters can not be known only analyzing from theory analysis.So in this 
part test analysis is used. Based on AC-16 asphalt mixture, suppose VV as independent variable. Plot the relation 
between VV and other volume parameters: 
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Figure 4: VV-other volume parameters relationship 
 
It is shown in figure 4, any two volume parameters approximate is linear relation ( 950.0r ). 
Analyzing in theory, if other volume parameter, such as: VMA,VFA, is simple function to VV, the R is 1.But in figure 4, 

the R is less than 1. This phenomenon is caused by the change of other variances, such as: t , beP ,except VV. But 

according to the analysis above, the R is close to 1.So it can be thought that the effect of other variances is very little, 



and it is approximate linear relation between any two volume parameters. 
Based on the research above, each asphalt mixture’s volume parameter has its own physical meaning, but they are not 
independent. The change laws of them are the same. 
 
5.4 Analysis on the sensitivity degree of asphalt mixture’s volume parameters to the change of gradation 
 
Every volume parameter is sensitive to the change of gradation, and any two of them is linear relation. So it is possible 
to choose a volume parameter from many parameters which are sensitive to the change of gradation as the parameter to 
evaluate the change of gradation. Based on the test data in table 7, choose gradation 4 as the standard gradation, and 
choose the change rate relative to the standard gradation’s as evaluate parameter. Study on the change degree of volume 
parameter when gradation is changed. 
The averages of each volume parameter in table 7 are shown in table 9: 
 

 f (%)VV (%)VMA (%)VFA (%)beV (%)gV

Standard gradation 2.455 4.343 15.693 72.342 11.621 84.036 
Gradation 1 2.431 4.951 16.194 69.562 11.511 83.538 
Gradation 2 2.461 3.739 15.152 75.335 11.684 84.577 
Gradation 3 2.433 4.786 16.427 70.917 11.496 83.718 

Table 9: The average of each volume parameter 
 

 (%)f (%)VV (%)VMA (%)VFA (%)beV (%)gV

Gradation 1 -1.0 14.0 3.2 -3.8 -0.9 -0.6 
Gradation 2 0.2 -13.9 -3.4 4.1 0.5 0.6 
Gradation 3 -0.9 10.2 4.7 -2.0 -1.1 -0.4 

Average 0.7 12.7 3.8 3.3 0.8 0.5 
Table 10: The relative change rate of volume parameters 
 
It is shown in table 10: when gradation changes the same degree, there is obvious difference among the change rate of 
volume parameters. The change rate of VV is the most, the change rate ofVMA ,VFA  is less than VV’s, and the 

change rate of beV gV f are the least. 

This phenomenon indicates that the sensitive degree of asphalt mixture’s volume parameters to   the change of 

gradation is different. VV is the most sensitive to the change of gradation, and beV gV f are the least sensitive 

to the change of gradation. 
According to the above research, VV is selected to be the research object, and the change rate of VV  is used to 
express the change degree of gradation. 
 
6.CONCLUSIONS 
 
Asphalt mixture’s volume parameters are the exterior expressive form of asphalt mixture’s space structure. With the 
above research, we can conclude the results as follows: 
A  Using two-sides variance analysis, prove the change of gradation is the dominant factor causing the change of 

asphalt mixture’s volume parameters. 



B  Applying one-side variance analysis, analyze the sensitivity of asphalt mixture’s volume parameters to the change 

of gradation under different gradations. Results show that f , ,,, VFAVMAVV gbe VV , are sensitive to the change 

of gradation. 
C  Study on the relativity among volume parameters from theory and test data. Research shows that it is approximate 

linear relation between any two volume parameters. Volume parameters are not independent. The change laws of 
them are the same. 

D When gradation changes the same degree, the sensitive degree of asphalt mixture’s volume parameters to   the 
change of gradation is different. The change rate of VV is the most obvious. 
So VV is selected to be the research object, and the change rate of VV  is used to express the change degree of 
gradation. 
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ABSTRACT 
 
As a prologue to a larger research project to improve the durability of Hot-Mix Asphalt (HMA), the performance of five 
HMA wearing courses situated in South Africa's Gauteng Province was assessed in detail. Four sections reported to be 
performing poorly and one good performing section were investigated. The investigation included a desktop study of 
as-built documents, traffic records and climate data, as well as non-destructive testing to asses the structural condition 
of the pavements and an array of laboratory tests performed on core samples taken from the sections.  
The findings of the forensic investigation underlined the high demands placed on binder stiffness by the local climate, 
with pavement temperatures rising to above 50ºC on more than 160 days per year. Several shortcomings in the 
rehabilitation design processes for the studied sections were identified. Typically, reliable prediction of future traffic 
was lacking, and the designs failed to address distress in the existing pavement layers. The investigation provided an 
indication of the potential value of grading analysis methods, such as the Bailey method, for the improvement of HMA 
design. Analysis of the binder recovered from field cores showed that premature binder ageing had occurred at three of 
the five sections. The premature ageing may be related to permeability of the HMA mixes. The core samples taken from 
intersections showed contamination due to fuel spillage, especially at intersections, resulting in softening of the binder 
and an increased risk for permanent deformation at these critical locations. The findings further suggest that Stress 
Absorbing Membrane Interlayers should be used with caution as they may trap water in the pavement structure. 
 
Keywords: forensic investigation, permanent deformation, fatigue cracking, ageing.  
 
1. INTRODUCTION 
 
The discussion in this paper is based on the outcome of a detailed forensic investigation on the performance of Hot-Mix 
Asphalt (HMA) on five road sections in the Gauteng province. The investigation forms part of a larger project to 
improve the rutting and fatigue behaviour of HMA wearing courses in South Africa. The findings of the forensic 
investigation were used, in conjunction with the outcomes of a state of the art survey, to define the scope of a multi-year 
HMA research programme currently in progress. Selection of the five sections was based on the results of a preliminary 
forensic investigation by Verhaeghe [1], for which the performance of a large number of HMA sections in the province 
was studied. The some of the main tentative conclusions of this preliminary investigation were: 
 
-  Often too little effort was invested in the design of appropriate mixes for the prevailing conditions at the sites 

where the mixes were to be applied. More rut-resistant mixes should be identified for demanding sites with 
slow moving vehicles and significant turning action such as intersections. The selection of an optimum grading 
curve without sudden discontinuities did not appear to have received the necessary attention. 

- With respect to fine continuously graded mixes, mixes with low filler contents (i.e. less than 5.5 per cent) or 
high filler contents (i.e. more than 7 per cent) did not perform as well as those with filler contents of between 5 
and 7 per cent. 

- Continuously graded asphalt mixes with fines contents (passing 2.36 mm sieve) of approximately 50 per cent 
tended not to perform as well as those with lower fines contents. 

- It appeared there was a need to develop a design protocol specific for Stone Mastic Asphalt (SMA) mixes. In 
some cases design engineers seemed to have applied Indirect Tensile Strength (ITS) and Marshall Stability 
requirements intended for more conventional mix types, to select the optimum binder content for SMA mixes. 

- A need was identified to reassess the binder specifications to accommodate the particular conditions prevailing 
in Gauteng (i.e. dry winter conditions, hot summers and high ultra-violet radiation). 

-  Semi-gap graded mixes should be used with caution as they appear to be susceptible to fatigue cracking. It 
should be investigated why they appear to be susceptible to cracking and solutions need to be identified; 

- The use of different binder contents between, slow and fast lanes, and possibly even the use of different mix 
types, should be encouraged. 

 
The aim of the detailed forensic investigation was to expand on the findings of the preliminary investigation. The 
following two objectives were set for the detailed forensic investigation: 
 
(1)  Better understand those HMA characteristics that contribute to the performance of the HMA wearing courses 
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placed on the Gauteng provincial road network, and 

(2)  Identify those aspects of HMA mix design that require further study as input for a focused HMA investigation 
that would involve laboratory testing as well as APT-related testing with the objective of developing and/or 
refining the HMA mix design method so that practitioners would be able to use it with greater confidence to 
achieve the desired outcomes. 

 
The methodology used in the forensic investigation will be discussed first, followed by a description of the condition of 
the road sections and the observed distress. Section 4 presents the local climatic and traffic conditions. The design of the 
HMA mixes is discussed in Section 5, and Section 6 contains the outcome of the assessment of the pavement structures. 
The results of laboratory testing and likely causes of distress are discussed in Section 7, followed by a reflection on the 
design process and conclusions.  
 
2. METHODOLOGY 
 
The first task in the forensic investigation was to study the data available for a range of HMA sections identified during 
the preliminary investigation. From this data, four sections classified as poor performing and one section classified as 
good performing were selected for a detailed assessment. The selection was mainly based on the availability and quality 
of as-built data, material reports, performance data, climate data and traffic data, as well as the results of additional 
visual assessments performed during site visits.  
The structural condition of the five selected pavements was assessed by means of Falling Weight Deflectometer (FWD) 
and Dynamic Cone Penetrometer (DCP) tests. The primary objective of the non-destructive testing was to establish 
whether the behaviour of the poor performing sections was indeed related to HMA mix specific properties and not to 
the condition of the substrata. 
After completion of the non-destructive testing, cored samples of the asphalt surfacing were taken from the selected 
sections. Engineering properties were determined for the cored HMA samples, including density, stiffness, tensile 
strength, resistance against permanent deformation, grading and water permeability. The condition of the binder 
recovered from the cored samples was assessed by means of various physio-chemical tests. The paper is based on the 
results of the study as reported by Denneman and Van Assen [2]. 
 
3. CONDITION OF HMA SURFACING AT SELECTED SECTIONS 
 
The HMA overlays on the poor performing sections formed part of rehabilitation projects conducted in 1999. The 
construction of the good performing section, which is the only newly constructed road section included in this study, 
also took place in 1999. Figure 1 shows the Visual Condition Index (VCI) of the road sections over time. The VCI 
parameter used by the Gauteng Department of Public Transport Roads and Works (GDPTRW) is calculated by 
assigning weight factors to the different distress types. In this weighted score system, the occurrence of rutting and 
cracking are assigned relatively high weights compared to other forms of distress. For the forensic study, it was 
assumed that when the VCI for a road section drops to below 70, the road has reached the end of its optimal pavement 
functionality and may be due for rehabilitation. As can be seen from Figure 1, the VCI for sections P1 to P4 was 
restored to almost a perfect score of 100 directly after rehabilitation in 1999. From this level, the VCI of the sections 
decreased with time. The condition of section P2 became worse than its pre-rehabilitation condition within four years. 
The condition of section P4 broke through the 70 level after five years. Both section P2 and P4 continued to deteriorate 
rapidly. The VCI scores of sections P1 and P3 reached 70 in 2005, after six years of service. For the good performing 
section G1, only three years of VCI data are available as the visual inspections were started three years after 
construction. The visual condition of the good performing section stands at 95 after six years of service. 
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Visual condition index for selected HMA sections over time
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Figure 1: Visual condition of selected sections over time 
The HMA at the selected sections exhibited different types of distress. The 30 mm SMA overlay on section P1 showed 
signs of permanent deformation and light cracking. Some surface failure, edge breaking and dryness of the binder were 
also observed. Due to the high weight given to rutting and cracking in the VCI calculation, these distress types are 
primarily responsible for the decline in VCI.  
The primary problem with the 25 mm continuously graded medium asphalt (ACM) overlay placed at the intersections 
of section P2 is extreme permanent deformation (see Figure 2).  
Sections P3 and P4 are situated on the opposite directions of a dual carriageway. The overlay placed on section P3 
consists of a 4 mm Stress Absorbing Membrane Interlayer (SAMI), a 30 mm ACM middle layer and a 30 mm Bitumen 
Rubber Continuously-graded Asphalt (BRCA) top layer. The structure of the section P4 overlay is similar to that of P3, 
except that the top layer consists of an SMA instead of the BRCA layer. The primary form of distress found at both 
sections is cracking of the surfacing. Figure 3 shows an example of the cracking observed in the BRCA of section P3. 
The distress in the SMA of section P4 is of a similar nature. At the good performing section G1, no distress was 
reported, apart from a slight degree of binder dryness of the binder. 
 

 
Figure 2: Permanent deformation at intersection road P2  Figure 3: Cracked BRCA surfacing section P3 
 
4. LOCAL CLIMATE AND TRAFFIC CONDITIONS 
 
Sections P1 and G1 are located north of Pretoria. Sections P2, P3 and P4 are located between Pretoria and 
Johannesburg. Data from weather stations close to the investigated sections were used to calculate the temperature 
regime to which the HMA wearing courses were subjected. The diurnal temperature distribution in HMA layers can be 
calculated using a model developed for South African conditions by Viljoen [3] which was further validated and 
published by Denneman [4]. Figure 4 shows the temperatures at different depths for the hottest recorded day since 1999 
at the sections south of Pretoria. The extremes of the calculated temperature conditions at the sections since 
rehabilitation in 1999 are shown in Table 1. According to the local HMA design guideline by Taute et al [5] the shear 
resistance of HMA wearing courses decreases dramatically due to softening of the binder at pavement temperatures 
above 45ºC. Shell [6] has shown that the stiffness of an open graded asphalt mix with a 50 pen grade bitumen falls to 
only 100 MPa at 50ºC, a dense graded mix reaches this stiffness at 58ºC. Table 1 indicates that the surface temperature 
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reaches 50ºC for more than 160 days each year and in excess of 60ºC on 24 days per year for the northern sections.  
 
The implementation of a Performance Grading (PG) system for bituminous binders, similar to the system included in 
the American SUPERPAVE method, is currently being debated in South Africa. The SUPERPAVE mix design 
methodology uses the average seven-day maximum pavement temperature at a depth of 20 mm and the average 
minimum surface temperature, for the selection of Performance Grade (PG) binders. The 98th percentile values for the 
seven-day average maximum temperatures for the roads south of Pretoria were calculated to be 56.9ºC, and 59.1ºC for 
the roads north of Pretoria. A suitable binder grade for the roads south of Pretoria would be a PG58-X, while for the 
sections north of Pretoria a PG64-X would be more suitable. Under conditions of slow moving traffic, such as 
intersections, a higher grade should be selected. Selecting a higher grade should also be considered when the design 
traffic load exceeds 10 million standard axles. According to a recent performance grading comparison of South African 
bitumen by Sabita [7] only one bitumen was found to be of the quality required (PG70-22) for application in situations 
with slow moving or heavy traffic at road sections north of Pretoria. In cases where high PG grades are required the use 
of modified binders should be considered. 
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Figure 4: Prediction of diurnal temperature profile for hottest day at sections P2,P3 and P4 
 
Road section  P1 & G1 P2,P3,P4
Maximum surface temperature 68.4º C 63.7º C 
Seven day average maximum temperature (20 mm depth) 59.1º C 56.9º C 
Days per year with maximum surface temperature > 50º C 162 107 
Days per year with maximum surface temperature > 60º C 24 2 
Minimum surface temperature 2.4 º C -1.4 º C 

Table 1: Summary of pavement temperature regime at selected sections 
 
An estimate of the traffic loading carried by the sections since rehabilitation for sections P1 to P4, or in the case of 
section G1 since construction, was made based on traffic count data recorded in the provincial pavement management 
system. Based on the most recent published figures on traffic loading in South Africa by De Bruin and Jordaan [8], and 
Slavik and Bosman [9], a factor of 2.5 standard axles (E80s) per heavy vehicle was assumed. This factor is significantly 
higher than the typical values suggested in the local guideline document TRH 16: (1991) Traffic loading for pavement 
and rehabilitation design. The use of a higher factor is sensible as the loading per heavy vehicle had increased 
significantly, since the publication of the guideline. This is partly due to an increase in permissible axle loading and 
partly due to an increase in the average number of axles per heavy vehicle. Figure 5 shows the estimated accumulative 
traffic carried by the sections after rehabilitation or construction. The poor performing sections carried similar amounts 
of traffic at the time the VCI index fell to 70. Sections P1 and P3 carried 10 million E80s, sections P2 and P4, 8 million. 
The good performing section still had a VCI of 95 after carrying over 14 million E80s.  
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Figure 5: Estimated cumulative traffic after construction 
 
5. HMA MIX DESIGNS 
 
The aggregate gradings of the studied mixes as well as other engineering properties found in the design documents are 
shown in Table 2. No design information was available for the ACM mix used as the bottom layer on sections P3 and 
P4. The grading of the ACM mix shown was obtained from the as-built documents. The grading curves for the mixes 
are shown in Figure 6. The Bailey method control sieves, as defined by Vavrik et al [10], are also shown in the figure. 
The maximum density line in the figure is shown for a 9.5 mm Nominal Maximum Particle Size (NMPS) mix, and is 
therefore not valid for the 13.2 mm NMPS BRCA mix. It needs to be noted here that the grading of the so-called SMA 
used at section P4 does not comply with the grading requirements of an SMA, and therefore cannot be considered a 
functional SMA. 
 

Section  P1 P2 P3 P4 P3 & P4 G1 
Mix type SMA ACM BRCA SMA ACM ACM
Sieve Size:       
19 100 100 100 100 100 100 
13.2 100 100 98 100 100 100 
9.5 95 96 78 92 93 99 
6.7 38.5  59 29 76 79 
4.75 27.7 66 48 20 63 64 
2.36 21.9 51 31 19 43 42 
1.18 17.8 38 21 19 32 29 
0.6 15.6 28 15 18 25 23 
0.3 13.3 20 11 18 17 19 
0.15 9.7 12 7 14 11 13 
0.075 6.7 8 5 8 7 5.8 
Engineering properties 
Binder type 60/70 60/70 Bit-Rub 40/50 60/70 60/70
Binder content 5.8 5.5 7 6.7 5 5 
Voids 6.5 3.8 4.5 6.3 N/A 4.6 
VMA 18 15.4 18.6 20.4 N/A 15.3 
VFB 64.2 75.2 76 69.0 N/A 70 
Film thickness 10.3 6.5 14.1 9.5 N/A 7.0 
Filler/Binder ratio 1.2 1.45 0.7 1.2 N/A 1.2 
Marshall stability 5.4 9.9 8.3 6.4 N/A 10.9 
Marshall flow 3.6 2.4 3.2 3.4 N/A 2.8 
Sability/flow ratio 1.5 4.2 2.6 1.9 N/A 3.9 
ITS N/A N/A 411 870 N/A 1086 
Static Creep N/A N/A N/A N/A N/A 284 
Dynamic Creep N/A N/A 17 N/A N/A 32 
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Table 2: Mix design information 
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Figure 6: Power 0.45 grading curve forensic mixes 
The grading of the aggregate, especially that of the coarser fractions, is a key factor determining the rutting and fatigue 
characteristics, as well as permeability, and workability of HMA. The gradings of the mixes were analysed using the 
Bailey method as described by Vavrik et al [10], a method studying the porosity of the aggregate skeleton introduced by 
Roque et al [11] and a guideline for rut resistant, durable mixes developed by Khosla and Sadasivam [12]. The results 
of the aggregate grading analyses with the above mentioned techniques provided some additional insights as to the 
possible reasons for the variability in field performance of the mixes.  
To further explore the potential benefits of these aggregate grading selection methods for use in South Africa, they were 
applied to a larger data set of ACM mixes for which the field performance was known. The full results of this effort 
were published elsewhere [13]. A significant difference between the good and poor performing mixes was found in the 
grading of the coarser aggregate (>2.36 mm). The good performing mixes had a significantly higher Bailey method 
Coarse Aggregate (CA) ratio and a less porous aggregate fraction in the size range from 1.18 mm to 6.7 mm.  
 
6. STRUCTURAL ANALYSIS 
 
The analysis of DCP and FWD data indicated an insufficient structural strength in the lower pavement layers of section 
P1. This may well have resulted in the permanent deformation recorded at the surface, implying that the observed 
distress is not due to the SMA overlay. Lack of support is unlikely to have played a mayor role in the performance of 
the other sections, as the non destructive testing data indicate sufficient structural strength for these pavements.  
 
7 TEST RESTULS AND DISCUSSION OF POSSIBLE CAUSES OF DISTRESS 
 
Core samples taken from the HMA surfacings were subjected to various strength, stiffness and permeability tests. The 
binder recovered from the cored samples was analysed using various physio-chemical tests. The test results as well as 
possible links to the observed distress are discussed per road section. A summary of the laboratory test results on which 
the discussion in the next paragraphs is based is shown in Table 7. 
 
Section P1 P2 P3 P4 G1 
Pen grade and mix type 60/70 SMA 60/70 ACM 80/100 BRCA 40/50 SMA 60/70 ACM 
Engineering properties  
ITS [kPa] 975 870 990 1000 1700 
ITT Emod [MPa] 1000-6000 2500-4000 3000 650-4000 1100-6000 
Dynamic creep modulus [MPa] 6 – 19 4.3 18 22-37 14 
Marvil permeability  impermeable impermeable impermeable permeable semi permeable
Constant head permeability [l/m2/h] 2 - 11 0.9  - 1.7 3 – 6 6 - 7 6 - 16 
Contamination - Area Counts 2 - 15 2.1 - 11.9 3 - 12 2.2 - 6.9 17 - 24 
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Binder content [mass %] 6 5.5 - 6.5 7 – 8 6 - 7 4.5 - 5.3  
Film thickness, [ m] 10 5 - 6 15 - 17 9 - 11 7 - 9  
Voids (%) 3.1 1.6 3 - 4.5 5 - 8 6 - 7 
Binder analysis 
Retained solvents 0.1 - 3,6 1.2 - 12 0.2 - 2.4 0 2 - 11 
Ash content, % 6 - 4 6 - 2 2 - 1 2 - 1 2 - 1 
Pen, 25 °C [ m] 31 - 113 33 - 65 21 - 60 4 - 9 14 - 18 
Ring & ball °C 62 - 46  60 - 50 72 - 54 100 - 87 78 - 72 
SR stiff 58 °C 16 - 1.5 10  - 3 49 - 5 6700 - 276 114 - 68 
Viscosity 25 °C, MPa 3.2  -  0.3 <3 6 - 0.1 11 - 9 12 - 6 
Durability index  3.2 - 3.7 3.7 - 5.4 1.8 - 2.6 1.7 - 2.1 1.9 - 2.2 
Durability overall high high variable low low 
Table 3: Summary of laboratory test results 
 
7.1 Section P1 
 
Density results for the SMA surfacing of road section P1 did not show significant differences between the cores taken in 
the wheel path and those taken outside the wheel path, indicating that the observed permanent deformation was not 
related to densification of the SMA after construction. The rutting is also not due to horizontal movement of the asphalt 
layer, because the tell tale humps of asphalt material are not visible on the road’s surface 
Gas chromatography area count results for the recovered binder showed high levels of contamination in the cores taken 
from within the wheel paths. As a result of the contamination, the penetration values and dynamic shear properties of 
the binder were low, indicating reduced resistance to permanent deformation of the binder. However, the level of binder 
softening is not considered to be critical for a stone skeleton mix like an SMA. High Performance Liquid 
Chromatography (HPLC) indicated normal aging characteristics similar to what can be expected for a 5 year old 60/70 
penetration grade binder. 
 
The cause of the permanent deformation must therefore be found in the underlying pavement layers. The severity of 
permanent deformation correlates well with the position of the weak spots in the pavement structure as indicated found 
by analysis of FWD data.  
 
7.2 Section P2 
 
Figures 5 and 6 show pictures of the cores taken from the severely deformed P2 section. The core shown in Figure 5 
was taken from the wheel path, where the HMA material is approximately 60 mm thick. The core in Figure 6 taken 
from the area between the wheel paths is approximately 100 mm thick, giving an indication of the extent by which 
migration of material has taken place. On both cores, the 25 mm new ACM overlay placed during the 1999 
rehabilitation can still be discerned. It seems that most of the displaced material is part of the underlying old ACM layer 
of unknown composition that deformed after it had been overlaid.  
 
The void content of the material taken from HMA overlay in the wheel track is 0.9 per cent on average. At void content 
of less than 2.0 per cent the aggregate may start floating in the binder when the binder expands at high temperatures. 
The lack of resistance against permanent deformation of the mix is also apparent from the low dynamic creep modulus 
obtained. The average dynamic creep modulus for the tested samples was 4.3 MPa, with results below 10 MPa 
considered to be indicative of limited resistance against permanent deformation.  
Analysis of the recovered binder indicates that at one of the intersections binder softening may have taken place due to 
contamination with oil products, which may have contributed to the low dynamic creep results. The ageing 
characteristics of the binder were found to be within acceptable limits.  
 
Despite the poor resistance to permanent deformation of the new mix, most of the permanent deformation seems to have 
taken place in the older asphalt layer that was not removed before the new overlay was placed.  
 



 8 

  

  
  
 
7.3 Section P3 
 
Figure 7 shows a typical core sample taken from road section P3. The top 30 mm consists of a BRCA layer. The ACM 
bottom overlay had in most cases completely disintegrated. Visual inspection of the cored samples revealed uncoated 
aggregate where the binder had stripped off. The 4 mm SAMI layer directly underneath the ACM layer was still intact. 
The SAMI formed the boundary between the old asphalt layer, which is also visible in the picture, and the 1999 overlay.  
Analysis of the recovered bitumen-rubber binder revealed a difference in the level of ageing of cores taken from 
relatively good performing areas compared to cores taken from poor performing areas. Penetration test on binder 
recovered from the good performing area yielded values around 60 while the penetration value for the binder recovered 
from the poor performing area were found to be about 21. The ductility test results and the dynamic shear properties of 
the recovered binder confirmed the difference in fatigue resistance between the good and poor performing areas. HPLC 
testing showed that the binder in the poor performing areas had aged prematurely, with an Asphaltenes fraction of over 
25 per cent. 
Stripping can have many causes. In this case a probable scenario is that the SAMI acted as an impermeable layer and 
water that entered the ACM layer through cracks in the surface got trapped between the BRCA layer and the SAMI. 
Pore pressure build-up under traffic loading in the ACM layer would have initiated or accelerated the stripping process. 
The cracks that allowed water to enter may have been caused by:  

- The use of a binder compromised by overheating, resulting in early fatigue cracking, 
- Reflective cracking it is possible that the SAMI was not successful in combating existing cracks reflecting to 

the surface, 
- Construction joints opening up. 

 
Figure 7: Typical 100mm diameter core from section P3 
 
7.4 Section P4 
 

Figure 6: Core taken from the 
wheel path of section P2  

Figure 5: Core from outside 
wheel path of section P2 
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Marvil permeability test results showed the SMA top overlay at section P4 to be highly permeable. The water dispersed 
rapidly in horizontal direction through the layer. From a visual inspection of the cored samples, it became clear that 
permeability of the SMA layer was due to a network of large interconnected voids. From the cores, it was also observed 
that the old existing asphalt material underneath the SAMI had stripped completely.  
The porous nature of the SMA may be linked to unusual shape of the grading curve. The complete lack of aggregate 
particles in the mid-size range seems to have resulted in the very fine particles moving to the bottom of the layer 
through the large voids, leaving a permeable top section. The porous nature of the SMA is likely to have contributed to 
the ageing of the binder. Penetration, softening point, ductility and dynamic shear tests all indicate that the binder had 
become so hard and brittle that it had little or no remaining resistance against fatigue cracking. The Asphaltenes fraction 
was approximately 30 per cent and the percentage of aromatics 20, which is an indication that the binder reached the 
end of its functional life.  
 
The following facts need to be considered when attempting to establish the main reason for failure of the overlays. 
- The SMA top overlay is highly permeable, 
- Construction joints have opened up along the entire section,  
- An unusually hard 40/50 pen grade binder was used in the SMA, 
- Some reflective cracking was observed, indicating that the SAMI was not completely successful in combating 

propagation of existing cracks, and 
- The old stripped and cracked asphalt layer was only partially milled off and the remaining material continued to 

strip after rehabilitation.  
 

With the available data it is not possible to determine the dominant factor in the poor performance of the section. 
However, the sequence of failure is likely to be the same for both the carriage ways (P3 & P4), as both the SMA and the 
BRCA surfacings exhibited similar distress types after having carried a similar amount of traffic. In both cases, the 
introduction of water into the pavement structure seemed to have lead to stripping of the weakest layer. In case of P3 
this was the new ACM layer, and in the case of section P4 it was the existing asphalt layer. Questions arise about the 
role of the SAMI in the mechanism that lead to stripping in the surfacing structure. A SAMI can be seen as a highly 
impermeable barrier in the pavement which may cause pore pressure build-up in the case of poor drainage or in the 
presence of more permeable HMA layers. 
7.5 Section G1 
 
Marvil permeability and constant head permeability test results show that the ACM on the good performing section G1 
has above average permeability. Analysis of the recovered binder revealed that the bitumen is considerably harder than 
what would be expected of a 6 year old 60/70 penetration grade. At the time of analysis, the condition of the binder 
indicated a potential for fatigue failure. It has been reported that since the completion of the investigation, the ACM 
layer has started to crack, be it at locations outside the specific section investigated in this study. 
 
8. DISCUSSION OF DESIGN PROCESS 
 
8.1 Traffic data gathering 
 
In order to asses whether the HMA sections underperformed, the traffic estimate used for the design needs to be known. 
It appears that for all investigated roads, gathering of traffic load was insufficient. The value of any civil engineering 
design is limited when one of the main boundary conditions, namely the design loading, is unknown. None of the 
design documents on the roads available for this research included traffic load survey information. The rehabilitation 
design for section P3 and P4 is the only document that included traffic count information. However, the visual traffic 
count used in the document is converted to traffic load by means of an unrealistically low factor of 1.0 standard axle 
(E80) per heavy vehicle. For section P1 a single one day traffic estimate was found in the correspondence, although it is 
not known whether this number was used in the actual design. 
As a result, sections P3 and P4 are the only sections for which a conclusion can be drawn on premature failure of the 
surfacing. The rehabilitation was designed to carry 9 million standard axles and last for 10 years. If a factor of one E80 
per heavy vehicle is applied, the BRCA surfacing in the southbound direction lasted for 4.2 million E80s (and 6 years) 
and the SMA overlay in the northbound direction lasted for 3.4 million E80s (and 5 years). Using the factor of a single 
E80 per heavy vehicle as a boundary condition, the conclusion must therefore be that the surfacing underperformed. If a 
higher load factor is used, such as the factor of 2.5 standard axles per heavy vehicle used in this investigation, the 
sections have reached their design load, however the HMA still failed prematurely, because it did not last for the 10 
year design life.  
 
On the other sections no such conclusions can be drawn, as neither the design traffic load, nor the assumptions of the 
predicted traffic loading are known. It is doubtful whether any such calculations were made for these sections. An 
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important note here is that the design of a new HMA surfacing should be based on two input variables; the first is the 
expected traffic load, and the second is the required service life. Assuming that none of the sections were designed to 
last for less than ten years, which would be a typical design period for an overlay, it is fair to say they all 
underperformed regardless of whether they carried the total design traffic or not. 
 
8.2 Rehabilitation design 
 
Apart from shortcomings in the investigation of traffic load for the rehabilitation design, several other comments on the 
rehabilitation design process can be made. All four rehabilitations studied in this forensic investigation included an 
overlay as the primary form of upgrading of the existing road. For three of the four rehabilitated road sections it was 
established that at least part of the observed problems were caused by existing pavement layers:  
- The permanent deformation at section P1 is taking place in one of the deeper layers of the pavement structure, 
- The permanent deformation at road section P2 is mainly due to the unstable old surfacing layer that was not 

removed during the rehabilitation, 
- The old asphalt layer under the new overlays of the Section P4 was stripping, and 
- Indications were found that at least some of the cracking observed on sections P3 and P4 is reflecting from deeper 

pavement layers. 
 
8.3 HMA mix design  
 
With respect to the design of the two SMA mixes included in this investigation, it was noted that the design sheets on 
neither of the mixes mention voids in coarse aggregate (VCA) established in the rodded unit weight test, or drain down 
test values, which are required parameters to be determined in SMA design. The failure to include the parameters on the 
design sheet may be due to inexperience with SMA design at the time.  
The selection of binder content for the SMA section P4 seems to be predominantly based on the minimum requirements 
for ITS, which is not relevant to SMA. The aggregate grading curve of that same mix placed at section P4, which does 
not satisfy the criteria for an SMA, is another indication that design experience was lacking. 
The preliminary forensic investigation by Verhaeghe [1] found that in some cases mix types were selected that were not 
the most suitable for the specific conditions at the site. Of the sections studied in this forensic investigation questions 
can be raised about the selection of a fine graded mix for section P2. A coarse graded mix, such as an SMA, might have 
been better equipped to resist the high stresses caused by the large percentage of slow moving truck traffic using the 
intersections on this road. 
The aggregate gradings of the mixes included in the forensic investigation were analysed using the Bailey method and 
related methods. The analysis indicated correlation between the the grading analysis and field performance. These 
findings were validated on a larger set of ACM mixes [13]. Aggregate grading analyses methods remain part of the 
multi-year HMA research project. 
 
8. CONCLUSIONS 
 
The results contained in this paper should to a large extend be viewed as five separate case studies. Care should be 
taken not to extent generalization of the results of individual road investigations beyond what is scientifically justifiable. 
The cases were by no means picked at random and can therefore not be expected to provide a typical view of the 
performance of HMA surfacing or the quality of mix design. The complex combination of factors influencing the 
performance of an HMA mix makes it a challenging task to identify the one dominant component that caused the 
surfacing to perform good or poorly a challenging task. Nonetheless, a number of trends have emerged from this 
investigation. These are summarized below. 
- HMA pavements in parts of South Africa are subjected to high temperatures over extended periods. To combat 

permanent deformation of HMA, the use of coarse graded mixes, and preferably mixes with a stone skeleton, that 
rely less on the binder for shear resistance should be encouraged, where necessary in combination with modified 
binders. Special attention should be given to cases with slow moving loads and increased risk of concentrated fuel 
spillage, such as intersections and inclines. Too often, “off the shelf” standard HMA mixes are used in high demand 
situations that call for individually designed solutions. 

- When designing coarser mixes, care should taken that this does not result in permeable mixes that are prone to 
premature binder ageing. 

- The results of this study suggest that Stress Absorbing Membrane Interlayers (SAMIs) may result in water getting 
trapped in the pavement structure, which can lead to pore pressure build-up and stripping. SAMIs should therefore 
be used with caution. 

- Based on the evidence available from this investigation, the general impression is that little effort has gone into 
providing an accurate prediction of traffic loading on the sections. The lack of accurate traffic load data is 
regrettable, as the costs of the prescribed seven day load survey is limited when compared to the overall costs of a 
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rehabilitation project. Also, the rehabilitation design process for the studied sections in all cases resulted in an 
overlay solution. This seems to not have adequately addressed problems with sources deeper in the pavement 
structure. It is proposed that overlay “blanket” solutions are being used too widely and without proper investigation 
of possibly more appropriate alternatives. The need for proper rehabilitation investigation, aimed at creating an 
holistic understanding of the condition of the pavement, and the need for design aimed at addressing the source of 
the distress, is evident from the results of the study. 
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ABSTRACT 
 
Thin surfacing systems have been gaining in popularity in the UK since the mid 1990s based on their deformation 
resistance, speed of laying, ride quality, and spray and noise reducing properties. They now cover about 25 % of the 
Scottish trunk road network. A study was undertaken to assess the performance of these surfacings and to identify the 
type and extent of any defects and their causes. A small inspection team was convened to assess 57 sites spread across 
the network. The sites visited were selected on the basis of 50 % good and 50 % bad, so the sample for the study was 
skewed in terms of the norm by design. Defects were divided into categories of fretting, fatting and workmanship. 
Fretting occurred as a result of material segregation, poor compaction, material selection and poor joints. Fatting 
occurred as a result of segregation or poor fibre distribution. Workmanship issues generally related to poor joints and 
material selection. The condition of poorly performing sites suggested that the two year surfacing warranty assessment 
process was not working in all cases. However, there were many success stories where thin surfacing systems had 
performed well after 10 years service and were likely to continue to provide further service. Following the site 
assessments, a series of industry workshops were held to review findings and canvass opinion on how improvements 
could be made. There was good agreement from the workshops and recommendations included: improving 
communications; better  material selection; reducing the initial texture requirement for thin surfacings; assessing 
quality  of suppliers; programming  works away from winter months; closer scrutiny of QA schemes; better 
supervision; and improved monitoring of surfacings, particularly at the end of the maintenance period. 
 
Keywords: SMA, durability, ravelling, surface texture 
 
1. INTRODUCTION 
 
European developments in asphalt technology in the 1990s brought about a change in the type of road surfacing used 
across the UK. The introduction of proprietary surfacing systems, known as thin surfacing, was driven by a range of 
factors, including the need for improved deformation resistance, speed of application, noise and spray reduction, and 
changes to traffic management practices.  
In general, the use of these new materials has been welcomed in Scotland by both the road industry and road users. 
However, there have been reported examples of new surfacings fretting and potholing after only short periods in 
service. Safety concerns have also been expressed regarding the presence of excess binder that could lead to a slippery 
surface.  
In response to the above, and in recognition of Scotland’s climate, remoteness and variable traffic levels, Transport 
Scotland commissioned a study to document the current performance of thin surfacings used on the Scottish trunk road 
network, and identify and quantify the extent of the defects and give recommendations on how improvements can be 
implemented. 
 
2. SURFACING SYSTEMS 
 
The first proprietary surfacing systems laid in Scotland were introduced from France and Germany, albeit adjusted to 
meet UK surface texture requirements. The main categories of thin surfacing systems used on the trunk road network 
are thin stone mastic asphalt (TSMA), thin asphaltic concrete (TAC) and paver-laid surface dressing (PLSD). Both 
TSMA and TAC have a thickness of 20 mm to 40 mm, although the latter is more commonly used in Scotland.  The 
materials are manufactured using conventional equipment. TSMA contains an additive in the form of cellulose fibres 
and TAC contains a polymer-modified bitumen. PLSD was originally developed in France as a process that would not 
have the drawbacks associated with surface dressing and it can be considered as a paver-laid hot mix surface dressing. 
 
2.1 Approval process 
 
The approval process for surfacing systems laid on the Scottish trunk road network has tended to require a more 
project-specific approach than that adopted in England. This approach is because many asphalt plants and quarries are 
required to supply the more remote and less developed parts of the country. The plants often produce small quantities of 
material and the low demand on production has, in some cases, resulted in suppliers not being able to justify the 
expense of the BBA-HAPAS approach [1]. The diversity in mineral geology in Scotland also means that the BBA 
approach would, in theory, have to be applied to a large number of plants, because the aggregate properties change 
significantly from one area to another. 
Currently Transport Scotland accepts BBA-HAPAS and approved systems via their own approval system. Suppliers 
providing the non-HAPAS systems are, however, requested to provide additional information and are given different 
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levels of approval depending on their performance on the network. Approval can be withdrawn at the discretion of 
Transport Scotland. Only proprietary systems are permitted for use on the trunk road network. This means that the 
material is manufactured and generally installed by the supplier. In some instances, the installation is carried out by an 
approved installer, but importantly the supplier remains the guarantor for a period of two years. 
 
3. SURFACING INSPECTIONS 
 
Information on existing surfacing schemes was collected from a range of sources including Transport Scotland’s 
pavement management system, the Performance Audit Group (PAG), Operating Companies (OCs) and asphalt 
suppliers. The information was used to short list a selection  of sites that were considered to represent examples of 
‘Good’ and ‘Bad’ surfacing found on the trunk road network.  Sites were also selected in an attempt to represent a range 
of surfaces in terms of climate, terrain, traffic and surfacing type. A total of 57 sites were selected. 
The sites inspected, including year laid and age at the time of inspection, are given in Table 1. 
 

Site No. Year laid Age (years) Site No. Year laid Age (years) 

TAC1  2004 2.0 TAC11 1999 7.3 
TAC2 2002 4.6 TAC12 1999 7.0 
TAC3 2002 4.6 TAC13 2000 6.0 
TAC4 2001 4.9 TAC14 1999 7.3 
TAC5 2003 3.0 TAC15 2001 5.0 
TAC6 2005 1.5 TAC16 2001 4.8 
TAC7 2005 1.5 TAC17 2004 2.5 
TAC8 2006 0.6 TAC18 2000 6.0 
TAC9 2005 1.0 TAC19 2005 1.5 
TAC10 2004 2.3 TAC20 2003 3.5 

TSMA1 2000 6.0 TSMA20 2005 1.8 
TSMA2 2001 5.0 TSMA21 2002 4.8 
TSMA3 2000 6.0 TSMA22 2002 4.8 
TSMA4 2001 5.0 TSMA23 2002 4.8 
TSMA5 2005 1.0 TSMA24 2002 4.8 
TSMA5a 2005 1.0 TSMA25 2006 0.8 
TSMA6 2005 1.3 TSMA26 2001 5.0 
TSMA7 2005 1.3 TSMA27 2004 2.5 
TSMA8 2006 0.5 TSMA28 2002 4.0 
TSMA9 2003 3.5 TSMA29 2001 5.0 

TSMA10 2001 5.0 TSMA30 2001 5.0 
TSMA11 2005 1.5 TSMA31 2005 1.0 
TSMA12 1996 10.0 TSMA32 2006 0.8 
TSMA13 2000 6.0 TSMA33 2006 0.5 
TSMA14 2003 2.8 TSMA34 2002 4.5 
TSMA15 2002 4.0 TSMA35 2002 4.5 
TSMA16 2002 4.0 TSMA36 2001 5.0 
TSMA17 2002 4.0    
TSMA18 2002 4.0    
TSMA19 2003 3.8    

PLSD1 1996 10.5    

 
Table 1:  Inspected sites 
 
3.1 Inspection method 
 
The sites were assessed visually and ranked in accordance with the TRL Inspection Panel Methodology [2]. In most 
instances sites were inspected by foot and GPS coordinates were taken at the beginning and end of each site. Where 
traffic conditions did not permit an inspection by foot, a coarse visual survey was undertaken from a slow moving 
vehicle. 
The panel members attributed marks to each surfacing site on the basis of its current serviceability irrespective of the 
elapsed time since it was laid. In considering the serviceability of the surfacing, the aspects given in Table 2 were 
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considered. If any of the aspects were evident to a significant degree on the site, the relevant suffix from Table 2 was 
applied to the basic marking.   
Once any appropriate fault suffixes had been assigned, the basic mark was allocated from the 7-point scale in Table 3.  
Only the panel mark is reported and this is based on an average consensus of the panel.  When considering the 
markings, any sections that warranted a suffix could not receive the basic mark of G or better. 
 

Suffix Description 

v  
             

Variable with random variations from point to point within the section 
only, not ‘traffic laning’ or obvious variations from load to load 

t Variability with traffic intensity, marked transverse differences caused 
by variations in traffic intensity between lanes 

+ Fatting up 

- Loss of aggregate 

f Fretting of the mortar 

g Growth of vegetation 

p ponding 

d De-lamination from substrate 

s Stripping 

c Cracking 
 
Table 2:  Fault suffixes 
 

Mark Description  

E (excellent) No discernible fault 

G (good) No significant fault 

M (moderate) Some faults but insufficient for serious problem 

A (acceptable) Several faults but would usually be just acceptable 

Termed satisfactory 

S (suspect) Seriously faulted but still serviceable in the short term 

P (poor) Requires remedial treatment 

B (bad) Requires immediate remedial treatment 

Termed unsatisfactory 

 
Table 3:  Basic 7-point scale 
 
3.2 Visual inspection results 
 
The individual results for each site were converted, for graphical representation, using the following transformation: 
 E = 6; G = 5; M = 4; A = 3; S = 2; P = 1; and B = 0. 
The results are shown in Figure 1. 
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Figure 1: Visual survey results 
 
The ‘failure’ of a thin surfacing system can be defined as when the marking falls below Acceptable (A = 3) and the 
serviceability is termed unsatisfactory. An initial examination of Figure 1 suggests that Scottish thin surfacings do not 
appear to be as durable as thin surfacings laid on trunk roads in England. Research commissioned by the Highway 
Agency [3,4] indicated that TSMA systems can be expected to maintain an acceptable performance for 15 years with 
0/14 mm grading and possibly more with 0/10 mm; and TAC systems for 12 to 13 years with 0/14 and 0/10 mm 
grading. However, the Scottish data is based on a range of approximately 50 % ‘Good’ and 50 % ‘Bad’ sites. If the bad 
sites are removed from the graph then more comparable service lives to those found in England are indicated. 
Sites assessed as having a particularly poor visual condition for their age are highlighted by the two circles 
superimposed onto Figure 1. The circle to the left of the graph represents a cluster of sites that are less than two years 
old. In theory, these sites should be replaced or repaired under the two year warranty period supplied by the 
manufacturer for these materials. However, there is anecdotal evidence that this does not always occur. As a result, 
these materials are likely to deteriorate further resulting in a short service life and ultimately represent poor value for 
money to the Client. The second circle represents a cluster of sites that are between two and four years old. It is possible 
that these sites represent materials that were in a poor condition after two years; that is, similar to the first cluster, but 
have not been picked up and repaired under the warranty scheme.    
 
5. OBSERVED DEFECTS  
 
Observed defects were divided into three main headings:  
- loss of aggregate 
- loss of texture 
- workmanship  

Examples of the defects recorded under these headings are given below. 
 
5.1 Loss of aggregate 
 
Aggregate loss appeared to be the most common defect. Two main types were observed. The first related to new 
materials that appeared open in texture owing to a lack of fine aggregate or mortar. These materials were generally 
serviceable at the time of the inspection, but deemed to have poor long term durability (Figure 2). It is considered that 
more permeable mixtures will allow greater access to water resulting in the potential breakdown of the binder/aggregate 
matrix under trafficking. 
The second type of aggregate loss observed is commonly described as fretting. This is where both coarse and fine 
aggregate are seen to be lost from the mix under the action of trafficking (Figures 3). In general, the severity of fretting 
was often related to the level of trafficking and type of site; that is, highly stressed sites were more prone to fretting. As 
stated earlier, fretting can be a swift process and this was witnessed at site TSMA33 where the material was only 6 
months old. 
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Figure 2:      Surfacing deficient in fine aggregate 
                     (Site TAC8)  

 
Figure 3:        Surfacing showing excessive 
                        material loss (Site TAC4) 

 
5.2 Loss of texture 
 
It is important that a surfacing provides a minimum level of texture for skid resistance purposes. This property is 
important at sites where the demand for dry and particularly wet friction is required. A number of sites exhibited areas 
of low texture. In certain instances, the incidence of low texture was confined to small discrete areas (Figure 4), but on 
other sites the defect was widespread (Figure 5). A loss of texture is often described as flushing or fatting-up, 
particularly where the loss is due to excess mortar or binder being present on the surface. The skid resistance of all 
asphalt surfacings is generally lower, but still adequate, after laying, because the binder on the surface aggregate has not 
been worn off by traffic. There may be a case for gritting the surface at the construction stage, as practised in Germany, 
on Scotland’s more lightly trafficked roads (Figure 6). Figure 7 shows a low surface texture site that has been treated 
using a high pressure water treatment to alter its surface characteristics by removing the binder. 
 
 

 
Figure 4:     Discrete area of low texture 
                     (Site TAC6) 
 

 
Figure 5:    Fatting-up of material 
                    (Site TSMA11) 

 
Figure 6:     Low surface texture (Site TSMA6) 

 
Figure 7:      Treated surface – after water 
                      jetting (Site TSMA8) 
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5.3 Workmanship 
 
Factors that can influence the overall quality of the surfacing include material manufacture, transportation and 
installation. A visual inspection, in itself, cannot attribute the cause of poor quality, but it can assess the quality of 
workmanship associated with parts of the installation process. The most serious defects noted were related to the 
construction of joints. All asphalt surfacing joints are potential areas of weakness because they are likely to be less well 
compacted and can allow increased access to water penetration. It is important that they are well constructed and sealed 
(Figure 8). On several sites that had been in service for a few years, it was noticeable that joints were often the first 
place to show signs of deterioration (Figure 9), and subsequent deterioration often emanated from these points.  One site 
that was only one year old showed particularly poor joint construction and one sawn transverse joint showed no 
evidence of having being sealed. 
 

 
Figure 8:      Good joint at Site TSMA12 (10 years) 

 
Figure 9:     Fretting of joint at Site TAC4 (5 years) 

 
6. SUCCESSES 
 
Several sites were assessed as having a good visual condition for their age. One site in particular showed no significant 
defects after 10 years service (Figure 10). There was a trend to suggest that schemes constructed as part of larger new 
construction contracts had performed well. However, there were also examples of smaller maintenance schemes (Figure 
11) that were assessed as performing well with little or no significant defects demonstrating that thin surfacing systems 
could perform successfully in Scotland. 
 

 
 
Figure 10:        Site TSMA12 (10 years) 

 
 
Figure 11:      Site TSMA10 (5 years) 

 
7. INDUSTRY WORKSHOPS 
 
Workshops were held to learn from the experience of other industry professionals. The first workshop comprised The 
Client and its Agents. The second workshop was attended by Material suppliers and Contractors. Prompted by the 
results of visual inspections and images of observed defects, workshop delegates offered a range of causes and possible 
remedies.  Potential solutions included: 
 - Improved management practices, including regular communication between all parties. 
 - Better material selection through best practice guidance. 
 - Lowering the initial 1.5mm surface texture requirement for thin surfacings. 
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 - Quality assessment of supplier at tender stage. 
 - Programming of surfacing works away from winter months. 
 - Closer scrutiny of sector (QA) schemes. 
 - Better supervision on site. 
 - Improved monitoring of surfacings, particularly at the end of the maintenance period.  
 
8. CONCLUSIONS 
 
There was a perception at the beginning of the study that surfacing problems had occurred and the study aimed to 
identify the type and extent of any defects and their causes. Inspections confirmed that in a small number of instances a 
range of defects existed. General defects were divided into categories of fretting, fatting and poor workmanship. 
Attendees of industry workshops acknowledged the occurrence of poor performing surfacings and a range of remedies 
were recommended. These included the creation of a thin surfacing forum, provision of best practice guidelines and an 
improved procedure for assessing the condition of schemes at the end of their maintenance period.   
The purpose of the forum is to debate a range of issues outside a contractual environment and generate solutions. The 
forum will also be responsible for agreeing a protocol for assessing the condition of schemes at the end of their 
maintenance period. The best practice guidance is required to improve material selection and methods of working, and 
move the industry away from the current practice of ‘one size fits all’. Performance guidelines are required to assist 
suppliers to select the most appropriate material and nominal aggregate size for sites with demanding requirements, e.g. 
slip roads, junctions, roundabouts, hills and bridge decks. Guidance is also required on material thickness. Thin 
surfacings contain premium aggregates and should be laid in thin layers wherever possible.  
The study highlights the importance of thin surfacings achieving a life of around 10 years or more, which other research 
findings have found achievable for TSMA and TAC variants [5]. Thin surfacings with shorter lives are not likely to 
provide value for money in terms of whole life costing.     
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ABSTRACT 
 
In the late eighties and early nineties the primary road network in Denmark experienced an increasing rutting problem. 
A sharp increase in number of lorries with super single tyres and an upper bituminous base with insufficient rutting 
resistance contributed to this. The asphalt contractors optimized from the mid nineties their asphalt materials with 
respect to permanent deformation in the laboratory (presently EN 12697-22 Model B in water).  
 
The Road Directorate developed at the Danish Road Institute an accelerated loading facility (ALF) – the Danish 
Asphalt Rut Tester (DART) – which could bridge the gap between laboratory scale and real life. Since the introduction 
in 1997 it has been used for pavement studies on permanent deformation in projects like SAMARIS (2003-2006) and for 
potential candidate materials for the OECD project for Long Life Pavements (2006).  
 
The main purpose has however been to survey the state of the primary roads in Denmark. A testing scheme on selected 
pavement slabs of the whole bituminous pavement from newly constructed motor highways has been in place since 
1997. The paper elaborates on the "chain" from laboratory scale over ALF to real life and on the problems associated 
with the validation of prediction of measured rutting under accelerated conditions in DART and measured profiles 
surveys on the motor highways adjacent to the extracted pavement slabs. 
 
Keywords : permanent deformation, rutting, accelerated loading facility ALF, prediction, validation 
 
1. INTRODUCTION 
 
1.1 The problem is recognised 
In the late eighties and early nineties the primary road network in Denmark experienced an increasing rutting problem. 
The rather sudden occurrence of this problem (over a few years) puzzled the road sector in Denmark and the origin was 
sought high and low. As in many cases the conclusion was that origin of the problem was multi-factorial with a 
combination of two factors as the main contributors. 
 

1. The trigger was a sharp increase in number of lorries with super single tyres which lead to a more concentrated 
load distribution and higher maximum shear stresses in the pavement four to eight centimetres below the 
surface [1]. 

2. A first approach to a binder course in the Danish road standards had been to introduce increased minimum 
binder content in the upper bituminous base without more fundamental changes in the mix design. 

 
The action of the traffic resulted in rutting which on the newly constructed motorways at that time could be traced to the 
insufficient resistance against permanent deformation mainly due to lack of crushed aggregate in the mix. This started a 
development for a true binder course as well as increasing the requirements for crushed materials in the former used 
upper bituminous base layer.  
 
The rutting problem was not only associated to base layers. There were examples where old surface layers of Hot 
Rolled Asphalt that had been under traffic on motorways for more than ten years started to show permanent 
deformation, so surface layers were also challenged.  
 
The magnitude of the problem was becoming evident and the asphalt contractors had to take very strong action as the 
debate between cement concrete and asphalt concrete as optimal construction material for major road construction was 
intense in Denmark. 
 
1.2 Development track of the asphalt contractors 
The road sector was much focused to deal with this problem. The asphalt contractors started to introduce new laboratory 
methods to facilitate the optimisation of all their mixes for base and surface layers as well as participate in developing 
proprietary products that could fill the need for a high stability binder course. A wheel track method used in the 
Hamburg area was adapted and used as the main feature in testing the mixes for resistance against permanent 
deformation. This adaptation of the German method is now found in the European standard EN 12697-22 "Wheel 
tracking Test" known as "Model B (in water)". Due to the climatic conditions and the traditional focus on resistance to 
moisture damage in Denmark the asphalt contractors are getting "two birds with one stone" by performing the wheel 



tracking test in water (typically either 50 °C or 60 °C). Rut resistance can easily be achieved by production of lean 
mixes, but the durability of these lean mixes is often challenged by poor resistance to moisture damage and excessive 
hardening of the (relatively) thin binder films. If a mix can withstand approximately 8 hours in 50/60 °C hot water of 
which the mix at least 6 hours is subjected to a heavy loaded rubber wheel with good results (low permanent 
deformation, no ravelling or mortar loss) you have a good candidate for a durable mix.  
 
The mixes were optimised through the use of this method by achieving the optimum gradation and the rut and moisture 
sensitivity were further reduced by introducing polymer modified bitumen that allowed thicker binder films without 
risking the resistance against permanent deformations. 
 
1.3 The route of the road administration 
The Road Directorate documented the magnitude of the problem through the yearly inventory measurements of profiles 
(among other things) on the major national road networks in order to analyse it with respect to cause and effect. As 
leading player in the Road Standards Organisation the Road Directorate together with industry tried different initiatives 
to improve the road standards requirement/specifications for asphalt mixes to avoid the problem of permanent 
deformation.  
 
The situation of Hot Rolled Asphalt was a special case as it was the preferred surface layer for motorways in Denmark. 
It was a difficult mix to produce and pave but with a very good track record. With an average expected life time of 17 
years it had been the road administration's first choice for many of the heavy trafficked roads. When tendering for a new 
surface layer the road administrations normally assessed/compared the offered pavements with respect to their annual 
cost over the expected life time. In this way the Hot Rolled Asphalt with its higher initial cost had the possibility to 
compete with the other types and win. Some alterations were tried in the specifications for Hot Rolled Asphalt but with 
limited success. Over a period of approximately five years Hot Rolled Asphalt went from being the preferred surface 
layer on motorway to not even being mentioned in the Danish Road Standards! 
 
As asphalt contractors on the research and development re-focused their actions on optimising the mix design with 
respect to resistance against permanent deformation the Danish Road Institute focused on the whole bituminous bound 
part of the pavement to assess full scale impact of traffic loads. Another important question to answer was: to what 
extent can the road administration risk to let a rut susceptible layer remain in the construction when repaving is 
considered? To this end the Danish Asphalt Rut Tester was developed. 
 
 

 
Figure 1 Danish Asphalt Rut Tester (without its insulation cabin) during transport to present location at 
DRI, Fløng, Denmark 



2. DANISH ASPHALT RUT TESTER 
 
2.1 Short description 
The Danish Asphalt Rut Tester (DART) has been described in previous conference papers and reports [2], [3] so this 
will just high light the unique features, some of the lessons learned using full scale equipment and the present test set-up 
for comparison of bituminous pavements on the primary road network in Denmark. 
 
DART is an accelerated loading facility where a large specimen fixed in a frame of 1.2 m x 1.5 m is subjected to linear 
passing of a low velocity wheel carriage which resembles a quarter truck. The wheel carriage can either be equipped 
with a dual truck tyre configuration or with a super single mounted truck tyre. The tyre pressure can during test be 
controlled to comply with the manufacture's specified value (typically 900 kPa in case of super single). The wheel 
carriage can exert up to 65kN of load (equivalent to a 13 ton axle); normally 50 kN is used.  
 
The linear movement brings the wheel carriage from one supporting platform over the specimen to another platform and 
back. In order to avoid dynamic effects at the boundary of the specimen the wheel carriage is accelerated and 
decelerated on the sample and has a uniform load and velocity of 5 km/h at the mid 640 mm of specimen (in the 
direction of travel). Capacity is approximately 22,000 passes a day (bidirectional) and usually 110,000 loads are applied 
for one test run. 
 
After every 10 passes the wheel is lifted of the plat form and spun randomly and a lateral wander is introduced before 
the wheel carriage is set down on the platform and the loadings continued. The lateral wander is programmed to follow 
a normal distribution stochastically. Normally the standard deviation of the normal distribution is set to 100 mm (a 
measure of the width of the load distribution). The achieved profile resembles quite well the real tracks in Denmark as 
we do not have studded tyres or other conditions that tends to alter/concentrate the transversal load profile over time as 
opposed to experience in other countries. Austria has for instance a study that indicates that a Laplace distribution of 
deformation profile that narrows over time is a better approximation to their conditions [4]. 
 
The specimen is fixed in an insulated frame which enables temperature gradient down through the pavement due to 
independently temperature control of the specimen's surface and bottom. The maximum thickness of the sample in the 
frame is 250 mm. at maximum. Experience has shown that layer thicknesses below 100 mm shall be avoided and 
special measures have to be taken if the thickness is just above 100 mm.  
 

Figure 2 Specimen No 109 with indication of 
the eight profile positions 

Figure 3 Core positions – outside and inside wheel 
track – for densification/plastic flow assessment 

 
Apart from being a full scale test one of the most important features of the equipment is the possibility to produce 
realistic temperature gradients from top to bottom of the specimen. The air in the insulated cabin surrounding DART is 
controlled and regulates the surface temperature of the sample. The bottom of the sample is in contact with a heat 
exchanger that can be regulated independently of the air temperature. To mimic Danish climatic conditions an air 
temperature of 40 °C is used with the bottom set at 20 °C. 50 °C – 30 °C or 50 °C – 40 °C have been used to mimic 
warmer climates or special situations. All the devices mentioned in EN 12697-22 "Wheel Tracking Test" can only 
provide the worst case scenario as the test specifies a uniform temperature distribution throughout the sample.  
 



At pre-programmed intervals the wheel stop at the platform and a laser device automatically comes in and measures 8 
profiles of the surfaces (five transversal and 3 longitudinal; see Figure 2). After the test is terminated cores can be taken 
inside and outside of the wheel path to assess material data but most importantly densification/plastic flow of the 
material (see Figure 3) 
 
3. INTEPRETATION AND MODELLING 
In the first years of testing with DART C.B. Nielsen [5] gathered a lot of experience concerning the optimum conditions 
for sample production/preparation. Laboratory production of pavement slabs was considered to be avoided, as realistic 
compaction conditions were difficult to obtain even though small rollers were applied. This option is now mainly 
reserved if a real pavement slab of a deformed pavement needs resurfacing with a thin surface layer before test. The 
optimum sample for the DART was found to be a sample cut from a pavement produced from asphalt materials from a 
normal asphalt production where the layers were laid using an asphalt paver and normal rollers. A technique was 
developed to extract the large pavement slabs from real pavement and secure a safe transport for an undisturbed sample 
to be tested in DART. (Throughout the years Danish Road Institute has received samples for pavements from abroad 
(LAVOC (Schweiz), TRL (UK) and Tanzania). Figure 4 and 5 show some steps in the process. 
 

 
Figure 4 A groove is milled or cut around the 

pavement slabs 

 
Figure 5 A metal box is used for holding the 
pavement slab through inversion and transport. 

 
During the studies it was found that the permanent deformation of the whole bituminous bound pavement structure 
could very well be modelled by a power law (see Equation 1) irrespectively of various test conditions were examined. 
Two examples of test data from DART originating from the SAMARIS project [3] are shown in Figure 6 and 7. 
 

b
N aNP  Equation 1 

where  P is the determined permanent deformation, 
 N is the number of loads (normally the range from 10,000 and onwards is used in the regression 

analysis) 
 a, b are constants derived from the DART test results 
 
In [5] it was concluded that a realistic set of test conditions for testing pavement slabs from Danish motorways under 
normally Danish climatic conditions would be: 50 kN load on a Super single tyre, 900 kPa tyre pressure and a 40 °C – 
20 °C temperature gradient in the pavement slab. 
 
This simplified model of a power law was presented in 2001 as a possible tool for prediction of future rut potential of 
new Danish Motorway to indicate or hopefully ensure that future severe problems with new pavement constructions 
could be avoided. This present paper marks the start of a validation exercise to follow up on this suggested prediction 
and associated assumptions. 
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Figure 6 Two twin-set of tests in DART show the importance of the temperature gradient in a pavement 
slab as opposed to a uniform high temperature – in this case with a dual wheel configuration. Regression curves 
follow a Power law (Equation 1). (Ref. [3] Figure 8) 
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Figure 7 Two twin-set of tests in DART show the importance of the wheel configuration (super single 
versus dual wheel) - in this case with a temperature gradient in the pavement slabs. Regression curves follow a 
Power law (Equation 1). (Ref. [3] Figure 9) 
 
 
4. PAVEMENT AND TRAFFIC DATA FROM DANISH MOTORWAYS 
 
Since 1997 more than 50 pavement slabs have been retrieved from Danish motorways from various locations which 
mean they are a mix of different loads history – both in time and percentage of lorries. The number of slabs tested in 
Danish Asphalt Rut Tester even has the potential to increase substantially as many sections of motorways are planed in 
the forthcoming years. At the moment – even though some of these slabs represent quite recently paved and trafficked 
sections - the number of cases is sufficient to start gathering pavement and traffic data and prepare them for analysis. 
 



One of the desired features of the prediction model - in order to be cost-effective/economical in use – is that it shall be 
possible to validate the model based on the inventory surveys of pavement and traffic data that the road administration 
carry out each or every second year.  
 
The most important parameter is the surface profile and its development over time but this parameter is a sum of 
responses from different mechanisms. Assumptions must be made that can introduce a little bias in the data in order to 
deal with  

- post compaction by traffic 
- flow rutting due to shear susceptible bituminous mixes 
- structural rutting from unbound layer and 
- wear rutting as result from studded tyres and fretting/ravelling. 

 
The measurement of permanent deformation on the retrieved pavement slabs in DART has been performed on the 
bituminous bound part of the pavement structure. Post compaction by traffic and flow rutting are potential elements 
here but should be similar to what happens on the road, so marginal bias is introduced. 
 
If permanent deformation (structural rutting) happens in the unbound structure beneath the bituminous layers but is 
reflected through them it will introduce an unknown bias. One assumption which has to be made is that the Danish 
motorways are designed with respect to bearing capacity and expected loads and the bituminous part can be considered 
as a rather thick layer (as opposed to more rural roads with less traffic). For this reason it is reasonable to assume that 
any structural rutting in the unbound structure that will reflect its influence on the surface profile will be minimal for a 
large part of the design period of the motorway. If localised structural rutting in the unbound material does influence the 
surface profile (due to a leaking drainpipe or similar) it can perhaps be handled in a running average routine reducing 
the influence.  
 
Wear rutting caused by action from studded tyres is virtual non-existent as the number of cars using studded tyres in 
winter time in Denmark is extremely low. Fretting/ravelling if of course a failure mechanism, but the mixes used in 
Denmark for surface layer are not susceptible to ravelling until the material approaches its "End-of-life" especially if the 
magnitude of the ravelling shall appear as a contribution to the surface profile of the motorway. Life expectances for 
surface layers for Danish motorways are 15+ years which is almost the double of life time of the oldest motorway 
where pavement slabs have been retrieved for tests in DART. With this background it is reasonable to assume that wear 
rutting in this study is not a contributor to the development of the surface profile. 
 

 
 
Figure 8 Measured wheel path profiles from heavy lane of a Danish motorway (example) 
 



The permanent deformation data from a specific Danish motorway are shown in Figure 8 illustrating the average value 
for right and left wheel path in the heavy lane. The data reveals another problem to be handled in the validation 
exercise. From approximately position km 38 to km 72 the right and left wheel path is comparable but from position km 
72 to km 97 the permanent deformation in the left wheel seems larger. This can be explained by a combination 
influences from different axle width between lorries and personal cars, width of the lanes which might vary slightly and 
the percentage of lorries which for some reason could be higher between km 72 to km 97. It is also natural that the 
difference in permanent deformation between the wheel paths is more easily recognisable in the sections that are more 
rut susceptible. 
 
Information on traffic and its composition need also to be considered. Not all sections are equipped with transducers 
picking up numbers of axles per lane and especially not the axle loads and tyre configuration. Some information relies 
on biannual visual traffic counts, so also time wise there can be introduced some bias when the development in 
permanent deformation on the years is assessed. A reasonable formula for balancing the different elements into a 
number of "standard" loads must be developed. In this analysis the examination of transversal profiles in special cases 
can facilitate the most correct estimate of the number of loads. 
 
 
5. CLOSING REMARKS 
 
These of some of the factors that have to be taken into account in the forthcoming analysis to examine whether or not 
the permanent deformation on the motorways follow a kind of power law and if a "shift"-factor or transformation 
between Test data from DART and real life can be established.  
 
Until this has been evaluated the permanent deformation studies performed with the Danish Asphalt Rut Tester is a 
good estimation of the behaviour with respect to permanent deformation of a bituminous bound pavement structures 
under accelerated test conditions. 
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ABSTRACT 
According to the review of the relevant references performance deterioration is highly dependent on the compaction 
degree of asphalt layers and on the binder used. If the compaction degree drops below the lower limit the consequences 
will lead to a reduced lifetime or to increasing life cycle costs. This paper describes the effect of the compaction degree 
on the performance properties (temperature dependent resilient modulus, resistance against rutting and/or fatigue) of 
asphalt base layer, asphalt binder layer and stone mastix asphalt surface layer by means of laboratory tests. A 
conventional, a polymer modified and a high polymer modified bitumen were used as binders. Asphalt slabs with 
compaction degrees between 94 % and 103 % of Marshall density were prepared by means of a laboratory roller 
compaction machine. The test results show increasing rut depths and decreasing resilient modules with decreasing 
compaction degree. A significant lower rutting trend and a much higher fatigue resistance with decreasing compaction 
degree can be determined for innovative asphalt compared to conventional asphalt mixtures with respect to different 
compaction degrees. The test results show that the surface-, binder- and base course of innovative asphalt PmB 25H 
bear more than double of load cycles under the same conditions compared to conventional asphalt. 
 
Keywords: compaction degree, resilient modulus, rutting, fatigue, high polymer modified bitumen 
 
1 INTRODUCTION 
 
The exponential traffic increase of during the past decades requires high quality asphalt pavements. The final quality of 
road is depended on various basic conditions, but in practice the compaction process is the key element to construct 
asphalt pavements with a high quality. The compaction of asphalt is a pure physical process, in what a granular material 
will be compacted through rolling, kneading and/or hammering to a dense graded material. As a result of an optimal 
compaction void content will decrease, inter particle friction and density will increase, A review of the relevant 
references show that a lot of investigations took place on the field of compaction degree, volumetric asphalt mix design, 
laboratory compactors (Marshall, gyrator or roller compactor) as well as on asphalt mix properties. Renken [1], Gregori 
[2], Leutner [3], Hartmann [4], Epps, Hand and Seeds [5] as well as Huerne [6] investigated similar problems and 
determined that the compaction degree of asphalt pavements has a high influence on lifetime and life cycle costs. In 
addition the compaction of asphalt is depending on following various factors: 
 

 kind of filler, sand and stone 
 type and proportion of sand (natural round and crashed sand)  
 grading of coarse and fine sand 
 filler content  
 grading of stones 
 binder content  
 binder viscosity  
 compaction temperature 
 compaction mode 

 
According to the review of the relevant references the test results show, that pavement deterioration is highly dependent 
on the compaction degree of asphalt layers and on the binder used. But by varying binder properties and compaction 
degree without changing mix composition as binder content, type of aggregate and grading curve respectively the 
influence of compaction degree on asphalt behaviour were not determined. It is well known, that lifetime of polymer-
modified asphalt is much higher than that of conventional asphalt mixtures [7]. The knowledge about the impact of 
compaction degree on polymer modified asphalt has several advantages. To balance the disadvantages of a lower 
compaction degree, pay adjustments are common methods. In many countries it is common practice to adjust payment 
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if the actual reached compaction degree drops below the agreed lower limit. Thereby the payment normally is adjusted 
only with respect to the compaction degree and not with respect to the loss of the pavement performance. 
 
2 THE LABORATORY TEST PROGRAMME  
 
In order to quantify the effect of the compaction degree on the performance properties of asphalt pavements the load 
cycles to failure and the temperature dependent resilient modulus of different asphalt mixtures were tested in the 
laboratory of the University of Wuppertal. To carry out laboratory tests following specimens were produced: 

 Marshall Specimens as a reference specimen for 100 % compaction degree. 
 Slabs with compaction degrees between 94 % and 103 % to drill test cores and to determine the rutting resistance. 

The asphalt mix was compacted in a roller compactor [8] to the target thickness of slabs.  
 Test cores to determine the temperature dependent asphalt stiffness and the fatigue resistance.  

 
Three different asphalt mix-types (SMA, ABi and ABL, see below) were produced. Each mix-type was varied by means 
of three different binders while the type of aggregate as well as the gradation was kept constant. Thus the variation of 
mix components let to nine different asphalt mixtures. For each asphalt mix the following types of aggregate were used  

 limestone filler (0/0,09 mm), 
 high quality diabase sand (0/2 mm) and  
 high quality diabase chippings (2/5, 5/8, 8/11,11/16 and 16/22 mm). 

 
The following asphalt mix-types were selected  

 stone mastix asphalt, surface course (SMA 0/11 S), ZTV Asphalt StB [9], recommended binder: 50/70 gradation 
see Figure 1 

 asphalt concrete, binder course (ABi 0/16 S), ZTV Asphalt StB [9], recommended binder: PmB 45A and 30/45, 
gradation see Figure 1 and  

 asphalt concrete, asphalt base layer (ABL 0/22 CS), ZTV T StB-95 [10], recommended binder: 70/100 and 50/70, 
gradation see Figure 1  

 
The grading curves of selected aggregates range between the borderlines. 
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Figure 1 Grading Curve 
 
A conventional (50/70), a polymer modified (PmB 45A) and a high polymer modified bitumen (PmB 25H) were used as 
binders. The polymer and the high polymer modified Bitumen were delivered as ready mixed modified bitumen. The 
high polymer modified bitumen is an innovative product with a higher content of polymers compared to conventional 
polymer modified bitumen. The authors are unaware of the exact composition of the polymers used for modification. To 
characterise the three different binders the following binder tests were carried out 

 softening point Ring & Ball (SP R&B),  
 needle penetration,  
 elastic recovery test and, 
 Break point after Fraass 
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 performance oriented binder tests  
 
Mix design test with different bitumen contents were conducted and following design mixes were selected (Table 1):  
 

SMA 0/11 S ABI 0/16 S ABL 0/22 CS 

 

Target 
values 

[9] 
50/70 PmB 

45A 
PmB 
25H 

Target 
values [9] 50/70 PmB 

45A 
PmB 
25H 

Target 
values 
[10] 

50/70 PmB 
45A 

PmB 
25H 

Bitumen content  
[bulk -

%]  6.5 6.5 6.5 6.5 4.8 4.8 4.8 4.8  3.6 3.75 3.75 3.75 

Bulk density [g/cm³] – 2.427 2.424 2.422 1.024 2.440 2.440 2.428 – 2.63 2.629 2.629 
Void content [Vol.-%] 3.0 – 4.0 3.3 3.4 3.5 2.576 5.9 5.9 6.0 5.0 – 10.0 7.8 7.8 7.8 
Voids in aggregate [Vol.-%] – 19.2 18.8 18.9 4.5 17.4 17.4 17.5 – 16.8 16.8 16.8 
Bitumen content  [Vol.-%] – 15.5 15.4 15.4 16.9 11.4 11.4 11.5  8.0 8.9 8.9 8.9 
Voids filled with 
bitumen  [%] – 80.4 82.3 81.4 11.4 65.8 65.8 65.3 – 53.0 53.0 53.1 

Marshall stability [kN] – 7.7 8.7 12.2 67 11.1 11.1 12.5  8.0 12 16.6 17.4 
Marshall flow [mm] – 4.1 4.4 6.1 – 3.8 3.8 2.8 1.5 – 5.0 3.3 4.8 3.6 
Mix compaction temperature 
[°C] 

50/70 
135±5 140 150 165 PmB 45 

145±5  140 150 165 PMB 25H 
- 140 150 165 

Table 1: Marshall and Voids Properties of Test Mixtures 

To analyze the properties of the nine different asphalt mixes with various compaction degrees all asphalt mix variants 
were tested to get the following information  

 density by volume,  
 temperature dependent asphalt stiffness (resilient modules by means of dynamic indirect tensile test), 
 resistance against rutting (wheel-tracking-test) and 
 resistance against fatigue (dynamic indirect tensile test). 

 
3 ANALYSING OF TEST RESULTS 
3.1 Binder Properties 
 
The test results of the binders are listed in figure 2 range between the target values and are averages of four single 
measurements. The target values are from the European DIN EN 12591 [11] and German Standards TL PmB 01[12]. 
The innovative binder PmB 25H can be classified as a hard binder, because the penetration value is much lower and the 
softening point R&B is much higher compared to the other binders (Figure 2). A high softening point R&B indicates a 
good performance against permanent deformation. Asphalt mixtures with a soft binder (low softening point R&B) will 
cause a relatively high rutting compared to asphalt mixtures with a stiff binder, if identical aggregate structures are used 
[7].  
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Figure 2. Binder Properties 

Performance oriented Binder Test  
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In the framework of extended binder tests the performnce oriented binder tests by means of dynamic shear rheometer 
have been carried out. The test method is well known among experts and appears to be a good tool to investigate the 
effect of binders for example on rutting behaviour of asphalt in laboratory binder tests.  
 
The tests have been conducted on the base of the European Standards [13] on original binders. Binder rutting tests are 
conducted using a temperature sweep, with the 25 mm plate-plate set up and under controlled strain conditions at a 
frequency of 1.59 Hz. The test temperatures ranged from 46 to 82 °C. Test results are the complex shear modulus (G*) 
and the phase angle ( ). The calculated relation G*/sin  is used as an indicator of the resistance against rutitng. A 
stiffen binder with a high shear modulus (high G*) and a high flexibility (lower ) will show a high resistance against 
rutting. Thus binders with a high relation G*/sin  will have a high rutting resistance, which will lead to a long lifetime. 
As expected the test results of the binders used show with increasing temperatures a decreasing complex shear modulus 
G* and an increasing phase angel . The calcuated relation G*/sin  of the binders PmB 25H shows very high value 
(about 9 times more) and PmB 45A has a higher relation (more than 2 times)compared to conventional binder 50/70 at 
temperature 60°C (fig. 3). Hence the innovative binder will show high resistance against rutting compared to 
conventional binder. 
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Figure 3: Comparison of Relation G*/sin  [25 mm Plate, 1.59 Hz] 
 
3.2 Resilient Modulus 
 
The temperature dependent resilient modules were tested by means of the dynamic indirect tensile test according to the 
European Standards DIN EN 12697–26 [14]. The temperature dependent resilient modulus characterizes the mechanical 
property of asphalt mixes and indirectly, also performance properties. The resistance against permanent deformation at 
high temperatures can be estimated by means of the temperature dependent resilient modulus: The higher the modulus 
at high temperatures the higher the resistance against permanent deformation.  
 
Figures 4 to 6 show the resilient modules for each tested asphalt mixture with respect to the compaction degree at the 
test temperature of 20 °C. A regression between resilient modulus and compaction degree clearly shows a decreasing 
resilient modulus with a decreasing compaction degree.  
 



 5

Resilient modulus SMA, 20 °C

y = 5,688e0,063x

R2 = 0,971

y = 15,961e0,051x

R2 = 0,939

y = 27,020e0,055x

R2 = 0,906

0

2000

4000

6000

8000

10000

12000

14000

92,0 94,0 96,0 98,0 100,0 102,0 104,0
Compaction degree %

R
es

ili
en

t m
od

ul
us

 [M
Pa

]

50/70 PmB 45A PmB 25H

 
Figure 4. Resilient modulus versus compaction degree at 20 °C for SMA ° 

 

Resilient modulus ABI 20 °C
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Figure 5. Resilient modulus versus compaction degree at 20 °C for ABI  

 
The asphalt mixtures with innovative binder PmB 25H can be addressed as very stiff and very elastic (elastic recovery 
of the binder 87 %) which leads to the estimation of an outstanding resistance against rutting compared to the asphalt 
with binders 50/70 and PmB 45A. PmB 45A variants (elastic recovery of the binder 77 %) show a similar slope of the 
regression curve with decreasing compaction degree compared to binder 50/70. Thus the strain of the 50/70 asphalt 
variant will equal the PmB 45A asphalt variant. Furthermore the innovative asphalt mixtures have higher resilient 
modules at a compaction degree of 94 % than the conventional asphalt mixtures at a compaction degree of 102 %. This 
indicates that the innovative variant will perform a high resistance against rutting and will show a lower strain at the 
bottom of the asphalt base layer at any compaction degree compared to other asphalt.  
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Figure 6. Resilient modulus versus compaction degree at 20 °C for ABL 
 
3.3 Temperature-Master-Curve 
 
To characterize the temperature dependent resilient modules tests were determined at different temperatures between 
10 °C and 35 °C. Temperature master curves are shown in figure 7-9.  
 
Figures 6 to figure 8 show a decreasing resilient modulus with increasing temperature. The high resilient modulus of the 
innovative asphalt PmB 25H at high temperatures is the result of the high binder viscosity. Asphalt pavements with 
binder 50/70 and PmB 45A have very low resilient modules at in service temperatures above +30 °C and will tend to 
rutting. Asphalt with very low values between 0 °C and 30 °C may marke a high resistance against fatigue. Brittle 
asphalt with a high resilient modulus shows bad low temperature behavior and tends to thermal cracking. According to 
brittle asphalt with binder PmB 25H (Breakpoint after Fraass: -7 °C) will have less low teperature lifetime, but a high 
resistance against rutting. Asphalt mixtures with low temperature sensitivity will be preferred in practice, because it 
causes lower permanent deformation at higher temperatures and a higher resistance against fatigue at middle range of in 
service temperatures. 
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Figure 7. Resilient modulus versus temperature for different binders (SMA) 
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Master curve ABi, Compaction degree 100%
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Figure 8. Resilient modulus versus temperature for different binders (ABi) 

 

Master curve ABL, Compaction degree 100%
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Figure 9. Resilient modulus versus temperature for different binders (ABL) 
 
3.4 Permanent Deformation (rutting) 
 
Rutting is the most important distress of asphalt pavements. Worldwide there exist numerous test methods and mixture 
response parameters to characterize rutting. In this work the resistance against rutting was determined by means of the 
wheel-tracking test after the European Standards [15]. This method has been widely adopted as a straightforward 
method to evaluate rutting. The stone mastix asphalt mixture- and asphalt binder mixture- slabs were tested in a 
tempered device at 60 °C using a rubber wheel. The slabs are loaded for 20 000 passes and the rut depth is the result of 
two simultaneously tested slabs.  
 
The rut depths are plotted against corresponding compaction degrees, see figure 10 for stone mastix asphalt and 
figure 11 for asphalt binder course. By means of the regression curves the effect of the compaction degree on the 
resistance against permanent deformation is clearly shown. As expected, rut depths increase with decreasing 
compaction degree for any asphalt mix. It is distinct that the rutting resistance decreases to a much smaller extend with 
decreasing compaction degree for the innovative asphalt PmB 25H compared to conventional asphalt variants. The 
conventional asphalt 50/70 has the highest rut depth up to a compaction degree of 101 %. Some of the variants have an 
increasing rut depth from an over-compaction (see table 2). It should be mentioned, that the grading curve and the 
quality of aggregates are one of the most decisive fact to resist rutting at high temperature  



 8

 

Wheel-Tracking-Test SMA [Rubber wheel, Air at 60 °C]

y = 0,0525x2 - 10,394x + 516,48
R2 = 0,9914

y = 8,50E+08e-1,96E-01x

R2 = 9,19E-01

y = 8,55E+13e-3,07E-01x

R2 = 9,23E-01

0

5

10

15

20

25

30

92 93 94 95 96 97 98 99 100 101 102 103 104
Compaction degree (%)

R
ut

 d
ep

th
 (m

m
)

50/70 PmB 45A PmB 25H

 
Figure 10. Rutting versus compaction degree (SMA) 

 

Wheel-Tracking-Test ABI [Rubber wheel, Air at 60 °C]
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Figure 11. Rutting versus compaction degree (ABI) 
 
The rut depth values at compaction degrees of 102 %, 100 %, 97 % and 94 % listed in table 2 have been calculated for 
each asphalt variant by means of regression equations from figure 9 and 10. With the calculated results the influence of 
asphalts on decreasing compaction degree can obviously determined. The improvement of the resistance against 
permanent deformation with decreasing compaction degree for asphalt mixes with PmB 45A and PmB 25H is quite 
high. The innovative asphalt PmB 25H has a lower rut depth down to a compaction degree of 94 % compared to asphalt 
50/70 with a compaction degree of 100 %. It indicates, that the innovative asphalt PmB 25H with 94% compaction 
degree will show a higher resistance against permanent deformation than the conventional asphalt 50/70 at the target 
compaction degree of 100 %. This confirms the positive influence of polymer on the quality of asphalt mixes. 
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The achieved test results reveal that the impact of decreasing compaction on asphalt with innovate binder is much 
smaller in comparison to the conventional asphalt. Asphalt mixtures with PmB 45A has also a positive effect on rutting 
resistance, but the trend is much smaller than for asphalt mixes with PmB 25H.  
 

SMA [%] ABI [%] 
Compaction degree 102 100 97 94 102 100 97 94 

Rut depth [mm] 2,11 3,89 9,79 24,60 1,98 3,09 6,03 11,78 
Proportion to 50/70 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 50/70 
Proportion to 50/70 100 % 0,54 1,00 2,51 6,32 0,64 1,00 1,95 3,81 
Rut depth [mm] 1,78 2,64 4,75 8,55 2,08 2,77 4,25 6,54 
Proportion to 50/70 0,85 0,68 0,49 0,35 1,05 0,90 0,71 0,56 PmB 45A 
Proportion to 50/70 100 % 0,46 0,68 1,22 2,20 0,67 0,90 1,38 2,12 
Rut depth [mm] 2,50 2,08 2,23 3,33   1,93 2,37 2,91 
Proportion to 50/70 1,19 0,53 0,23 0,14   0,63 0,39 0,25 PmB 25H 
Proportion to 50/70 100 % 0,64 0,53 0,57 0,86   0,63 0,77 0,94 

 
Table 2. Comparison rut depths versus compaction degree 
 
3.5 Fatigue Test 
 
The laboratory tests have been carried out after DIN EN 12697-24 [16] and by means of the dynamic indirect tensile 
fatigue test. In order to generate a fatigue line “Woehler-Curves” for different materials a high number of cores with 
asphalt base layer (ABL) mixtures were tested. The fatigue tests are operated at the corresponding temperatures, where 
the resilient modulus tests had been carried out. To calculate the initial strain generated at the centre of the cores during 
the fatigue tests the corresponding resilient modulus is required. During the fatigue tests the specimens were loaded 
with constant stress pulses between 200 kPa and 700 kPa at 20 °C until failure. Different specimens are loaded with 
different stress levels. The number of load cycles to failure Nf are plotted versus the corresponding initial strain on a 
log-log scale. This fatigue line can then be compared against other asphalt mixes to evaluate relative performance. In 
figure 12 Woehler-Curves of an ABL PmB 25H mix have been generated for different compaction degrees. As 
expected the slopes of the Woehler-Curves show negligible differences with respect to the compaction degree. A 
decreasing compaction degree corresponds to decreasing resilient modulus and decreasing resilient modulus 
corresponds with increasing initial strain, which will lead to a decreasing lifetime.  
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Figure 12. Woehler-Curves for different compaction degrees at 20 °C [PmB 25H] 
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Figure 13. Woehler-Curve for different asphalt mixtures at 20 °C 
 
The number of load cycles Nf to failure is the crucial criterion to assessment at the permissible initial strain at the 
bottom of base layer. To calculate the number of load cycles Nf  to failure the permissible value of strain at the bottom 
of the ABL were calculated by means of multi layer theory for all ABL mix types and for three different compaction 
degrees (100%, 97%, 94%). Keeping other conditions constant the strain at the bottom of the base layer is dependent on 
the resilient modules of the asphalt layers. The layer thicknesses are determined after German Standards RStO 01 [17]. 
The resilient modules for surface- binder- and base-layers were calculated by means of regression equations, see figures 
3 to 5. For frost blanket course and sub grade same resilient modules were used for all variants. The calculated strains at 
the bottom of the base layers, see table 3, were used to calculate the number of load cycles Nf to failure, see equations 
from figure 13.  
 

   Resilient modulus [MN/m²] of asphalt layers with binder 
50/70  PmB 45A [%] PmB 25H [%] 

at compaction degrees [%] of   Layer Layer  
thickness  

Poisson’
s ratio  

[-] 100 97 94 100 97 94 100 97 94 
Surface course 40 0.35 3119 2498 2001 2604 2222 1895 6626 5618 4763 
Binder course 80 0.35 4408 3403 2627 3275 2729 2274 10801 9125 7709 
Base course  220 0.35 4360 3476 2771 4644 3786 3086 10480 8642 7126 
Frost blanket 
course 410 0.50 200 200 200 200 200 200 200 200 200 

Subgrade  0.50 45 45 45 45 45 45 45 45 45 
Strain at the bottom of ABL [10-6]  78.8 92.6 108.2 79.1 90.9 104 40.3 47.5 54.8 
Ratio of strain to 100 % 1.0 1.2 1.4 1.0 1.1 1.3 1.0 1.2 1.4 
Ratio of strain to 50/70 at 100 % 1.0 1.2 1.4 1.0 1.2 1.3 0.5 0.6 0.7 
Load cycle to failure [104] 5.91 3.32 1.90 22.98 12.24 6.65 848 321 138 
Ratio to 100 % 1.0 0.6 0.3 1.0 0.5 0.3 1.0 0.4 0.2 
Ratio to 50/70 at 100 %  1.0 0.6 0.3 3.9 2.1 1.1 143.5 54.3 23.4 
 
Table 3. Calculated strains at the bottom of asphalt base layers  
 
A comparison of the different asphalt mixes due to calculation results in table 3 show a significant effect with respect to 
the binders used and to different compaction degrees. With decreasing compaction degree an increase of vertical strain 
at the bottom of the base layer was determined, which led to a decrease of load cycles to failure. For the asphalt base 
layer with PmB 25H the lowest strain was calculated at the bottom of ABL. The result is an excellent fatigue resistance 
even at decreasing compaction degrees. The relative soft asphalt PmB 45A has nearly the same strain like the 
conventional asphalt at the bottom of the ABL, but with a significant improvement in fatigue. The asphalt with polymer 
modified bitumen provides a significant better fatigue resistance even at 94% compaction degree than the variant 
without PmB. 
 
3.6 Correlations between Binder- and Asphalt Tests 
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To determine the correlation between G*/sin  and rut depth as well as between resilient modulus and rut depth, 
comparison of adequate test results have been carried out for different asphalt type. The DSR test appears to be a good 
tool to investigate the effect of binders for example on rutting behaviour of asphalt in laboratory binder tests. To 
determine the correlation the relation G*/sin  and the rut depth are opposed in the figure 14 and a corresponding 
regression curve and regression coefficient have been produced. The determined regressions coefficients show a satisfy 
correlation for different asphalt type. By means of resilient modules the strength of asphalt can be characterised at 
different temperature. Asphalt with high strength at high temperature will show high resistance against rutting. Thus, 
asphalt with high resilient modules at high temperature will cause a low rut depth. To confirm this prediction the rut 
depth are compared with resilient modules at 50 °C for different asphalt type (figure 15). The comparison show good 
correlation. As expected the slope of the regression curve for adequate asphalt types are different because of their 
different mix composition. In general a good correlation has been determined between binder and asphalt test, but to 
make an authentic correlation the comparison shall be carried out with more than three test results 
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Figure 14: Correlation of rut depth and relation  
                   G*/sin  [60 °C] 

Figure 15: Correlation of rut depth and resilient  
                   modulus [50 °C] 

 
4 CONCLUSION 
 
In this study the effect of the compaction degree on the performance properties of mixtures for asphalt base, asphalt 
binder and stone mastix asphalt layers was studied while the mix composition types were kept constant and binder used 
varied. Resilient modules, resistance against fatigue and rutting were determined in the laboratory of the University of 
Wuppertal. The laboratory tests gave the results that rut depths will increase and resilient modules as well as fatigue 
resistance will decrease if compaction degree decreases. Test results show significant differences with respect to the 
binders used. The innovative asphalt mixtures with PmB 25H with a compaction degree of 94 % have a higher resilient 
modulus as well as fatigue resistance than the asphalt mixtures with 50/70 and PmB 45A with a compaction degree of 
100 % at 20 °C. Thus the innovative asphalt provides at a high and low compaction degree a high resistance against 
permanent deformation and a high bearing capacity with low strain at the bottom of the asphalt base layer. The test 
results reveal that the impact of decreasing compaction on asphalt mixes with innovate binder is much smaller in 
comparison to asphalt mixes with conventional binders. A positive effect of asphalt mixes with PmB 45A is also 
proofed, but the trend is much smaller compared to asphalt mixes with PmB 25H. The improvements caused by the 
innovative binders can be accounted for by properties and quantity of added polymers.  
 
Increasing rut depths, decreasing resilient modules as well as fatigue resistance indicate a quality loss for compaction 
degrees lower than 100 %. This can be kept much smaller by using asphalt mixes with innovative binder (PmB H). Thus 
with the use of innovative binders the risk due to the variation in compaction degree and temperature can be reduced 
significantly. Furthermore the lifetime and lifecycle costs will not suffer so much as with conventional asphalt mixes 
using binder 50/70 and PmB 45A which can be accounted for if the payment is adjusted with respect to the resultant 
loss of performance 

 
 
REFERENCES 
 
[1] Renken, P. “Verdichtbarkeit von Asphaltbetongemischen und ihr Einfluss auf die Standfestigkeit”, 

Schriftenreihe Institutes fuer Strassenwesen, Technische Universitaet Braunschweig, Heft 3, Braunschweig 
1980 

[2] Gregori, H., Herbst, G., and Krzemien, R. “Einfluss der Verdichtung auf die Standfestigkeit von Asphalt”, 
Bundesministerium fuer wirtschaftliche Angelegenheiten, Strassenforschung Heft 430, Vienna, 1995 



 12

[3] Leutner, R., Renken, P., and Luethje, U. “Nutzungsdauer von Asphaltschichten, Abhaengigkeit vom 
Verdichtungsgrad” Schlussbericht zum AiF-Forschungsvorhaben, Foerderkennzeichen 11 239, Technische 
Universitaet Braunschweig 2000, Germany.  

[4] Hartmann, A.M, Gilchrist, M.D., Walsh, G. “Effect of mixture compaction on indirect tensile stiffness and 
fatigue” Journal of Transportation Engineering, ASCE 127, Nr. 5, Page 370-378, 6B, 7T, Reston VA 2001 

[5] Epps JuA, Hand A and Seeds S, Recommended performance-related specification for hot-mix asphalt 
construction: Results of the WesTrack project, TRB, NCHRP Report 455, Washington D.C., 2002. 

[6] Huernew, H.L. “Compaction of Asphalt Road pavements, Using Finite Elements and Critical Theory”, 
Dissertation, University of Twente, Enschede Netherlands, 2004 

[7] Sivapatham, P and Beckedahl, HJ, Asphalt pavements with innovative polymer modifications for long 
lifetime and low maintenance costs 33rd CSCE Annual Conference, TO 05 TR 198--1, Toronto, Canada 2005. 

[8] Arand W and Renken P, Laboratory roller compaction machine for manufacturing compacted asphalt mix 
specimens with in situ adequate mechanical properties, (original in German language), Bundesministerium 
fuer Verkehr, Bau- und Wohnungswesen Volume 771, Bonn 2004. 

[9] ZTV Asphalt-StB 01, Zusaetzliche Technische Vertragsbedingungen und Richtlinien fuer den Bau von 
Fahrbahndecken aus Asphalt, FGSV Press, Koeln 2001. 

[10] ZTV T StB 95, Zusaetzliche Technische Vertragsbedingungen und Richtlinien fuer Tragschichten im 
Strassenbau FGSV Press, Koeln 2002. 

[11] DIN EN 12591, Bitumen and bituminous binders, Specifications for paving grade bitumen, Berlin, 1999. 
[12] TL PmB 2001, Technische Lieferbedingungen fuer gebrauchsfertige polymermodifiziertes Bitumen, FGSV 

Press, Koeln 2001. 
[13] DIN EN 14770: Bitumen and bituminous binders- determination of complex shear modulus and phase angle – 

Dynamic Shear Rheaometer (DSR), Berlin 2006. 
[14] DIN EN 12697–26 – Test methods for hot mix asphalt – Part 26: Stiffness, Berlin 1999. 
[15] DIN EN  12697–22 – Test methods for hot mix asphalt – Part 26: Wheel tracking, Berlin 2004. 
[16] DIN EN 12697–24 – Test methods for hot mix asphalt – Part 24: Resistance to fatigue, Berlin 1999. 
[17] RStO 01, Richtlinien fuer die Standardisierung des Oberbaues von Verkehrsflaechen, FGSV Press, Koeln 

2001. 
 
 



402-046 STONE MASTIC ASPHALT -  
NEW DESIGN OF ASPHALT BINDER COURSES WITH INCREASED STABILITY 
AND RESISTANCE TO FATIGUE 
 
MARCO SCHÜNEMANN1, HORST ERDLEN2 
1 KEMNA BAU Andreae GmbH. & Co.KG., Tondernstr. 70, 25421 Pinneberg 
2 J. Rettenmaier & Söhne GmbH + Co.KG, Holzmühle 1, 73494 Rosenberg 
 
ABSTRACT 
 
Increasing traffic volumes, higher axle loads, a changing climate with exceptionally hot summers and many 
more factors have been influencing the technical concepts for asphalt pavements in the last few years. Rutting 
and stripping are the major failures of asphalt pavement structures. This paper describes how the well known 
and successful SMA concept can be used as a structural layer – binder course layer - within LLP and perpetual 
pavement concepts due to its high resistance to rutting and its watertight structure – a perfect solution for the 
traffic of the 21st century. 
 
Keywords: SMA, binder course, high stability, anti-rutting, waterproof, perpetual pavement, LLP 
 
1. MOTIVATION BEHIND THE STONE MASTIC BINDER DESIGN 
 
In Germany the asphalt binder mixture is based on the Asphalt Concrete (AC) principle. Hot summers and a 
dramatic traffic increase caused deformation problems in the early and mid-90s. As a result the use of more and 
more viscous bitumen and higher air voids became common. In addition the proportion of coarse particles was 
greatly increased, particularly the ratio of the coarsest particle size. Applying this mixture posed great challenges 
to the contractors - the strong susceptibility to segregation  particularly in the 0/22S binder course mixtures, 
often led to problems within the construction contracts, and to asphalt pavements with an inadequate life span.  
One of the major problems of these mixtures is their sensitivity during the paving operation and compaction. 
They tend to segregate. As a result, their useful life is often only 10 years. When milling off the top layers 
(Porous Asphalt or Stone Mastic Asphalt), it is not unusual to find an asphalt binder course which shows 
stripping or fatigue problems, and which requires treatment after such a short period of use.  
These phenomena were observed, for instance on the federal motorway BAB A2 (Berlin – Dortmund) and led 
KEMNA to take up its own R&D findings from the '80s and to make them fit for the 21st century. These 
concepts had originally been developed for pavements in swamp areas, overlay of cement concrete roads or for 
heavy duty bus stop bays. The designs back then could not make use of the high viscosity, polymer modified 
bitumen which is available today, and thus opens up new opportunities for improvement. Ever increasing traffic 
volumes and burgeoning PPP Projects drive the development of highly stable and permanently elastic asphalt 
binder course designs. The basic design introduced here has been developed for a life-span of more than 25 years 
and a can tolerate up to 120 million 10-ton axles within the context of the overall design [4]. 
 
2. DEVELOPMENT OF THE STONE MASTIC BINDER DESIGN, SMBIN 0/16S 
 
The design described here was developed during the 1980s by KEMNA. It should be emphasised that its 
composition is similar to Stone Mastic Asphalt (SMA), though the gap grading in the aggregate fraction 8/11 is 
not especially distinctive.  
The proportion of the coarsest particles is approximately 34%, and of sand approximately 28%. Distinctive to 
this design is the content of filler which is approx. 10% (mainly limestone powder). Together with the increased 
bitumen content of up to approx. 5.2% and 0.3% bitumen coated fibre pellets it yields a high-grade mortar. The 
parameters described create a composition very low in air voids. At a test temperature of 145ºC the Marshall 
void content ranges from 3.5% to 4.5% by volume. The following table presents a comparison with a 
conventional binder course mixture [6]:  
 
 

 

 

 

 



       
SMBIN 0/16S SMBIN 0/16S  
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: SMBIN compared to ABIN 
 
When designing stone mastic binders in the 1980s the main problem was that polymer-modified binders were 
not yet wide spread, and therefore only PmB 45A was available. The overall design, incorporating a high 
percentage of bitumen and lower void content, did indeed prove successful in practical application in a series of 
bus stop bays in the Hanover area. However, laboratory tests for stability properties of the mixture using the 
wheel tracking test (50ºC, steel wheel, on water) showed only average results, with a deformation of approx. 
3mm. By comparison, a conventional asphalt binder course, with a lower bitumen content and higher air void 
content, would often show better results with a deformation of only 2mm. At that time, the great advantages of 
the Stone Mastic Binder design were anticipated only in terms of quality while quantitative evidence was not 
possible until 20 years later. 
 
The prime goals of comprehensive research carried out from 2005 was to explain whether and why fundamental 
asphalt properties of a Stone Mastic Binder with a slightly gap graded design in the aggregate fraction 8/11 
yielded more benefits than conventional binder courses based on asphalt concrete mixtures. It can be inferred 
from literature [1/2/3] that during laboratory tests SMA generally showed better results than AC during rapid 
cool down. AC is subject to a much higher degree of tensile stress which ultimately might lead to cracks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Thermal stress caused by quick temperature loss of 8 K/h, SMA 0/11S, B65 
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It seems that these results can also be transferred to asphalt binder course designs with mixtures based on AC or 
SMA. 
The aim is to transfer the durability and stability of SMA to asphalt binder courses. Conventional asphalt binder 
course mixtures have relatively thin binder films, which is clearly due to their lower bitumen content of approx. 
10% compared to SMA of approx. 12%. Such binder course mixtures are highly deformation resistant only if 
sufficient air voids and highly viscous bitumen become part of the design. The air void content in situ is often 
approx. 7-11%. This high air void content however also accelerates oxidation and stripping, which, in turn, have 
an adverse effect on the fatigue resistance and ageing characteristics, thereby reducing useful life. In addition, 
these conventional designs tend to segregate during the paving process, thus leading to inhomogeneous results. 
On the other hand, very densely graded AC binder course mixtures in order to avoid the above-mentioned issues 
run a much higher risk of starting to flow during hot weather periods. And this again leads to rutting. For this 
reason some states in Germany (e.g. Bavaria) stipulate a minimum air void content in situ in their construction 
contracts. 
 
The following figure Figure 2 [1] shows clearly that gap grading should not be excessive, and that much depends 
on a mix with a low air void content. It is also can be seen that the increase in bitumen does not automatically 
lead to a more elastic and fatigue resistant design, as is shown in Figure 2[1]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
=> more sensitive to cracking!
 
 
 
 
 
 
Figure 2: Different SMA designs SMA 0/11S [1]
 
Of course stability as one of the criteria should not be neglected. Research into Stone Mastic Binders described 
later shows that these mixtures offer high stability even with a very low air void content. 
Based on literature research findings the principle of a slight gap grading was applied and the proportion of 
aggregates of the coarsest fractions was not increased.  
 
2.1.  Laboratory tests 
 

 Wheel tracking tests (50°C, steel wheel on water and 60°C, rubber tyre, on air) 
 Uniaxial cyclic compression test in accordance with “Uniaxial pressure trials – deformation behaviour 

of hot rolled asphalt”, 1999 Edition of TP A-StB (Provisions on Technical Tests in Road Construction) 
 Cool down tests (temperature gradient: -10 K/h, start temperature: 20°C) 
 4-point bending test (fatigue test) on prismatic test specimens following DIN EN 12697-24 “Test 

methods for hot mix asphalt– Part 24: Resistance to fatigue” 
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• Binder content: 7.5% wgt. 
• 70/100, rubber bitumen 
• Kiesedelsplitt 
• > 2 mm: 78 M-% 
• > 8 mm: 46 M-% 
• H bit: 5.0 vol-% 

- more coarse graded ! 
- but more sensitive to cracking !

• Binder content: 6.8% wgt. 
• 50/70, fibers 
• Diabasedelsplitt 
• > 2 mm: 70 M-% 
• > 8 mm: 32 M-% 
• H bit: 1.3 vol-% 

- better elasticity !
- but more sensitive to deformation! 

 

Thermal  stress 



 Uniaxial tension tests before and after water immersion (+5°C, draw rate 1mm/min. Water immersion 
following DIN EN 12697-12 (evacuate for 30mins. at 67mbar/20°C followed by a 72 hour water 
immersion at 40°C)) 

  Compactibility (D-value) with the Marshall compactor 
 
All investigations were carried out at different, independent test institutions. 
 
The following parameters were used: 

 Bitumen type (Olexobit 45, Olexobit 25, Caribit 25, Caribit 25S, Olexobit MP,  
Olexobit CT, B 50/70 + Gilsonite) 

 Filler type (Hehlen: Rigden = 36 vol-% , Söhlde: Rigden = 41 vol-%) 
 With and without addition of recycled asphalt (20%m/m) 
 Test temperatures during Marshall compaction 

 
The following investigations are currently ongoing: 

 Additional bitumen types  
 Variations on filler content 
 Variations on fibre content 

 
2.2.  The optimised SMBIN concept 
 
The comprehensive investigations led to an optimal Stone Mastic Binder Compared to conventional asphalt 
binder mixtures the optimal Stone Mastic Binder mixtures showed the following special features: 
 

 A special gradation: more 2/5, less 8/11, more 11/16, 
 An increase in filler content by 1.5 – 3.5 % m/m  
 An increase of around 1% m/m bitumen 
 The use of a particularly highly viscous polymer modified binder is intended, where the aim is more a 

stiff bitumen base than excessive polymerisation. Problems with low temperatures were not observed. 
The use of a stiff PmB 25A seems to offer the best results, both technically and economically, 

 Addition of approximately 0.3 % m/m high grade cellulose fibre, preferably in pellet form with 
bituminous coating for ease of dosing and to reduce mistakes in the production process, 

 A mathematically proven reduction in layer thickness to up to 2cm [5] with the same service life, and 
 Good compactability, confirmed not only qualitatively through practical experience, but also with the 

Marshall compactor in laboratory tests, with a D-value of approx. 21-23 [-] at compaction temperatures 
as low as 135°C (using an Olexobit 25). 

 
2.2.1. Characteristics of Stone Mastic Binders at Application: 
 
From the author’s point of view it is particularly important to develop efficient designs suitable for ever more 
congested roads of the future not only in the lab, but to incorporate elements into the design which will ensure 
that this particular performance is also achieved in practical situations.  
The stone mastic binder design presented here is easy to compact even tough it offers a very high stability 
against rutting. In laboratory tests the Marshall compactor showed a compactibility ‘D’ of 21-23 [-] at a 
temperature of 135°C for SMBIN 0/16S mixed with Olexobit 25 (PmB25A). This result corresponds to parallel 
comparative tests on the compactibility of a conventional asphalt binder mixture ABIN 0/16N, 70/100 designed 
for the lowest road classes [7].  
Due to this specific mixture, the proportion of coarsest fraction of at least 34% m/m which is quite high 
compared to today’s conventional asphalt binder mixtures, does not have any adverse effects on the stone mastic 
binder. In numerous field tests no segregation was observed during paving operations, so that even manual 
paving of small sections is possible. The use of extremely viscous bitumen thus has a by far less significant 
effect on compactibility than on conventional asphalt binder mixtures. The surface layer of the stone mastic 
binder course appears to have a homogenous structure after compaction. Previous construction projects in the 
Hanover area showed that air void contents of less than vol-5% in situ can be easily achieved. 
 
 



2.2.2. The impact of filler 
 
While handling the Stone Mastic Binder mixture in comprehensive lab tests it seemed that its characteristics 
differed considerably from the type of filler used. Depending on the stiffening effect of the filler, a great variety 
of air void contents can be found at the Marshall specimen. Therefore, only the type of filler and the compaction 
temperature were changed in the following case. The delta between the Rigden voids of the two fillers (filler 
type ‘Hehlen’, Rigden void = 36 vol-% and filler type ‘Söhlde’, Rigden void = 41 vol-%) was no more than 5%. 
The following diagram shows the compactibilty resistance of the resultant Stone Mastic Binder mixtures which 
varied greatly when applying the Marshall Test:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Influence of compaction-temperature and filler-type on density  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Influence of compaction-temperature and filler-type on void content  
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It is clear that Stone Mastic Binder mixtures have a much lower air void content when using the continuously 
graded Hehlen filler with normal stiffening properties (3.7 vol-% compared to 7.3 vol-% (Söhlde)). This even 
works at lower compaction temperatures (relevant for practical applications). The filler type seems to have a 
significant effect on the workability of the resulting SMA mixture.  
In the stability tests carried out with the wheel tracking test and the uniaxial cyclic compression test, the 
particularly stiff design of the highly stiff and unwieldy Söhlde filler showed only minimal benefits which can be 
neglected for practical applications. These findings are listed in the following diagram: 
Evidence of stability for SMBIN 0/16S Hehlen filler: Söhlde filler: 
Wheel tracking test (50°C, steel wheel, on water) [mm] 2.35 2.09 
Cyclic compression test ((TP A-StB, 1999) w* [º/ºº 10 -4/n] 1) 1.4 1.2 
1)  The simultaneous analysis shows no inflection point for either variant, the rate of strain * is stated as gradient 

of the local tangent between the measuring points at n=9,000 and n=10,000 load changes. 
Table 2: Evidence of stability for SMBIN 0/16S  
 
Both designs showed extremely good performance for the absolute values *, which are depicted as gradient of 
the local tangent between the measuring points n=9,000 and n=10,000, as neither of the two cases has an 
inflection point. Compared to the other designs 1.4 and 1.2 º/ºº 10 -4/n are orders of magnitude that satisfy highest 
requirements.      
 
The adverse effect of the Söhlde filler’s excessive stiffening properties becomes apparent when testing the 
criterion “fatigue resistance”, (mean values based on multiple identification): 
Fatigue strength for SMBIN 0/16S Hehlen filler: Söhlde filler: 
4-point bending test (~ DIN EN 12697-24) Nmax [-] 56,843 3,596 
Table 3: Fatigue strength for SMBIN 0/16S 
 
When looking at the fatigue characteristics, the values of the mixture including the Hehlen filler with normal 
stiffening properties are by far better than those of the mixture with the highly stiff Söhlde filler (56,843 
sustained load changes as opposed to 3,596 [-]). Based on these results the original idea was discarded that a 
filler with a high degree of stiffness should be used. As proven here, the minimal advantages regarding stability, 
which are anyhow not relevant for market applications, cannot outweigh the severe drawbacks when it comes to 
fatigue characteristics. For this reason limestone powder with normal stiffening properties was used as a filler in 
all subsequent tests. 
 
2.3. Comparison between Stone Mastic and Conventional Asphalt Binder mixtures 
 
These test runs, inspired by the Nuremberg North Bavarian Motorway Management  were intended to identify 
the advantages of Stone Mastic Binder mixtures compared to conventional mixtures and to verify as to whether 
these advantages are exclusively due to the higher bitumen content in the SMBIN.  
The following four variations of asphalt binder courses were compared: 

 Variation A: ABIN 0/16S, 4.4 % m/m PmB 45 A, air void: 5.8 vol-%,  
 Variation B, ABIN 0/16S, 5.0 % m/m PmB 25 A, air void: 4.4 vol-%,  
 Variation C, SMBIN 0/16S, 5.3 % m/m PmB 25 A, 0.3 % m/m pelletised cellulose fibres, air void: 4.2 

vol-% 
 Variation D, SMBIN 0/16S, 5.1 % m/m PmB 25RC, 20 % m/m recycled asphalt 0/8, 0.3 % m/m 

pelletised cellulose fibres, air void: 4.4 vol-% 
 
Explanation of the variations analysed in greater detail: 
Variation A reflects the typical asphalt binder mixture which is used in Germany in accordance with ZTV 
Asphalt-StB 01 for roads with  high traffic volumes. Variation B is intended to improve the conventional asphalt 
binder mixture in terms of stability and fatigue behaviour. Variation C represents the Stone Mastic Binder 
mixture, and variation D is intended to verify as to whether the specific gradation of the Stone Mastic Binder 
mixture can be used with a 20% addition of recycled asphalt (here: recycled material 0/8). As the bitumen in the 
recycled asphalt was not polymerised, a PmB25 RC (i.e. a PmB25A with a higher percentage of polymers) was 
used.  
 
2.3.1. Wheel tracking tests (60 °C, rubber tyre, on air) 
 
The following summary of results clearly shows that variations B, C and D tend to cut off better than variation A, 
which presumably can be led back to the lower viscosity of the bitumen PmB45A in variation A:  
 



Variation Rut Depth after  
20,000 wheel passes mm 

Rut Depth after  
10,000 wheel passes mm Increase of Rut Depth mm 

  Single values Average Single values Average Single values Average 

A 1.04 1.43 1.24 0.92 1.32 1.12 0.12 0.11 0.12 

B 0.94 0.90 0.92 0.84 0.83 0.84 0.10 0.07 0.08 

C 1.17 0.82 1.00 1.12 0.73 0.93 0.05 0.09 0.07 

D 1.00 0.96 0.98 0.87 0.89 0.88 0.13 0.07 0.10 
Table 4: Results of wheel tracking tests (60°C, rubber tyer, on air) 
 
2.3.2. Cool down tests (temperature gradient: -10 K/h, start temperature: 20°C) 
 
The cool down tests showed similar results. 

Variation Max. tension 
N/mm² 

Breaking temperature 
°C 

  Single values Average Single values Average 

A 3.968 4.122 4.0 -21.6 -21.6 -21.6 

B 5.164 5.117 5.1 -22.1 -22.1 -22.1 

C 5.072 5.203 5.1 -22.8 -22.6 -22.7 

D 4.882 4.969 4.9 -20.7 -20.7 -20.7 
Table 5: Results of the cool down tests (temperature gradient: -10 K/h, start temperature: 20°C) 
 
Variations B, C and D are more resistant to cold weather than variation A. However, regarding the fracture 
temperature there was only a small delta between the other variations and variation A.  
 
2.3.3. Uniaxial tension tests before and after water immersion 
         (temperature gradient: -10 K/h, start temperature: 20°C) 
 
Uniaxial tension tests before and after water immersion (+5°C, draw rate 1mm/min. Water immersion following 
DIN EN 12697-12 (evacuate for 30mins. at 67mbar/20°C followed by 72 hour water immersion at 40°C)) 
The following figure outlines the susceptibility of the four variations to water damage.  

Variation Tensile strength before  
water immerson N/mm² 

Tensile strength after  
water immerson N/mm² 

  Single values Average Single values Average 

A 3.12 3.66 3.82 3.53 2.52 2.23 2.14 2.30 

B 3.51 3.85 3.73 3.70 2.64 2.87 2.72 2.74 

C 4.18 4.44 4.23 4.28 3.27 3.36 3.19 3.27 

D 4.36 4.53 4.78 4.56 3.71 3.82 3.50 3.68 
Table 6: Results of the uniaxial tension trials before and after water immersion 
 
Table 7 Shows the resultant percentage of tensile strength loss after water immersion: 

Variation Loss of tensile strength after water immerson % 

  Average 

A 34.8 

B 25.9 

C 23.6 

D 19.3 
Table 7: Results of tensile strength loss following water immersion  
 
Variation D (SMBIN 0/16S, PmB25RC with 20 % m/m recycled asphalt) shows the most favourable behaviour 
followed by variations C, B and A. 
 
 
 
 



2.3.4. Fatigue tests with a prismatic specimen 
 
4-point bending tests following DIN EN 12697-24 “Test methods for hot mix asphalt – Part 24: Resistance to 
fatigue”) are intended to yield findings about the fatigue strength of the four asphalt binder mixtures. 
 
The tests were performed at a temperature of 10°C, with a maximum load of 1829N and a minimum load of 
200N, a load frequency of 10HZ (sinusoidal puls) without any pause between two load pulses: 
 

Variation Specimen Spec No Density 
g/cm³ 

No of cycles
Nmax 

Deformation
mm 

    1 2.510 76,928 0.77 

  ABIN 2 2.498 20,464 0.56 

A 0/16S 3 2.506 40,096 0.68 

  PmB 45A 4 2.488 16,304 0.65 

    5 2.452 87,616 0.85 

    Average 2.491 48,282 0.70 

    1 2.518 55,840 0.66 

  ABIN 2 2.505 33,920 0.48 

B 0/16S 3 2.528 61,792 0.67 

  PmB 25A 4 2.482 26,640 0.46 

    5 2.503 28,896 0.49 

    Average 2.507 41,418 0.55 

    1 2.514 168,832 0.69 

  SMBIN 2 2.533 159,488 0.71 

C 0/16S 3 2.522 109,248 0.79 

  PmB 25A 4 2.539 132,096 0.73 

    5 2.508 damaged damaged 

    Average 2.523 142,416 0.73 

    1 2.524 120,064 0.77 

  SMBIN 2 2.538 (329,472)* 0.76 

D 0/16S 3 2.531 141,440 0.63 

  PmB 25 RC 4 2.540 137,344 0.93 

  Recycling 5 2.509 damaged damaged 

    Average 2.528 132,949 0.77 
Table 8: Results of the 4 point bending test, description of fatigue behaviour 
 
The results document the special performance of the Stone Mastic Binder design regarding fatigue strength. The 
results documented above have been validated several times by a number of previous comprehensive analyses. 
In this test the Stone Mastic Binder is two to six times more effective than the conventional asphalt binder 
mixtures used in Germany. We would like to underscore that a conventional asphalt binder mixture with a lower 
air void content and a high bitumen percentage using PmB25A (as here in variation B) is by no means able to 
compare with the favourable fatigue behaviour of the Stone Mastic Binder mixture. 
 
3. SUMMARY 
 
The comprehensive laboratory and field tests using KEMNA Stone Mastic Binders presented here in extracts, 
have shown that these designs meet the most stringent demands regarding 

 Stability, 
 Water resistance, 
 Fatigue resistance, 
 Compactability, segregation resistance. What is more, the Stone Mastic Binder mixtures with high 

deformation resistance do not even show any deficiencies (e.g. cracks) at low temperatures, 
 



The Stone Mastic Binder design is characterised by a specific particle size distribution that is slightly gap graded 
in the aggregate fraction 8/11. It also consists of a higher proportion of the coarsest fractions as well as, high 
grade mortar including at least 5 % m/m highly viscous bitumen as well as matching limestone powder and 
pelletised cellulose fibres. This allows for asphalt binder courses with much longer periods of service life. At the 
University of Dresden more than 25 years of useful life under the most demanding applications were forecast 
using the PaDesTo software tool for these computer-aided theoretical calculations [4]. In view of this certified 
performance it should not be a problem to invest 10 % more for SMB mixtures than for conventional asphalt 
binder mixtures (especially when considering the Life Cycle Costs ). 
 
The Stone Mastic Binder mixture is ideal for cases where a high degree of elasticity, water resistance and/or a 
dense surface sealing is required in addition to high stability, for instance 

 Overlay of concrete roads, 
 Pavement of existing, older base courses, 
 Underneath Gussasphalt wearing courses, 
 Underneath open porous designs such as PA and SMA-LA, and 
 For dams, swamp and land reclamation areas. 

 
In contrast to initial assumptions, a compacted Stone Mastic Binder mixture (unlike the SMA wearing course) 
seems to have a particularly homogenous surface in practical applications. In combination with the very low air 
void content it prevents water ingress. We thus expect to profit from the benefits of Stone Mastic Binder 
mixtures when using them as a layer underneath applications which are especially affected by weather conditions, 
namely Gussasphalt, as SMBIN mixtures reduce the risk of blistering. 
 
Stone Mastic Binder mixtures are thus particularly well suited as a layer underneath porous asphalt wearing 
courses and noise reducing SMA, as their extremely low air void content favours sealing which is essential for 
these designs. Local failures thus would not automatically lead to secondary damage (collateral damage). The 
Stone Mastic Binder mixtures proved their good water resistant properties during the test runs outlined here. 
Due to their special elasticity SMBIN mixtures are also very well suited for areas susceptible to subsidence, such 
as dams as well as swamp and land reclamation areas.  
With regard to long-term asphalt pavements and future maintenance cycles, our proclaimed aim is to produce 
SMBIN mixtures with a lifetime of 30 years for real life applications.  
Even though the SMBIN mixtures are made of high-tech ingredients the tests results show that up to approx. 20 
% m/m of recycled asphalt (certified milled wearing course 0/8) can be easily added without having any adverse 
effects on the lab’s test results.  
With Stone Mastic Binder courses we are thus well prepared to successfully take on the challenges of the 21st 
century. 
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ABSTRACT 
In this research project the bonding properties of two different surface asphalts (AC 11 - 50/70 / SMA 8 - PmB) on 
binder course (AC 16 - PmB) using different interlayer bonding systems were examined by laboratory tests. Three dif-
ferent types of compaction were chosen, the compaction of hot surface course on hot binder course (Hot-on-hot, com-
pact asphalt), hot surface on warm binder course (hot-on-warm) and hot surface on cold binder course (Hot-on-cold). 
For producing the Hot-on-cold systems, three interlayer bonding products were used: tack coat, cationic spray binder 
(U 60 K) and polymer modified cationic spray binder (U 60 K – C2). All two-layer systems were tested with Leutner 
Shear-test and Adhesion-tension-test in order to analyse interlayer bonding quality. The permanent deformation behav-
iour of these two-layer systems was tested with the Wheel-tracking-test and a Cyclic-compression-test. 
 
First the optimal amount of each spray binder was established by testing the interlayer bonding of tree different 
amounts of each spray with the Leutner Shear-test. As standard of comparison hot-on-cold systems without any spray-
binder were established and tested. The more spray binder has been used the worse were the results of the Leutner 
Shear-test. Some hot-on-cold systems were even worse than the systems without using any spray binder.  
 
For comparing interlayer bonding and deformation properties of the varied two-layer systems, the optimal amount of 
spray binder for each system was used. The two-layer systems with polymer modified cationic spray binder showed the 
best interlayer bonding results.  
 
The usage of polymer modified cationic spray binder and the Hot-on-hot and Hot-on warm compacted two-layer sys-
tems with AC 11 surface coarse shows better permanent deformation performance, than using tack coat or unmodified 
spray binder. 
 
Keywords: Bonding, Tack coats, Mechanical properties, Testing, Interlayer bonding 
 
1. INTRODUCTION 
 
Asphalt pavements are built one asphalt course over another. The cold base course is normally covered with spray 
binder before a new hot asphalt course is built (Hot-on-cold). Some times ago new methods for building asphalt pave-
ments has been tested: Two asphalt courses has been build with two finishers, using the compacted warm base course 
for archiving good interlayer bonding (Hot-on-warm). Another system is building two asphalt courses in one step with a 
special finisher called compact-modul-finisher (Hot-on-hot). The two-layer system (Hot-on-hot) is compacted alto-
gether, the system Hot-on-warm each layer for itself. 
 
In Germany the accurate usage of spray binder is first determined 1998 in a guidetine called M SNAR [1]. In this bulle-
tin values for the orientation are given which and how much spray binder can be used for different base course surfaces 
as cleaned new ones, milled, fretted or dusty surfaces. In German regulations there is only a request for sufficient inter-
layer bonding, but no exact requirements are given. 
 
The failure of interlayer bonding between surface layer and the second layer can cause such high stresses and strains, 
that the usable life cycle of the pavement will be reduced about 60-70 %. If the interlayer bonding between second and 
third layer has additionally failed, the reduction of usable life cycle can be reduced up to 98 % [2, 3]. 
 
LEUTNER introduced 1979 a test equipment to establish the shear strength and the maximum shear displacement of the 
layer border, the Leutner Shear-Test [4]. FREUND, CODJIA and VASSILOU [5] tested more than 800 cores with the 
Leutner Shear-Test and researched 14 influencing variables. From these results limiting values were established. They 
determined the precision of the Leutner Shear-Test by an interlaboratory test additionally. GRÄTZ and STÖCKERT [6] 
determined an evaluation background by analyzing the results of about 500 cores and they suggested limiting values for 
the shear strenght and the maximum shear displacement. 
 
The expertises of the influence from different bonding systems on rutting behaviour of two-layer asphalt systems based 
mostly on experiences. The intention of this research project was to establish the influence of different bonding-systems 
between surface course and binder course on rutting behaviour of laboratory produced two-layer asphalt systems. The 
research project was financed by the Federal Ministry of Economics and Technology (BMWi) and the corporation of 
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the „Arbeitsgemeinschaft industrieller Forschungsvereinigungen Otto von Guericke (AiF)” and the „German Asphalt 
Institut (DAI)”. 
 
2. EXPERIMENTAL 
 
2.1 Variations of testing 
For testing interlayer bonding and permanent deformation behaviour different two-layer asphalt systems were com-
pacted by a laboratory slab compactor. For the research project the following asphalt combinations were chosen: 
 Surface course SMA 8 (PmB 45 A) on binder course AC 16 (PmB 45 A) 
 Surface course AC 11 (50/70) on binder course AC 16 (PmB 45 A) 

 
The variation of compaction and the type of spray binder were chosen as follows:  
 Hot-on-hot without any spray binder (Compact asphalt) 
 Hot-on-warm without any spray binder (Temperature of the binder course (AC 16): about 80°C) 
 Hot-on-cold - without any spray binder 

 - Tack coat 
 - Cationic spray binder (U 60 K) 
 - Polymer modified cationic spray binder (U 60 K – C2, according TL PmOB [7]) 
 
The binder course of all two-layer-systems was produced in a thickness of 50 mm. The surface course was compacted 
on the binder course using a thickness of 25 mm (Hot-on-hot and Hot-on-warm systems) or a thickness of 40 mm (Hot-
on-cold systems). 
 
For researching the bulk density of all asphalt layers after compaction the systems were cut in three test horizons (sur-
face course, upper binder course, lower binder course). Each test horizon was additionally cut in nine pieces and the 
bulk density of all peaces was established. 
The interlayer bonding was tested using two test systems: the Leutner Shear-test [8] and the Adhesion-tension-test [9]. 
The rutting behaviour was also established using two testing systems: The Wheel-tracking test and the Cyclic-
compression-test.  
 
The amount of spray binder was previously optimized by using the results of the Leutner Shear-test. Therefore three 
different amounts of spray binder were used and both surface course asphalts were tested. 
 
Additionally the surface of the binder course was worn by using sand-blasting before applying the spray binder. The 
interlayer bonding of these “worn” two-layer systems was tested by using the Leutner Shear-test and the Adhesion-
tension-test. 
 
For a comparison between laboratory compounded two-layer asphalt systems and cores from pavements the same type 
of spray binders were applied on a test road using AC 16 as binder course and AC 11 as surface course. These cores 
were tested with the Leutner Shear-test. 
 
2.2 Manufacturing the two-layer asphalt slabs 
The two-layer asphalt slabs were laboratory compacted by a slab-compactor, described in ALP-A, part 11 [10]. The AC 
16 slabs used for Hot-on-cold two-layer systems were removed from the moulds and cooled down on room temperature. 
Then spray binder was applied. After waiting a specified time the AC 16 slabs were fitted in the mould of the slab com-
pactor again and the surface course was compacted thereon. 
 
The AC 16 slabs used for the Hot-on-warm two-layer systems were cooled down in the mould of the slab compactor up 
to a surface temperature about 80 °C. Then the surface course was compacted. 
 
The Hot-on-hot two-layer systems were compacted similarly as a compact-modul-finisher does. Therefore a special 
compaction-process for the slab-compactor had to be developed. First the AC 16 binder course was compacted strain-
controlled to simulate the first paver screed plate. Then the surface course was compacted strain-controlled (simulating 
the second paver screed plate), and afterwards force-controlled (simulating rollers). 
 
The two-layer systems using worn AC 16 surfaces were compacted Hot-on-cold. The surface of the AC 16 slabs was 
sand-blasted using the same amount of crushed sand for each slab. Afterwards spray binder was applied. 
 
2.3 Tests for establishing interlayer bonding and permanent deformation behaviour 
Interlayer bonding of the two-layer systems was established by using two different tests: Leutner Shear-test and Adhe-
sion-tension-test. For each result the mean value of three tests was calculated. 
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For Leutner Shear-test cores with a diameter of 151 mm were drilled out of the two-layer systems. The cores were 
tested according to [8] like shown in figure 1. 
 

  
Figure 1: Test equipment for Leutner Shear-test 

 
For establishing the interlayer bonding with the Adhesion-tension-test also cores were drilled out of the two-layer sys-
tems. The Adhesion-tension-test is shown in figure 2 and described in [9]. For measuring the temperature in the core a 
hole was drilled in the binder course of the core for the transducer. After pre-testing some samples it was determined, 
that the drilled hole had a direct effect on the results. Due to this result, the use of this temperature measurement system 
was disclaimed. The result of the Adhesion-tension-test is the maximum force at interlayer bonding failure. 
 

 

Load conditions: 
Tensile force, linear increasing 
0,025 MPa / sec. 
 
Test temperature: 10 °C 
 

Figure 2: Test equipment for Adhesion-tension-test 
 
The permanent deformation behaviour has been established by using the Wheel-tracking-test and the Cyclic-
compression-test. The Wheel-tracking-test was performed using the small size device as described in EN 12697-22. The 
Wheel-tracking-test was carried out in air using a temperature of 50°C and a force of 1600 N (about 2.3 times more than 
the common force of 700 N).  
 
For the Cyclic-compression-test cores with a diameter of 200 mm were drilled out of the two-layer slabs. The Cyclic-
compression-test was carried out at a temperature of 50 °C using a load plate with a diameter of 80 mm and an axial 
haversine loading of 0,8 MPa. After the load pulse of 0.2 seconds a rest period of 1.5 seconds with a load of 0.02 MPa 
follows. As a result of this cyclic compression test the permanent deformation after 10.000 load cycles is detected. Fig-
ure 3 shows the test equipment for the Cyclic-compression-test. 
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Figure 3: Test equipment for the Cyclic-compression-test 
 
 
3. RESULTS 
 
3.1 Results of optimization tests 
The optimal amount of spray binder was established by using the results of the Leutner Shear-test. For both two-layer 
systems (AC 11 on AC 16 and SMA 8 on AC 16) the amount of 150, 250 and 350 g/m² for each of the tree types of 
spray binder was used. Figure 4 shows the shear strenght as a result of Leutner Shear-test (arithmetic mean of 3 single 
values).  
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Figure 4: Shear strenght for different amounts of spray binder 
 
The results of the variation of spray binder amount show the following:  

 The usage of more spray binder (350 g/m² instead of 150 g/m²) reduces the shear strenght 
 The polymer modified cationic spray binder (U 60 K - C2) shows the best test results – at each amount  
 At each amount the usage of cationic spray binder (U 60 K) for the two-layer system AC 11 on AC 16 and the 

usage of tack coat for the two-layer system SMA 8 on AC 16 shows the worst results. 
 
For further research the usage of 150 g/m² spray binder was chosen for all two-layer system combinations. 
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3.2. Compaction 
For researching the compaction degree of the different courses, the two-layer systems were sawed into three layer hori-
zons – first the surface course, second the upper binder course and at last the lower binder course. All three layer hori-
zons were sawed in nine single pieces. For these pieces the bulk density was established. The results of the compaction 
degree of the laboratory compacted two-layer systems were shown in figure 5 (average mean of 9 single values). 
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Figure 5: Compaction degree of the layer horizons 
 
For both two-layer systems the binder course (AC 16) shows a comparable compaction degree. The upper layer horizon 
of the binder course has the largest compaction degree. The lower layer horizon of the AC 16 has at Hot-on-warm com-
paction a quite well, at Hot-on-hot compaction a worse compaction degree – compared to Hot-on-cold compaction. 
 
The greater compaction degree of the AC 16 using Hot-on-warm compaction compared to Hot-on-hot compaction has 
been expected because of the different compaction processes of the laboratory slab compactor for these both systems. 
The compaction of the AC 16 at Hot-on-hot compaction is only strain-controlled (simulating the first paver screed-pate 
of the compact-modul-finisher) before the surface layer was built whereas at Hot-on-warm compaction both strain-
controlled and stress-controlled compaction were used for the AC 16 (simulating paver screed plate of the first finisher 
and the first rollers). 
 
The bad compaction degree of the surface course at Hot-on-hot and Hot-on-warm compaction is caused of the „smooth“ 
binder course while the surface course is compacted. Somehow the compaction energy is „getting lost“ due to the warm 
/ hot binder course. In practice some disaggregation has been observed if compaction of the surface course is not been 
stopped after reaching an optimal compaction degree. Such effect could also be responsible for the bad compaction 
degree of these surface courses. 
 
3.3. Interlayer bonding 
Figure 6 shows the shear strenght as a result of the Leutner Shear-test. The light gray bars show two-layer systems using 
the unworn AC 16 surface, the dark gray bars show the results of the two-layer systems using the worn (sand-blasted) 
AC 16 surface. 
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Figure 6: Results of the Leutner Shear-test– Shear strenght [kN] 
 
The usage of spray binder on recent AC 16 surfaces will not improve interlayer bonding necessarily. The shear strenght 
of SMA 8 / AC 16 two-layer systems has not been improved very much by the usage of spray binder, neither on recent 
AC 16 surfaces nor on worn surfaces. Hot-on hot and Hot-on-warm compaction shows the best shear strenghts at SMA 
8 / AC 16 systems. The worse results of Hot-on hot and Hot-on-warm compaction at AC 11 / AC 16 systems have not 
been expected. 
 
For that it has to be mentioned that the interlayer boundary from Hot-on hot and Hot-on-warm compacted two-layer 
systems cannot exactly be detected because of blending effects from both bordering layers. Thus the Leutner Shear-test 
cannot exactly test the interlayer boundary but rather the transition of surface und binder course. This can be approved 
by the measurement of larger shear displacements and by the optical impression of the sheared off surfaces. Addition-
ally shear tests were accomplished within the surface and the binder course to approve this thesis. These results show 
larger shear displacements as well. 
 
The results of the worn two-layer systems show less shear strenght in comparison to the recent systems. For all Hot-on-
cold systems the usage of polymer modified spray binder U 60 K – C2 accomplished best shear strenght. 
 
Figure 7 shows the results of the Adhesion-tension-test. The two-layer systems with worn AC 16 surfacees are shown in 
dark grey bars, with recent AC 16 surfacees in light grey bars.  
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Figure 7: Results of the Adhesion-tension-test – Tensile force [MPa] 
 
The results of the Adhesion-tension-test for Hot-on-hot and Hot-on-warm compaction reach the highest tensile force. 
For AC 11 / AC 16 two-layer systems these results are in contrast to the results of Leutner Shear-test. 
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For the two-layer systems with recent AC 16 surface the usage of tack coat or spray binder has a light positive effect if 
AC 11 surface course is used but a negative effect for the SMA 8 surface course. The results, that the usage of tack coat 
or spray binder has no effect on SMA 8 / AC 16 two-layer systems, if the AC 16 surface is sand-blasted before was not 
expected. 
 
The polymer modified cationic spray binder U 60 K – C2 shows the best results compared to the other used spray irre-
spective of the surface of the binder course (recent / worn). 
 
3.4. Permanent deformation behaviour 
Figure 8 shows the results of the modified Wheel-tracking-test, the rut depth [mm] after 20.000 load-cycles. 
 

 
AC 11 (50/70) on AC 16 (PmB) 

None Tack Coat U60K U60K-C2 Hot-Warm Hot-Hot
2,0

2,5

3,0

3,5

4,0

4,5

5,0

5,5

6,0

6,5

7,0

2,0

2,5

3,0

3,5

4,0

4,5

5,0

5,5

6,0

6,5

7,0

R
ut

 d
ep

th
 [m

m
]

Bonding System

System: AC 11 (50/70) on AC 16 (PmB)

 
SMA 8 (PmB) on AC 16 (PmB) 

None Tack Coat U60K U60K-C2 Hot-Warm Hot-Hot
2,0

2,5

3,0

3,5

4,0

4,5

5,0

5,5

6,0

6,5

7,0

2,0

2,5

3,0

3,5

4,0

4,5

5,0

5,5

6,0

6,5

7,0
System: SMA 8 (PmB) on AC 16 (PmB)

R
ut

 d
ep

th
 [m

m
]

Bonding System

Figure 8: Results of the wheel-tracking test 
 
For SMA 8 / AC 16 two-layer systems no differences in rut depth have been measured, neither for different spray 
binder types nor for different compaction. Although the force was about 2.3 times more than the common force of the 
Wheel-tracking-test, the results show only small rut depth. 
 
The usage of polymer modified cationic spray binder U 60 K – C2, Hot-on-hot and Hot-on-warm compaction systems 
show the best permanent deformation behaviour if AC 11 is used as surface course. As expected, all two-layer systems 
with SMA 8 surface course show better permanent deformation behaviour than the two-layer systems with AC 11 
course. 
 
Figure 9 shows the results of the Cyclic-compression-test, the dynamic indentation [mm] after 10.000 load cycles. 
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Figure 9: Results of the Cyclic-compression-test 
 
All two-layer systems with SMA 8 surface course show less dynamic indentation (better permanent deformation per-
formance) than the two-layer systems with AC 11 surface course. Hot-on-hot and Hot-on-warm compacted systems 
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with SMA 8 surface course show more permanent deformation than Hot-on-cold compacted systems. The usage of 
polymer modified cationic spray binder U 60 K – C2 shows some advantages in permanent deformation behaviour 
compared with the other tested Hot-on-cold two-layer systems. The results of the two-layer systems with AC 11 surface 
course have only fewer differences. 
 
The bad permanent deformation performance of Hot-on-hot and Hot-on-warm two-layer systems with SMA 8 surface 
can be explained with the less compaction degree of the surface course (see fig. 5). The reason why this effect is not 
visible at two-layer systems with AC 11 surface course could possibly explained by the maximum aggregate size in 
combination of the less course thickness (25 mm for the Hot-on-hot and Hot-on-warm systems). 
 
Additionally it must be pointed out, that the results of the Wheel-tracking-test cannot differentiate between the different 
two-layer systems with SMA 8 surface course, but the Cyclic-compression-test show better results. On the other hand 
the Wheel tracking test shows better results to compare the two-layer systems with AC 11 surface course than the Cy-
clic-compression-test does. 
 
3.5. Results of testing the cores from the pavement 
Figure 10 shows the results of the Leutner Shear-test from cores, drilled out of the pavement of a test road (dark grey 
bars) and the results of the laboratory compacted specimen (light grey bars). The two-layer system of this test road was 
built with AC 16 binder course, 300 g/m² spray binder (same as used for laboratory specimen) and AC 11 surface 
course. Shortly after finishing the binder course the spray binder was sprayed on and the surface course was build. 
Therefore the results of the laboratory two-layer systems with AC 11 surface and recent AC 16 binder course are shown 
in figure 10 as a comparison. 
 
The dashed lines in figure 10 are the recommended limiting values for shear strenght and maximum shear displacement 
from STÖCKERT [6]. 
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Figure 10: Shear strenght and maximum displacement of the cores from the pavement 

 
Compared with the results of the cores from the test road the laboratory two-layer systems show higher shear strenghts 
and less maximum shear displacements. The reasons for the greater shear strenght are possibly the optimal conditions 
when producing specimen in a laboratory. Perhaps an additional reason is the amount of spray binder – the more spray 
binder was used the less shear strenght was measured (see figure 4). This would explain additionally the greater maxi-
mum shear displacement of the pavement cores. 
 
However both results of shear strenght from pavement cores and laboratory specimen show a comparable connection 
with the used spray binder type. Tack coat and polymer modified cationic spray binder U 60 K – C2 shows greater 
interlayer bonding than cationic spray binder U 60 K. 
 
4. CONCLUSIONS 
For researching the effects of different surface asphalt layers (AC 11 and SMA 8), different interlayer bonding products 
(tack coat, cationic spray binder U 60 K and polymer modified cationic spray binder U 60 K – C2) and different types 
of compaction (Hot-on-cold, Hot-on-warm and Hot-on-hot) two-layer asphalt systems were laboratory produced using a 
laboratory slab compactor. The interlayer bonding characteristics of these two-layer systems were tested with the Leut-
ner Shear-test and the Adhesion-tension-test. The permanent deformation behaviour of these two-layer systems was 
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established by using a modified Wheel-tracking-test and a Cyclic-compression-test. Additionally the interlayer bonding 
of cores from a test road pavement was tested. 
 
The usage of spray binder will not necessarily improve the interlayer bonding if the surface of the binder course is un-
worn and clean. A greater amount of spray binder will then even worsen the interlayer bonding quality. Only the usage 
of polymer modified cationic spray binder U 60 K – C2 shows same or better interlayer bonding for each tested amount. 
 
For Hot-on-hot and Hot-on-warm compacted two-layer systems blending effects from both bordering layers during 
compaction have been observed. The surface layer of these two-layer systems reaches only a minor compaction degree. 
At these two-layer systems the failure at Adhesion-tension-tests will occur inside the surface course, not at the border of 
the two courses. As well the results of the Leutner Shear-test will be affected by the blending effect. For performing 
Leutner Shear-test an exact border is needed but these two-layer systems have only a blurred one. 
 
The Adhesion-tension-test described in [9] has been approved to evaluate interlayer bonding quality if failure occurs at 
the border of the both courses. If not, failure occurs inside a course (surface or binder) and the result of the test can only 
be used to determine, that the interlayer bonding must be better than the test result. The failure inside the surface course 
can be caused by a bad compaction degree.  
 
The two-layer systems with SMA 8 surface course show better permanent deformation performance than the two-layer 
systems with AC 11 surface course – for both Wheel-tracking-test and Cyclic-compression-test. The usage of different 
spray binders shows only few differences in permanent deformation behaviour. Only the polymer modified cationic 
spray binder U 60 K – C2 tends to provide better results compared to both other spray binders. For predicting perma-
nent deformation behaviour of two-layer asphalt systems the Cyclic-compression-test seems to provide better test re-
sults. 
 
A directly connection between interlayer bonding quality and permanent deformation behaviour could not clearly be 
detected in this research project because of using only the optimal amount of spray binder. Therefore two-layer systems 
with weak interlayer bonding quality have to be tested. 
 
This research project established the basis for testing permanent deformation behaviour and interlayer bonding at labo-
ratory compacted two-layer asphalt systems. The comparison between interlayer bonding tests at pavement cores and 
laboratory produced cores showed a comparable connection with the type of spray binder used. With a laboratory slab 
compacter two-layer systems can be produced using different spray binder, accomplishing performance related inter-
layer bonding. At this point the values of orientation in [1] can be verified and optimal amount of the specific spray 
binder can be researched depending on the type of base and surface course. Additionally the permanent deformation 
behaviour of two-layer asphalt systems can be tested using the Cyclic-compression-test. 
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402-055 TESTING OF FATIGUE AND DEFORMATION PROPERTIES IN UNIAXIAL TENSION TESTS 
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Technische Universität Braunschweig, Institut für Straßenwesen, Pockelsstr. 3, 38106 Braunschweig 
 
ABSTRACT 
 
The swelling tensile test is used for examining the resistance against fatigue of surface asphalt. The swelling load 
simulates the superposition of the sinusoidal mechanical traffic loads and the kryogenic stress, which occurs, when the 
asphalt road cools down. The primal result of the test is the number of endured load impulses. Furthermore the change 
of deformation, stiffness and phase angle can be estimated along the testing time.  
In two research projects the fatigue characteristics of five surface course asphalts, two binder- and two base-layer 
asphalts were tested by variation of the test temperature, the load frequency and the applied stress. The results allow 
working out fatigue curves for estimating the fatigue characteristics for further test parameters with high precision.  
A specimen which is loaded with a high frequency can endure more load impulses and develops less strain then a 
specimen which is tested with a lower frequency. But if both quantities are charted against the testing time, the effect of 
the frequency can be neglected. The strain curves can even be compared with the results of tensile creep tests.  
 
Keywords: Physical Properties, Direct Tension Test, Structural Fatigue; Stiffness 
 
1. INTRODUCTION 
 
The fatigue performance of asphalt material is one important factor determining the service life of asphalt pavements. In 
field, fatigue damages are characterized in cracking that occurs in zones with tensile loads. Arand [1] developed a 
theoretical model to explain longitudinal top-down fatigue cracks, which can be observed at low temperatures besides 
the road tracks. Traffic loads induce mechanical stress in the asphalt pavement. In the load axis under the vehicle tyre 
bending tensile stress is induced at the bottom of the asphalt pavement, whereas at the surface the bending causes 
compressive stress. Next to the load area the stress contribution is inverted, as the convex flexion induces tensile 
stresses at the surface. At decreasing temperatures, the joint less asphalt builds up cryogenic tensile stress due to 
prohibited thermal shrinkage. The superposition of both loads results in a sinusoidal swelling tensile load. By the use of 
this fatigue theory, Lorenzl [8] was able to predict the observed crack initiation time of seven test roads under 
consideration of the exact traffic and weather data for the sites.  

 
Figure 1: Superposition of horizontal kryogenic and traffic stress transverse to the traffic direction [8] 
 
To simulate these fatigue damages in laboratory, the swelling tensile test was developed and used in several research 
projects to optimise the composition of surface asphalt mixtures. Since 2005 the test method is used to gain fatigue 
characteristics to be used in mathematical models for the prediction of the service life of asphalt pavements [6, 7, 10]. 
This paper summarizes the results of these research works.  
 
2. EXPERIMANTAL WORKS 
 
2.1. Test procedure: Cooling test 
 
To examine the asphalt property at low temperatures, a testing equipment was developed at the Department of Highway 
Engineering of the Technical University of Braunschweig [3]. The test machine is placed in a climate chamber which 
can generate temperatures down to –40 °C with an accuracy of ±0.3 °C. The climate chamber contains a test frame, 
which consists of a base plate of high bending resistance and two columns supporting a stiff crossbeam. A gearbox with 
stepping motor is fixed to the base plate and can generate movements with an accuracy of 50 nm. At the crossbeam the 



equipment for measuring compressive and tensile stresses is fixed. To avoid radial and/or transversal forces as well as 
moments in the test specimen, it is placed between the gearbox and the pressure measurement equipment with two 
gimbal suspensions. Therefore, the prismatic test specimen is fixed within two adapters with 2-Component epoxy resin 
adhesives and put between the gimbal suspensions. As the steel frame is exposed to the same thermal changes as the 
examined specimens with thermal shrinkage and expansion, the correct measuring of the actual strain of the specimen 
requires a basis with constant length at various temperatures. Therefore, two measurement bases with thermal 
indifference made of carbon fibres, help to measure the real deformation of the test specimen and to counterbalance the 
themal strain of the test equipment. Figure 1 shows the components of the test machine.  
To measure cryogenic tensile stresses due to falling temperature in an asphalt pavement, a prismatic specimen is build 
in the test machine without applying any stress or strain. Then it is cooled down with a constant temperature rate. As the 
specimen is held at a constant length, the thermal shrinkage is prohibited and thermal tensile stresses cry(T) are built up 
in the material. In Figure 1, the course of the cryogenic stress is shown in dependency of the temperature during the 
cooling-down test. The tensile stress rises with falling temperature in a curved line, till it reaches the tensile strength of 
the asphalt and the specimen breaks. At high temperatures tensile stresses don’t occur, because the relaxation property 
of the asphalt material compensates the development of thermal stresses [2].  
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Figure 1: Test equipment for examining the low-temperature properties and example for the course of 
cryogenic stress during a cooling test. 
 
2.2. Test Procedure: Swelling tensile test 
 
In the swelling tensile tests, a prismatic asphalt specimen is loaded with a sinusoidal swelling tensile stress at a constant 
temperature T. To simulate the loading conditions, the sinusoidal stress signal is superposed with a constant tensile 
stress, which represents the cryogenic stress due to prohibited thermal shrinkage. The value of the cryogenic stress is 
measured by conducting a cooling test on the asphalt material with a constant temperature decrease (for surface 
asphalts: T = -10 K/h; binder course asphalts T = -7 K/h and base course asphalts T = -4 K/h). The cryogenic stress, 
which is measured at the temperature of the swelling tensile test is used as bottom limit of the swelling stress signal u. 
The stress amplitude that simulates the traffic induced mechanical stress is varied in at least three stages. The stress 
signal is shown in Figure 2, as well as the test equipment, which is located in a temperature chamber.  
For conducting a swelling tensile test, the specimen is glued to steel adapters. After joining it with the load device at 
+20°C, it is cooled down to test temperature without applying any load. During the loading, the force is generated by a 
hydraulic valve and measured in a load cell. The deformation of the specimen is measured by two LVDT’s, which 
enables the analysis of the strain signal. The test ends with the fracture of the specimen.  

  
Figure 2: Test Equipment and Principle of Swelling Tensile Tests 
 



Results of the test are the endured number of load cycles until failure NCrack as well as the measured strain signal. The 
response of the specimen on the swelling loading can be separated into two strain components, which are shown in 
Figure 3. The viscoelastic characteristics of the asphalt results in a sinusoidal strain response, characterized by the strain 
amplitude a. The strain amplitude shows the three phases of traditional fatigue curves [4]: a very short initial phase I, a 
phase II with nearly constant rise of the strain amplitude, and phase III, which is characterized by a proceeding damage 
of the material. From the strain amplitude, the stiffness modulus |E| = a / a can be calculated, whereas the time lag 
between strain and stress signal represents the phase angle . By drawing the course of the energy ratio, following a 
concept based on the dissipated energy [5], the initiation of macro cracks NMakro can be estimated. As only tensile stress 
is induced in the swelling tensile test, the elastic respond is combined with plastic, viscoplastic and viscoelastic strains – 
also called irreversible accumulated strain [4] – , which are not withdrawn after each load cycle but build up a creep-
curve-shaped course – characterized by the medium strain m.   
 

 
Figure 3: Strain amplitude a and medium strain m in a swelling tensile test (AC 11, T = -5°C, f = 5 Hz) 
 
2.3. Test procedure: tensile creep tests 
 
The test equipment, shown in Figure 1 was also used to conduct tensile creep tests. Therefore, the prismatic specimen is 
fixed into the test device and harmonized to the test temperature (-25°C, -10°C, +5°C or +20 °C) without applying any 
load. Afterwards, the controlled stress is adopted for a duration of t = 8 h, in which the tensile strain is measured and 
recorded. The resulting creep curve can be described with the burgers-model with high precision (equation (1)). Hence, 
the results of the test are the values of the burgers elements: elasticity moduli E1 and E2 as well as well as the viscosities 

1 and 2, all in dependency on the temperature and the applied stress level [9].  
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2.4. Tested Material 
 
The test results presented in this paper were gained during two research projects [7, 10]. Therein nine different asphalts 
were examined. Their composition is summarized in Table 1.   
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Characteristics of aggregates 

Type of aggregate gabbro crushed gravel granite crushed 
gravel 

Maximum aggregate 
density R.M [g/cm³] 2.860 2.701 2.698 2.645 2.700 2.700 2.708 2.682 2.730 

< 0.09mm 9.2 11.0 9.5 4.6 7.0 8.2 10.5 6.1 6.9 
< 2.0 mm 15.3 13.0 37.5 0.6 21.0 24.2 14.5 21.5 24.9 [%] 
> 2.0 mm 73.5 76.0 53.0 94.8 72.0 67.6 75.0 72.4 68.2 
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Content of crushed aggr. C100/0 C90/1 C90/1 C90/1 C90/1 C90/1 C100/0 C100/0 C90/1 
Binder characteristics 
Binder type PmB 45 PmB 45 50/70 40-

100/65 H PmB 45 50/70 50/70 PmB 45 50/70 

Softening Point EPRuK [°C] 59 62 52 87 60 52 54 63 54 
Characteristics of the asphalt mixture 
Binder content B [%] 6.2 6.7 6.0 6.2 4.5 4.2 6.5 4.3 4.4 
Reference Bulk density A 
[g/cm³] 2.538 2.351 2.401 1.803 2.365 2.391 2.350 2.359 2.399 

Maximum density R.bit 
[g/cm³] 2.608 2.432 2.476 2.414 2.514 2.545 2.438 2.507 2.552 

Void Content at reference 
density Vm [Vol.-%] 2.7 3.4 3.0 25.3 5.9 6.1 3.6 5.9 6.0 

Medium Void Content of 
Specimens Vm [Vol.-%] 3,1 2,8 2,8 24,3 4,3 6,6 3,2 5,2 4,0 

Preparation of Specimen 
Preparation of asphalt 
mixtures  Industrial production in asphalt plants 

Preparation of Specimen From asphalt plates, compacted in laboratory by 
segmented roller compaction 

From asphalt cores, taken 
from a test road 

Table 1: Chararcteristics of the tested materials  
 
 
 



3. RESULTS AND DISCUSSION 
 
Figure 4 shows the results of the cooling tests on the nine asphalts. With decreasing temperature, the cryogenic stress 
rises until failure of the tested specimen. The stresses, to be used as bottom limit of the stress signal in the swelling 
tensile tests, can be obtained from the diagram for the single test temperatures.  
Obviously, the PA 8 reaches the lowest temperature until failure, whereas its cryogenic stress is much less than the 
other asphalts. The higher modified binder of the PA 8 causes a very good relaxation property of the asphalt and it 
reaches the lowest temperature in the cooling test. Because of the high void content, the internal stress in the contact 
points of the aggregate skeleton induces a lower force to be measured than the denser materials. At a temperature  
T = -15°C, the asphalts can be ranked in order to their induced cryogenic stress as followed:  
 PA 8 < AC 32 < AC 16 II < SMA 11 (III) < AC 16 (I) < AC 11 < AC 22 < SMA 11 (II) < SMA (I) 
This ranking is similar to the ranking of the medium specimens void content, whereas other influences from bitumen 
and aggregate interaction are to be considered: 
 PA 8 < AC 32 < AC 16 II < AC 16 (I) < AC 22 < SMA 11 (III) < SMA 11 (I) < AC 11 = SMA (II) 
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Figure 4: Results of the cooling tests 
 
On the nine asphalts 533 swelling tensile tests were carried out and analysed by drawing fatigue curves. The chosen test 
conditions are summarized in Table 2. The tests with only one applied stress difference per temperature were carried out 
with a value  = 1,0 MPa except at the tests on the PA 8, for which the mechanical stress was chosen to 

 = 0,5 MPa.  
 

Test temperatures  Frequency  Asphalt sample 
T [°C] F [Hz] Number of stress stages  

SMA 11 (I) -15, -10, -5, 0, +5 10, 5, 3 3 (1 at -10°C) 
SMA 11 (II) -15, -10, -5, 0, +5 10 1 (3 at -5°C and +5°C) 
AC 11 -15, -10, -5, +5 10, 5, 3 3 
PA 8 -15, -10, -5, 0, +5 10, (3 at -10°C and +5°C) 1 (3 at -10°C , 0 and +5°C) 
AC 16 (I) -15, -10, -5, 0, +5 10, 3 3 
AC 32 -15, -10, -5, 0, +5 10 3 (1 at -15°C) 
SMA 11 (III) -15; -2.5; +10 10 3 
AC 16 (II) -15; -2.5; +10 10 3 
AC 22 -15; -2.5; +10 10 3 
Table 2:  Test conditions of the swelling tensile tests 
 
At same test conditions, the fatigue life depends on the level of loading. Hence, the number of endured loads can be 
plotted versus the applied stress level. In Figure 5 the results of the fatigue tests on the AC 11 at T = -10°C are plotted. 
For each frequency f, a fatigue line can be fitted. Hence, the number of endured load cycles until makro crack is 
calculated according the equation 2. In the swelling tensile tests at a frequency f = 10 Hz at the same stress level, more 
load cycles can be applied than at lower frequencies. If the time duration until NMakro can be estimated is plotted versus 
the stress difference , the results, measured at various frequencies, can be described by one single time-fatigue curve 
(equation (3)). The parameters K1 and K2 of the fatigue lines and L1 and L2 of the time-fatigue functions as well as the 
reached fitting coefficients are summarized in Table 3.  
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Figure 5 Number of endured load cycles until a makro crack occur NMakro (left) and the test duration 

t(NMakro) (right) versus the applied stress difference  of AC 11 at T = -10°C and various 
frequencies 

 
With the given parameters, equations (2) and (3) can be used to plot design curves to predict the endured number of 
load cycles for other stress differences than tested. In Figure 6 the design curves for the AC 11 are shown, which were 
calculated by using equation (3) at the test temperatures -15°C, -10°C, -5°C and +5°C. The calculated load cycle 
numbers were connected between these temperatures with rounded lines, which may allows a careful interpolation 
between the test temperatures. Beneath the lowest test temperature of T = -15 °C, the lines are extended towards the 
breaking temperature in the cooling test, where the first load cycle would cause the failure of the material irrespective to 
the value of the applied mechanical stress. The grey dots represent the mean of the test results at a stress difference 

 = 1,0 MPa. Further the area, which is covered with test results, is marked.   
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Figure 6: Design Curves for the prediction of the number of endurable load cycles NMakro,Pred. at a given 
temperature and stress difference 
 
The comparison of the predicted load cycles NMakro,ped., using the stress differences applied in the swelling tensile tests, 
with the mean of the measured load cycles NMakro results is shown in Figure 7. The dots lie near to the bisector with only 
low scattering.  
 
 



 
T F Fatigue line Time-fatigue curve Asphalt 

sample [°C] [Hz] K1 K2 R² [%] L1 L2 R² [%] 
10 59,229 -3.6183 94.8 
5 38,719 -3.7196 93.0 +5 
3 15,634 -3.6873 66.5 

6,137.9 -3.6597 90.8 

10 196,201 -4.4036 90.7 
5 93,932 -5.3858 78.2 0 
3 79,742 -5.9993 87.4 

21,421 -5.2606 82.4 

10 374,499 -4.3311 96.4 
5 181,839 -4.976 83.8 -5 
3 95,586 -4.2018 84.6 

35,160 -4.591 87.1 

10 351,799 -4.3035 88.3 
5 152,940 -4.0571 85.7 

SMA 11 (I) 

-15 
3 77,862 -3.7697 75.3 

31,194 -4.0989 83.9 

+5 10 94,935 -3.908 93.9 SMA 11 (II) 
-5 10 194,869 -3.8435 87,0 

 

10 168,429 -4.9327 94.8 
5 75,184 -4.2159 86.9 +5 
3 53,948 -4.5625 98.8 

16,592 -4.5699 92.8 

10 519,731 -3.8248 99.0 
5 247,728 -3.6851 92.0 -5 
3 138,648 -2.8300 90.2 

48,779 -3.7888 94.1 

10 577,822 -3.4897 99.0 
5 268,163 -3.103 97.3 -10 
3 139,621 -2.8267 90.2 

52,690 -3.1578 95.2 

10 133,813 -2.8079 82.0 
5 108,502 -3.8150 84.6 

AC 11 

-15 
3 42,255 -2.2494 86.0 

15,544 -2.8603 78.7 

10 366,8 -3.2503 94.4 +5 
3 75,68 -3.4457 91.7 

32.25 -3.3019 93.2 

0 10 570,7 -4.5588 93.1  
10 2,065,9 -4.6559 92.8 

PA 8 

-10 3 792,4 -4.1355 81.9 217.56 -4.5619 91.4 

10 115,660 -4.6604 89.2 +5 
3 34,711 -4.8295 91.9 

11,572 -4.7454 90.5 

10 402,042 -5.4257 89.0 0 3 69,300 -4.3438 74.8 30,366 -4.8685 81.1 

10 469,051 -4.4134 87.2 -5 3 120,939 -4.3085 88.5 43,434 -4.3591 87.7 

10 693,675 -4.4761 88.8 -10 3 175,231 -4.7891 85.6 63,518 -4.5367 86.1 

10 309,279 -3.4285 66.8 

AC 16 (I) 

-15 3 185,075 -4.1839 92.0 43,761 -3.8266 79.1 

+5 10 21,015 -5.7487 57.0 
0 10 234,321 -6.9795 81.4 
-5 10 384,015 -7.0637 91.6 

-10 10 373,968 -7.2564 72.0 
AC 32 

-15 10 386,446 -6.0455 37.5 
+10 10 6,460 -4.5413 81.0 
-2.5 10 819,822 -7.1225 83.0 SMA 11 

(III) 
-15 10 1,140,996 -8.5251 40.0 
+10 10 18,977 -5.8893 78.0 
-2.5 10 1,541,985 -6.9348 84.0 AC 16 (II) 
-15 10 2,284,427 -8.5034 95.0 
+10 10 17,184 -5.4437 86.0 
-2.5 10 1,249,413 -6.4226 84.0 AC 22 
-15 10 515,358 -5.0025 80.0 

 

Table 3 Parameters and fitting coefficients of fatigue lines and time-fatigue curves 
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Figure 7: Comparison between the mean of the measured endured load cycles NMakro and the predicted 
load cycles NMakro, Pred. by using equation (2) (left) and equation (3) (right) 
 
The factor K1 in equation (2) represents the number of endured load cycles at a stress difference of 1 N/mm². In Figure 
8 the factors are plotted against the test temperature T. At temperatures, where only tests with the stress difference of 

 = 1,0 MPa were carried out, the mean of the measured load cycle numbers are shown. Because the PA 8 could only 
be loaded with much smaller stress values, the resulting load cycle numbers for a mechanical stress of  = 0,5 MPa are 
plotted.  
With decreasing test temperature the number of endurable load cycles of the same mechanical stress rises until a 
maximum. This maximal value lies for five of the tested asphalts between -15 °C and -5 °C. The number of test 
temperatures of SMA 11 (III) and AC 16 (II) seems too small to locate a maximum values, which will lie probably as 
well in the denoted temperature area. Only the PA 8 hasn’t reached the temperature that allows the loading of the 
highest number of load cycles until -15 °C. The ranking of the factors K1 of the nine asphalts at T = -15°C is: 
 (PA 8) < SMA 11 (II) < AC 11 < AC 16 (I) < SMA 11 (I) < AC 32 < AC 22 < SMA 11 (III) < AC 16 (II) 
The results of the swelling tensile tests does not comply with the ranking of the void content or of the cryogenic stress 
at T = -15°C. This shows that the fatigue resistance of asphalt mixtures depends on various material parameters and that 
the number of load cycles not only is influenced by the cryogenic stress.  
Further, Figure 8 shows the exponents K2 versus the test temperature T. As the exponent represents the slope of the 
fatigue function, a low exponent (with a high negative value) indicates that the value of applied mechanical stress 
influences the load cycle number strongly.  
The exponent depends lightly on the test temperature, whereas the characteristic of the dependency is not consistent. 
The AC 11 and the AC 16 (I) show a decreasing exponent with rising temperature. Hence, a change of the mechanical 
stress influences the result of the swelling tensile test at a high temperature stronger than at low temperatures. The SMA 
11 (III) and AC 16 (II) show the contradicting temperature influence. These asphalts and the AC 32 inhibit at low 
temperatures very low exponents that indicate a high dependency of the endued number of load cycles of the applied 
mechanical stress. The other asphalts show only a small change of the exponents value.  
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Figure 8 Faktor K1 (or the mean of the number of endured load cycles) for the nine tested asphalts versus 

the test temperature at a frequency of f = 10 Hz (left) and exponent K2 for f = 10 Hz (right) 
 
It could be shown, that the time of failure in a swelling tensile test is affected primary of the testing time independent of 
the applied frequency. As shown in Figure 9, even the course of the medium strain m depends mainly on the duration of 



the tests. While the strain courses for the frequency f = 10 Hz lie beneath the lines of 5 and 3 Hz, when drawn versus the 
number of load cycles, they fall together when drawn versus the test duration.  
On the asphalts, tested in [10] tensile creep tests were carried out. With the derived parameters of the burgers model, 
derived from the creep tests, the course of strain for any stress value can be calculated. In Figure 10, the calculated 
strain courses for a stress equal to the mean stress of the swelling tensile tests are added to the real measured strain for 
the tests on AC 11 at +5°C and -10°C. It is shown, that in the beginning of the swelling tensile tests, the measured 
strains follow the calculated courses until fatigue causes the weakening of the material and the strain of the swelling 
tensile tests grow faster than the creep curves.  
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Figure 9 Course of the medium strain m versus the number of load cycles (left) and the testing time 

(right) (T = -10°C) 
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Figure 10 Course of medium strain m in swelling tensile tests and calculated strain of a burgers-model 

obtained from creep tests (dotted lines) (T = -10°C) 
 
 



4. CONCLUSIONS 
 
In two research projects, the swelling tensile test was used to obtain fatigue parameters of nine asphalts for the use in 
design models. It was shown, that the tests result in fatigue functions which enable the prediction of the number of 
endurable load cycles at a given stress stage and temperature. A stress value leads at medium temperatures towards a 
low number of endurable load cycles. With lowering temperature the resistance against this mechanical load rises. As 
the asphalt is subjected to rising cryogenic stress with decreasing temperature, the load cycle number is reduced again at 
low temperatures.  
In tests with varied frequencies, it was found that the life time of a specimen in the swelling tensile test mainly depends 
on the time between the start of loading until the failure. Also the course of strain versus testing time results in similar 
curves for tests at varied frequencies. Even the strain in creep tests loaded with the same medium stress is similar to the 
measured strain in swelling tensile test at the beginning of the loading. But as soon fatigue damages occur in the 
swelling tensile tests, the deformation exceeds the strain in the creep test.  
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ABSTRACT 
 
The fatigue property of asphalt mixtures is one of the most important factors concerning the service life of flexible 
pavements. In Germany the fatigue performance has been determined with the uniaxial swelling tensile test for about 15 
years. This test method considers both, a traffic induced mechanogenic tensile stress and a tensile stress caused by 
temperature decrease. This test method was used in a large number of research projects to verify and optimise the mix 
design of asphalt mixtures.  
As the European standards specify to use the Four-point-bending test (or Two-point-bending test) for analysing the 
asphalts resistance against fatigue, it has to be examined, if the results of the two test methods are comparable. In a 
first step, four stone mastic asphalt mixtures with different binders (one 50/70 and three polymer modified binders) 
were analysed with these test methods.  
In the result, both test methods are able to work out the different fatigue performances and stiffness properties of the 
four materials.  
 
Keywords: Fatigue Cracking, Performance Testing, Direct Tension Test, Modified Binders, SMA  
 
1. INTRODUCTION 
 
Various test methods goal to simulate the loading conditions in different locations of the asphalt pavement to analyse 
the fatigue characteristics of asphalt. Figure 1 shows exemplar results of a test road, constructed by the Federal 
Highway Research Institute [9]. The diagrams show the horizontal strains in an asphalt pavement induced by a trailer 
truck. The upper signal shows the qualitative run of the strain at the top of the surface layer next to the load axis (1), 
whereas the bottom diagram represents the measurements of horizontal strains at the bottom of the base asphalt layer in 
the load axis. Due to the vertical load induced in the load axes beneath the tyres of the truck, the asphalt structure bends 
on the softer base courses which induces. Under the tyres, the concave bending results in tensile stress at the bottom of 
the bound layers and compressive loads at the pavement surface (compare Figure 2 “traffic stress”). Next to or in front 
and behind of the load axis the convex bending leads to tensile loads at the top and compressive stress at the bottom of 
the bound layers.   
 
In the 80s several German Motorways showed longitudinal top-down cracks in the wearing courses. For the 
interpretation of these damages, Arand developed the theory [3] of the superposition of cryogenic and mechanical 
stress, by which the surface asphalt layer fails due to fatigue damages (Figure 2). Lorenzl [6] was able to back calculate 
the observed cracks by using the multi layer theory on the actual traffic data with consideration of the weather data To 
simulate the load conditions in the laboratory, Arand introduced the swelling tensile test [3], where a specimen is loaded 
with a swelling tensile stress – comparable with the loading condition (1) in Figure 1. With this test method a vast 
experience about the influences of several asphalt properties on the fatigue performance could be found. In [1] the 
influence of binder content, bitumen viscosity and grading on the fatigue performance of asphalt concrete (AC) was 
analysed. It was found, that higher bitumen content and finer grading improves the fatigue performance. By the use of a 
binder with low viscosity the number of endured load impulses rises at low temperatures, whereas the fatigue life is 
shortened at higher temperatures (~ > 0°C). Comparable results could be found in [2] for stone mastic asphalts (SMA), 
where further an influence of the type of stabilizing additives was examined. In [6] the results of swelling tensile tests 
showed that the fatigue life is highly influenced by the compaction of the mixture. The lower the void content of the 
asphalt, the higher is the number of endured load cycles. Further, the changed performance properties by using 
reclaimed asphalt in new surface asphalt mixtures was analysed in several research projects, where the fatigue 
performance at temperatures above 0°C is improved by adding reclaimed asphalt into the mixture.  
 
As the approved test method was not integrated into the European Standard EN 12697-24, it has to be analysed, if the 
found experience can be verified with the European test methods in order to transfer the experiences into new product 
standards. The implemented four-point-bending test simulates the alternating loads beneath the load axis at the bottom 
of the asphalt layers – loading condition (2).  
 
In the course of a research work [8], in which the influence of polymer modification and long-term-aging on the low-
temperature and fatigue performance of SMA 8 was analysed, first tests were carried out with both mentioned test 
methods.  
 
 



 
Figure 1: Horizontal strain measurements in the test road at the Federal Highway Research Institute (BASt):  
(1) estimated strain at the top of the surface layer; (2) measured strain at the bottom of the base asphalt layer  
 

 
Figure 2: Superposition of cryogenic and mechanical tension stress [6] 
 
2. EXPERIMENTAL WORKS 
 
2.1. Material 
 
The presented test results were gained in the run of a research project to examine the influence of long-term aging on 
the low-temperature and fatigue properties of stone mastic asphalts (SMA 8) with various types of binders [8]. 
Therefore, several asphalt mixtures were produced in the laboratory. One half of the mix was used directly to prepare 
asphalt specimens, whereas the other half was exposed to a simulated long-term aging (BrunSwick Aging BSA). 
Therefore it was granulated, spread on a sieve and subjected to a temperature of +80°C for 96 hours. The temperature 
and duration was the result of an optimisation process with the aim to reach a rise of the softening point SPR%B of +8 K 
by aging. After the BSA, the mixture was reheated for compaction and specimen preparation. From the unaged and 
BSA-aged asphalt mixtures asphalt slabs were compacted with the German segmented roller compactor. To avoid 
influences from different compactabilities, alls slabs were produced with a similar void content ( 0.5 Vol.-%). From 
these the specimens were sawn. 
 



In a first step, the bitumen characteristics of 11 polymer modified and one unmodified bitumen were measured in 
unaged stage and after RTFOT and RTFOT+PAV aging. From these seven bitumens were chosen to produce asphalt 
mixtures and specimens unaged and after BSA aging. On these 14 asphalts tests for examining the low temperature 
properties and swelling tensile tests were carried out. Additionally, four-point-bending tests were carried out on four 
unaged asphalts. Their characteristics as well as the asphalt properties are summarized in Table 1.  
 
 SMA 8a SMA 8b SMA 8c SMA 8d 
Binder Characteristics: 
Binder Category 50/70 20/60-55 20/60-55 40/100-65 H 
Polymer Type - SBS SB SB 
Softening Point SPR&B [°C] 48.9 57.2 58.5 71.0 
Penetration pen [1/10 mm] 66 35 57 62 
Fraass Breaking Point [°C] -16.5 -11.8 -20.9 -20.7 
Elastic recovery [%] 15.3 63.0 75.5 90.5 
Force Ductility:  
Deformation energy [J] 0.0488 0.5839 0.6618 2.7387 

Force Ductility: 
Peak Force [N] 0.8 3.7 1.5 1.4 

Dynamic Shear Rheometer  
Shear Stiffness G* 
Phase Angle   
f = 1,59 Hz 
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Bending Beam Rheometer: 
S [MPa] / m [-] (T=-16°C) 172.1 / 0.36 254.4 / 0.33 116.2 / 0.40 85.1 / 0.44 

Mixture Properties: 
Grading  
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Binder Content [%] 6.6 
Bulk Density A [g/cm³] 2.469 
Maximum Density R [g/cm³] 2.546 
Void Content [Vol.-%] 3.02 
 
Table 1:  Characteristics of the tested materials 
 
The binder characteristics indicate a relatively consistent ranking of the viscosity of the four binders. Binder b shows 
the highest viscosity, followed by binder c, whereas the unmodified bitumen a (50/70) indicates a relatively low 
viscosity. Though binder d reaches a high softening point, the other values indicate a relatively low viscosity.  
 
 
 



2.2. Low-temperature tests 
 
To examine the asphalt property at low temperatures, a testing equipment was developed at the Department of Highway 
Engineering of the Technical University of Braunschweig [5]. The test machine is placed in a climate chamber which 
can generate temperatures down to –40 °C with an accuracy of ±0.3 °C. The climate chamber contains a test frame, 
which consists of a base plate of high bending resistance and two columns supporting a stiff crossbeam. A gearbox with 
stepping motor is fixed to the base plate and can generate movements with an accuracy of 50 nm. At the crossbeam the 
equipment for measuring compressive and tensile stresses is fixed. To avoid radial and/or transversal forces as well as 
moments in the test specimen, it is placed between the gearbox and the force measurement equipment with two gimbal 
suspensions. Therefore, the prismatic test specimen is fixed within two adapters with 2-Component epoxy resin 
adhesives and put between the gimbal suspensions. As the steel frame is exposed to the same thermal changes as the 
examined specimens with thermal shrinkage and expansion, the correct measuring of the actual strain of the specimen 
requires a basis with constant length at various temperatures. Therefore, two measurement bases with thermal 
indifference made of carbon fibres, help to measure the real deformation of the test specimen and to counterbalance the 
themal strain of the test equipment. Figure 3 shows the components of the test machine.  
 
To examine the tensile strength Z of the asphalt material, the specimen is lengthened with a deformation rate of 1 
mm/min at constant temperature. The tensile strength is the maximum tension stress reached during the test. The test is 
conducted at +20, +5, -10 and -25 °C. The four test results are plotted in a tensile-strength / temperature diagram and 
linked by a spline for interpolation.  
 
To measure cryogenic tensile stresses due to falling temperature in an asphalt pavement, a prismatic specimen is build 
in the test machine without applying any stress or strain. Then it is cooled down with a constant temperature rate. As the 
specimen is held at a constant length, the thermal shrinkage is prohibited and thermal tensile stresses cry(T) are built up 
in the material. In Figure 3, the course of the cryogenic stress is shown in dependency of the temperature during the 
cooling-down test. The tensile stress rises with falling temperature in a curved line, until it reaches the tensile strength 
of the asphalt and the specimen breaks. At high temperatures tensile stresses don’t occur, because the relaxation 
property of the asphalt material compensates the development of thermal stresses [4].  
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Figure 3: Test equipment for examining the low-temperature properties and results: Curves of the 

cryogenic stress cry and the tensile strength Z versus the temperature T  
 
2.3. Swelling Tensile Test  
 
At a constant temperature T, an prismatic asphalt specimen (Width x Height x Length = 40 x 40 x 160 mm³) is loaded 
with a sinusoidal tensile force with a frequency of f = 10 Hz and a stress difference of  = 1.6 MPa , which is 
superposed with a static tension stress u. The value of the static load complies with the cryogenic stress at the 
temperature T, which is estimated from the results of the cooling test. Figure 4 shows the test equipment, which is 
located in a temperature chamber and the loading principle.  
For conducting a swelling tensile test, the specimen is glued to steel adapters. After joining it to the load device at 
+20°C, it is cooled down to test temperature without applying any load. During the loading, the deformation of the 
specimen is measured by two LVDT’s, which enables the analysis of the strain signal and the calculation of the stiffness 
|E| = / . The test ends with the fracture of the specimen. The endured number of applied load cycles until failure 
NCrack is the result of the test. As stiffness value, the mean stiffness |E| between load cycle 96 and 105 is calculated.   
 



 
Figure 4: Test Equipment and Principle of Swelling Tensile Tests 
 
2.4. Four-Point-Bending Test 
 
The Four-Point-Bending Test is one of two test methods to be used for estimating the fatigue properties during type 
tests according to EN 13108-20. A load frame, designed at the Institute for Highway Engineering was built at the 
Institute for Steel Structures, both of the Technical University of Braunschweig, which fulfils the mounting 
requirements according to EN 12697-24 (Figure 5). For carrying out fatigue tests, a prismatic specimen (Width x Height 
x Length = 40 x 40 x 270 mm³) is inserted into the load frame and fixed to the inner and outer clamps. The deflection is 
measured by a LVDT, which is fixed magnetically to a steel plate, glued to the middle of the specimen bottom. The 
tests were carried out at a temperature of T = +20°C and a loading frequency of f = 10 Hz. In deformation controlled 
tests, the deflection was varied to gain fatigue curves. During the tests, the deflection measurements were used to 
calculate the stiffness SMix and the phase angle . Result of the four point bending test is the number of load cycles, 
which leads to a stiffness decrease of 50 %.  
 

 
Figure 5: Principle and test equipment of Four-Point-Bending tests 
 
 



3. RESULTS AND DISCUSSION 
 
3.1. Results of the low-temperature tests 
 
Figure 6 shows the results of the low-temperature tests on the four asphalt materials in unaged (fresh) stage and after 
aging (BSA). The aging causes at all asphalts a shifting of the curves of cry and Z towards warmer temperatures. This 
indicates the hardening process caused by aging. Due to the higher viscosity of the aged asphalt, its ability to relaxate 
tension stress is reduced. Thus, the rise of cryogenic stress starts at a higher temperature. Furthermore, the asphalt 
becomes more brittle and cracks at a higher temperature. The aged asphalt shows worse low-temperature properties than 
in unaged condition.   
 
The results show, that SMA 8d reaches the deepest breaking temperature (-34.6 °C), followed by SMA 8c (-29.0 °C) 
and SMA 8a (-26.9 °C), whereas SMA 8b already fails at a temperature of -23.9 °C. The cryogenic stresses at the test 
temperatures (-20 °C and -10 °C) for the swelling tensile tests show the same ranking: the SMA 8d with the higher 
modified binder induces the lowest cryogenic stresses, whereas the SMA 8b has to bear the highest thermal stresses. At 
+5°C all asphalts can reduce the thermal loads by relaxation.  
 
The tensile strength curves show the same results of the rising viscosity due to aging. The tensile strength passes a 
maximum value, which occurs for the aged asphalts at higher temperatures than the fresh asphalts. The curves of the 
tensile strengths indicate the great differences between the four tested asphalts. The SMA 8d with higher polymer 
modification shows the highest values of tensile strength, followed by the asphalts with 20/60-55 bitumen, whereas the 
SMA 8a with unmodified binder reaches the lowest curve of tensile strength. Of interest are the differences between 
SMA 8b and SMA 8c, which show significant differences in the low-temperature properties despite of the use of 
binders of the same type. Obviously the binder classification system is not capable to result in comparable asphalt 
performance when different binder products of the same type are used.  

 
Figure 6: Results of the low-temperature tests: cryogenic stress cry ( Z) and tensile strength Z versus the 

temperature T 
 
Nevertheless, the ranking of the four asphalts in the cooling test correlate highly with the binder characteristics. The 
SMA 8d shows the best performance in the cooling test (low breaking temperature and low cryogenic stress) whereas 
the characteristics of its higher modified binder indicate a low viscosity. The SMA 8 with the binders a and c indicate 
similar cryogenic stresses, though, the modified binder c reaches a lower breaking temperature. The SMA 8b shows 

SMA 8a 
(50/70)

SMA 8d 
(40/100-65H)

SMA 8c 
(20/60-55)

SMA 8b 
(20/60-55)



with a high breaking temperature and high cryogenic stresses the least advantageous results in the cooling tests. 
Likewise, its binder’s characteristics indicate a higher viscosity than the other binders. In [8] high correlations were 
found between the results of the low-temperature tests on the asphalt and the characteristics of the used binder. For 
example, the tensile strengths can be calculated from the Softening Point SPR&B combined with the Fraass Beaking 
Point (Fraaß), whereas the cryogenic stress at T = -20°C correlate with the results of the BBR and DSR tests. 
 
3.2. Results of the swelling tensile tests 
 
The test temperatures T, stress differences  and static loads u which were used in the tensile swelling tests are 
summarized in Table 2.  
 
Sample SMA 8a SMA 8b SMA 8c SMA 8d 
Stress difference  [MPa] 1.600 

T = +5 °C 0.064 0.065 0.054 0.047 
T = -10 °C 0.528 0.943 0.624 0.366 

Static stress u 
[MPa] at test 
temperature T T = -20 °C 2.033 2.844 2.106 1.483 
Table 2:  Applied Stress difference  and static stresses u in swelling tensile tests  
 
In Figure 7, the results of the swelling tensile tests are summarized. The number of endured load cycles until failure 
NCrack depends highly on the test temperature. With decreasing test temperature, the number of endured load cycles rises 
for all asphalts between +5 °C and -10 °C. With further temperature reduction, the fatigue life of SMA 8a and SMA 8b 
is reduced, whereas SMA 8c and SMA 8d can endure still higher numbers of load cycles.  
At the highest temperature T = +5 °C SMA 8b shows the best fatigue resistance, followed by SMA 8c and SMA 8a. 
Surprisingly, the sample with the higher modified binder SMA 8d endures the lowest number of load cycles, though it 
was loaded with the least static load. Though, this result is plausible, as the SMA 8d exhibits the lowest stiffness. In the 
force controlled test, higher strains are induced in SMA 8d than in the stiffer asphalts a-c and it has to endure more 
energy dissipation in each load cycle. In analogy, the stiffest SMA b can endure the highest number of load cycles.  
The ranking of the fatigue behaviour of the four asphalts changes at the lower temperatures. At -10 °C and -20 °C, 
SMA 8d shows the best results, despite its low stiffness. One reason lies in the lower static stress u, which is applied 
on the specimens of SMA 8d. At -20°C the SMA 8b cracks already after 39 load cycles. This can be explained by the 
high cryogenic stress of 2.844 MPa. The binder’s high viscosity leads to comparatively stiff asphalt, which induces high 
stress by thermal loads and hence fails after only a small number of load cycles.  
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Figure 7: Results of the Swelling Tensile Tests (Number of endured load cycles NCrack and Stiffness |E|)  
 



Despite SMA 8a and SMA 8 c show similar cryogenic stresses, the fatigue characteristics of the asphalt with 
unmodified binder (a) outperforms SMA 8c especially at -10 °C. This again can be explained by the differences in the 
stiffness values, as the higher stiffness of SMA 8a results in lower strain loads.   
 
3.3. Results of the Four-Point-Bending tests 
 
The initial stiffness and phase angle values SMix,0 and , measured in the four-point-bending tests at a temperature of 
T = +20°C and a frequency of f = 10 Hz are given in Figure 8. The ranking of the stiffness SMix,0 is the same as the 
ranking of the uniaxial stiffness values |E| from the swelling tensile tests at +5°C and -10°C. In both tests, SMA 8b 
shows the highest stiffness, whereas SMA 8d inhibits the lowest stiffness. As shown in Figure 8, the initial phase angle 
values are ranked contrarily. SMA 8d with the higher modified binder exhibits the highest phase angle, whereas SMA 
8b only reaches a phase angle of  = 21.5°.  
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Figure 8: Initial Stiffness and phase angle values in the four-point-bending tests at 20°C and 10 Hz 
 
The fatigue results of the Four-Point-Bending Tests are shown in Figure 9. The diagram contains the strain levels , 
applied in the tests and the number of load cycles until conventional failure criterion Nf/50. These values can be fitted by 
a power function of the form  = a  Nf/50

B, the so-called fatigue lines. The fitting functions are given in Figure 9. By 
using these functions, the strain amplitude 6, which results in a mean of 1,000,000 load cycles until the conventional 
failure is reached, can be extrapolated. 
 
The results clearly show that SMA 8d endures much higher strain levels than the other samples before failure, as its 
fatigue line lies above the other results. Thus it reaches a high value of 6 = 473.2 m/m. Of the two SMA with a binder 
classified as 20/60-55, SMA 8c shows the better fatigue performance in these tests. The SMA 8d with the unmodified 
binder shows a very low strain level 6 = 195.4 m/m.  
 
In the deflection-controlled bending tests, the same strain amplitude induces in the asphalt with the lowest stiffness 
SMA 8d smaller stress loads than in the stiffer asphalts. Thence, its better performance ion the bending tests is 
plausible. This is consistent to its good performance in the swelling tensile tests at low temperatures, where it also 
shows the best results.  
 
In the same way, the difference between the two asphalts with binders 20/60-55 can be explained by the stiffness 
values. At the same strain levels, the SMA 8b shows the higher stiffness and hence has to endure higher forces than the 
SMA 8b with the lower stiffness. Nevertheless, the bad performance of the SMA 8a doesn’t go with this theory, as it 
shows a lower stiffness than SMA 8b, but a worse fatigue performance at the same time. The lack of polymer 
modification can be used as explanation for this ranking. 
 



 
Figure 9: Results of the Four-Point-Bending Tests 
 
4. CONCLUSIONS 
 
Two different test methods – the swelling tensile test and the four-point-bending test – were used to examine the fatigue 
characteristics of four stone mastic asphalts, which were mixed with different binders. In spite of the very diverse test 
conditions, both tests result in a similar ranking of the fatigue performance of these four asphalts.  
In the force-controlled swelling tensile test at a test temperature of T = +5°C, the asphalt with the highest stiffness 
shows the best fatigue performance. At lower test temperatures, the influence of the cryogenic stress, which is 
superposed to the sinusoidal stress to simulate climatic loads, becomes more important. As a stiff asphalt induces higher 
stress levels by temperature decrease, its advantages to react with lower strain amplitudes in the force controlled test is 
outnumbered by the higher constant stress load. In this way at a low test temperature of T = -20°C, the stiffest asphalt 
shows the worst fatigue resistance.  
In the deflection controlled four-point-bending test, a higher asphalt stiffness results in a higher force which is needed to 
obtain the predetermined strain level. Hence, asphalt with a high stiffness shows a bad fatigue performance. 
Nevertheless, at the test temperature of T = +20°C, the modification of the used binder can outnumber the stiffness 
effects on the fatigue performance.  
The research work has shown that both test methods are capable for analysing the fatigue performance of asphalt. 
Despite the different test conditions temperature and control mode, they result in similar statements on the fatigue 
characteristics. But these similarities only occur by the application of a cryogenic static stress to the sinusoidal stress 
signal in the force-driven swelling tests. If this temperature stress is neglected, the statements on the fatigue 
performance contradict to the results in deformation controlled tests. Hence, if swelling tensile tests are used to analyse 
the fatigue performance of a material, the tests should be performed at a reasonably low temperature with the 
application of thermal stresses.  
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ABSTRACT 
 
Steel slag of electric arc furnace (EAF) is a by-product of the steel making industry which has mineralogical and 
chemical properties similar to the aggregates used in construction. 
This by-product has usually been treated like waste or used in low-value applications due to its problems of leaching 
and volumetric instability, two facts that it is known can be controlled and reduced till insignificant limits with an 
appropriate maturation treatment. 
In order to generalize EAF steel slag consumption to create a more sustainable aggregate market, avoiding slag dump 
disposal and quarries’ exploitation, our companies are developing an investigation program which includes 
experimental stretches and laboratory essays. 
In first part of this communication we will talk about our experience in asphalt mixtures using steel slag for thick sizes 
and limestone for small ones, the experimental stretches executed and their good behaviour and properties observed till 
now.  
The second part shows the result of studying the expansivity in two different granulometric fractions of EAF steel slag, 
designing a new test method which results are comparable with the ones obtained following the European standard test. 
It’s well known a very close relation between the aggregate’s specific surface and expansivity, being able to conclude 
that most of increase of volume problems is caused by the fine fraction. 
Regarding the obtained results with the granulometry used in the asphalt mixtures for surface layers executed in our 
experimental stretches, we did not have expansive problems, thanks to a suitable chemical composition of slag and a 
good adherence between bitumen an EAF steel slag, that protects from the environmental agents that is the main cause 
of increase of volume. 
Steel slag utilization has good outlook for hot mix surface layers due to it’s demonstrating to have a good behaviour in 
the experimental stretches and laboratory essays are confirming it’s goodness. 
 
Keywords: Slag, Environment, Design mix, Social and economic cost-benefit. 
 
1. INTRODUCTION 
 
The Spanish Aggregate Market for surface layers has entered into an economic and environmental problem due to the 
progressive exhaustion of the natural quarries situated near the consumption focus and the application of harder laws on 
extractive activities, accordance to the new social demands. 
Parallel to this situation, the Steel Making Industry situated in Catalonia generates a total amount of 360.000 Tons of 
Steel Slag every year by the method of Electric Arch Furnace (EAF), where the scrap is recycled to steel products. The 
steel slag by-produced in this process is currently used just in very-low value applications, but it has chemical and 
mineralogical properties similar to the construction aggregates used nowadays in asphalt mixtures.  
The main problems to generalize the use of EAF slag in high value applications like hot asphalt mixtures for surface 
layers are, in one hand, leaching and, in other hand, the potential expansivity if it doesn’t have an adequate maturation 
process, a fact that generates distrust in the road designers. 
In Catalonia, the company Pabasa has done several experimental stretches using black steel slag aggregates in 
substitution of the coarse fraction of asphalt mixtures for surface layers. This stretches have demonstrated to have a 
good mechanic and frictional behaviour, but it is wanted to know if in the future they could be damaged by the effect of  
the aggregate’s volumetric instability. 
Part of these doubts is unjustified because of the good adherence between the bitumen and the EAF slag coarse 
fractions, a fact that protects the aggregate from the atmospheric agents that can cause volumetric instability, however 
after some time some aggregate’s faces are exposed because of the effect of traffic. 
It is known that the volumetric instability of steel slag can be reduced to insignificant limits by hydrating its CaO and 
MgO content, a process that happens from the outside of the crystals till the inside; so there are reasons to think that 
there is a direct relation between the specific surface of the aggregates and their volumetric stability. 
To avoid problems of adherence between the acid colloidal system of EAF slag filler and the bitumen, in the hot asphalt 
mixtures used in our experimental stretches the fine grain is limestone and just the coarse fraction is EAF slag. 



In the first part of this article we want to show our experience, explaining how the asphalt mixtures have been designed 
in order to use materials with significant different density like EAF slag and limestone, and confirming the good 
behaviour of the experimental stretches since they were built in 2004 till now.   
The second part of the article shows the results of studying in which magnitude the volumetric instability can affect the 
coarse fraction of steel slag in comparison with the affection over the fine fraction and over an aggregate gradated with 
all the fractions, like the gradation essayed by the standard method EN-1744-1 of accelerating expansivity. 
It is designed a new test to quantify the volumetric stability of several grain fractions by modifying the standard 
method, and the results are statistically treated to notice the volumetric behaviour of EAF slag during a long period of 
time. 
Finally is done a reflection between the results obtained in the laboratory and their effect over the asphalt mixtures used 
in the Catalan experimental stretches. 
 
2. THE ASPHALT MIXTURE’S DESIGN WITH EAF STEEL SLAG COARSE FRACTIONS 
 
If different materials for the fine and the coarse fraction are applied, the unequal densities have to be respected within 
the composition. 
The application of natural aggregates for the fine fraction and slag aggregates for the coarse, improves certain properties 
of the composition. Natural aggregates applied for the fine grains avoid disadvantages about bitumen adherence with an 
acid colloidal system, whereas the slag used for the course components takes advantage of durability and abrasion and 
has a very good adherence with the binder. 
When calculating the granulometric curve for a hot asphalt mixture, the higher bulk density of the slag has to be taken 
in account. As the curve is composed by weighing the fractions passing the sieve, the fraction with slag aggregates has 
to be adjusted by a density factor: 
 

nat
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slag
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with: Mslag…mass of the slag aggregate’s course fraction [g] 
 Mnat..... mass of the course fraction if it was natural aggregate [g] 
 slag…. density of slag aggregate’s course fraction [g/cm3] 

nat…... density of the natural aggregate’s course fraction [g/cm3] 
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Figure 1: Exemplary correction of a S-12 (AC16 surf 35/50) granulometric curve, with fraction 0/4 natural 
aggregate and 4/22 slag aggregate. The natural aggregates decrease in weight, whereas the slag increases in 

order to occupy the correspondent volume. 
 
It is also possible to use the finest fraction of EAF slag in hot asphalt mixtures if it is accompanied by an adherence’s 
activator, in which case it would not be necessary to correct the granulometric curve, but it is not the case studied in this 
communication. 



 
3. THE EXPERIENCE 
 
In the year 2004, three different experimental stretches were constructed in Catalonia using EAF slag coarse fraction to 
try to determinate the goodness of using this material in hot asphalt mixtures for surface layers. 
One of the stretches was executed in the entrance of a steel making factory, where there is a very weighted traffic, and 
next to this sketch was executed another one with conventional materials in order to compare both behaviours. 
An exhaustive quality control has been made on these stretches since they were built, measuring the transversal and 
longitudinal coefficient of friction. The results for both stretches are good and very similar, but a little better for the 
EAF slag asphalt mixture surface layer than for the conventional one.  
In the other stretches executed in Catalonia, results of friction and durability obtained are also very satisfactory, and 
after three years from their execution they are still in a very good condition. 
 

 
 

Figure 2: A conventional executed hot mixture in comparison with an EAF slag one. It can be 
appreciated how slag is darker than conventional aggregate, but both stretches have similar 

appearance and properties, which are a little better for the EAF slag one. 
 
4. STUDY OF THE POSSIBLE EAF SLAG COARSE FRACTION VOLUME INSTABILITY AFFECTION 

ON SURFACE LAYERS EXECUTED IN CATALONIA 
 
4.1 The European’s standard volumetric stability determination essay 
 
The European standard EN 1744-1 describes a test method to determine the volume instability of steel slag using a well 
graduated aggregate from 0 to 22 mm of diameter, just compacted in a cylinder. This essay accelerates the 
volumetrically instable chemical reactions using hot steam running across the steel slag sample, like it is showed in the 
next figure: 

 

 
 

Figure 4: European standard Steam Device for analyzing steel slag instability 
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The hydration of calcium and magnesium oxides are the main causes of the volume expansion, described by the 
following equations [1]: 

CaO(s) + H2O(l)  Ca(OH)2 (s) 

MgO(s) + H2O(l)  Mg(OH)2 (s)   
  

In a minor quantity, volume instability can also be produced by iron’s oxidation and corrosion, larnita’s change of 
phase, and the carbonation of magnesium and calcium hydroxides [2]. 
European EN expansivity essay is made using two steel slag samples with a determinate granulometric curve, showed 
in the next table: 

 
Grain Diameter (mm) % in weight  

0  -  0,5 15 
0,5  -  2 15 
2  -  5,6 19 

49 

Fine 
fraction 

5,6  -  8 10 
8  -  11,2 11 
11,2  -  16 15 
16  -  22 15 

51 

C
oarse 

fraction

Total 100 100  
 

Table 1: Granulometic curve of volumetric stability essay EN 1744-1 
 

According with the standard EN 146130, if the analyzed steel slag contents less than 5% of MgO, the essay will last just 
24 hours, but if it is over 5%, it will last 168 hours. Steel slag will be considered a good quality aggregate for asphalt 
mixtures if the expansion obtained by this method is lower than 3.5%. 
 
4.2 Variations on the European’s standard volumetric stability essay to determinate the expansivity caused by 
each aggregate fraction 
 
Attending to the granulometric characteristics of EAF slag used in the asphalt mixtures for surface layers in the 
experimental Catalan stretches, in which the coarse fraction is slag and the fine is limestone, it is wanted to know in 
which grade aggregate’s expansion can affect the asphalt mixture, obtaining a value able to delimit the maximum 
expansion of EAF slag fraction.  
With this purpose, it is taken a representative sample of one of the lowest quality EAF slag by-produced in the Catalan 
steel making factory, and it is slow cooled down and not treated or stabilized. This sample is submitted into three 
different essays: 

- In the first essay, a sample 100% from EAF slag is analyzed following the expansivity essay contained in 
standard EN 1744-1. 

- In the second essay, in order to analyze the expansion caused by the coarse fraction (5.6 to 22mm of diameter), 
the fine fraction is substituted by a volumetrically stable aggregate, limestone. 

- In the third essay, the coarse fraction is substituted by limestone to analyze the expansion caused by the fine 
fraction (0 to 5.6 mm of diameter). 

As it’s been said, the standard EN 1744-1 favours expansivity reactions using hot water steam running across steel slag 
sample’s pores, in order to compare the results obtained in the three proposed essays, it is very important to keep the 
sample’s porosity and to respect the volumetric gradation, also because some expansivity can be absorbed by pores.  
As it is showed in the next table, EAF slag density is much higher than natural aggregate’s one, and so the grain 
substitutions must be done in volume, not in weight: 
 

 Apparent density 
(g/cm3) 

Apparent Porosity 
(%) 

EAF slag coarse fraction 3,65 4,69 
EAF slag fine fraction 3,66 6,89 
Limestone coarse fraction 2,62 3,18 
Limestone fine fraction 2,54 7,82 

 
Table 2: Apparent density and porosity of EAF slag in comparison with limestone 

 



4.3 Obtained results and interpretation 
 
The results obtained in the three different kinds of essays explained in point 4.2, are the following ones: 
 

Sample 
Expansivity 
registered in 

24h 

Expansivity 
registered in  

168 h 

Expansivity in 
infinite time 

Well gradated steel 
slag 0.60% 3.36 % 4.10 % 

Fine fraction of EAF 
slag and coarse 
fraction of limestone 

0.60 % 2.75 % 3.90 % 

Coarse fraction of EAF 
slag and fine fraction 
of limestone 

0.0075 % 0.415 % 0.25 % 

 
Table 3: results obtained in the laboratory essays 

 
All the analyzed samples had MgO content lower than 5%; it means that according to the standard EN 146130, the 
essay should last just 24 h. 
The expansivity registered in 24 hours is very low in all the samples, and even after 168 hours it is under the standard 
3.5%, so this steel slag can be considered to be of high quality. 
The analyzed samples were from one of the lowest quality EAF slag produced in the Catalan steelmaking factory and 
were not submitted to any maturation process to reduce their initial expansivity, so the results can be considered to be 
the maximum values for expansion that Catalan EAF slag can have. 
The coarse fraction is much less expansive than the fine one, but the coefficient of variation for coarse fraction is much 
bigger than for the fine one, it means higher relative deviation of results.  
In table 3, the value showed as expansivity in infinite time is the result of applying a non linear regration on obtained 
experimental results, according with the equation proposed by Motz and Geiseler [3] for a sample made with 100% 
steel slag aggregates: 
 

CteVV /1  
 

Analyzing the variance of applying this non linear regration on the experimental values, it has been observed that the 
equation  fits very well with the volume increase produced in a sample of 100% EAF slag, and with a sample where just 
the fine fraction is made of steel Slag, but in contrast, it doesn’t fit very well with the sample where just the coarse 
fraction is made of steel slag. The expansivity of the different samples can be modelized as shown in figures: 
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Figure 5: normal expansivity behaviour of the analyzed samples 

 
In order to try to explain the different volumetric behaviour between different fractions, the samples have been 
submitted to chemical and mineralogical essays of X-ray fluorescence and diffraction, but it has not been observed any 
significant difference able to explain the differentiation of the volumetric behaviour because of this reasons. 



 
Chemic element Standard sample Fine fraction Coarse fraction 

CaO 25.28 25.70 25.60 
MgO 2.88 3.40 2.78 

 
Table 4: Medium chemist composition of the analyzed samples, no meaningful  

differences have been observed 
 
The hydration of magnesium and calcium oxides proceeds from the crystal’s surface to inside [4], so it is a close 
relation between the steel slag’s volume increase and its specific surface. That’s why it’s been made a theoretical study 
of the total specific surface that each of the two analyzed fractions contribute to the total sample in percentage. The 
results have been obtained idealizing the aggregate as if it was spherical, and are presented in the following table with 
the values of expansivity in infinite time and the percentage that this expansivity represents over the one obtained in 
100% EAF slag samples. 
 

Sample Expansivity in 
infinite time 

Expansivity percentage 
over a 100% EAF slag 
sample’s increase of 

volume 

Specific surface percentage 
of the Steel slag fractions 

over the total sample 

100% EAF slag 4.10 % 100 % (base) 100 % (base) 
Fine fraction of EAF 
slag and coarse 
fraction of limestone 

3.90 % 95.12 % 94.46 % 

Coarse fraction of EAF 
slag and fine fraction 
of limestone 

0.25 % 6.10 % 5.54 % 

 
Table 5: Study of the aggregate’s expansivity in comparison with their specific surface 

 
In the previous table we can see that fine fraction represents approximately the 94.46% of the specific surface of a well 
gradated standard sample although it is the 49% in weight. Only the 5.54 % of the total specific surface is contributed 
by the coarse fraction in spite of it represents the 51 % in weigh. 
These quantities of specific surface in percentage, are very close to the expansivity experimented by each fraction in 
comparison with a sample constituted of 100% EAF slag, showing us the main importance of the grain diameter in the 
expansion phenomenon. 
 
5. CONCLUSIONS 
 
First of all it should be reminded that the experiments have been done on raw material from one of the worst quality 
EAF slag produced in Catalonia (scrap load c-55), in order to obtain a maximum value able to delimit the volume 
instability. 
The chemical analysis of the samples reveals a MgO content under 5%, so according to the European standard it’s 
enough essaying the 100% slag sample during 24 hours. The increase of volume obtained for this sample in 24 hours is 
0.6%, much lower than the 3.5% used in the standard EN 146130 to classify a good quality aggregate by volume’s 
stability point of view. Even after 168 hours, the increase of volume registered was under 3.5%, a fact that confirms the 
excellence of this aggregate.  
There is a close relation between expansivity and specific aggregate’s surface, so most of the expansivity problems 
registered by the European standard, about 95%, are caused by the fine fraction.  
The Catalan EAF slag experimental stretches are not supposed to have future problems because of aggregate’s 
expansion, due to the fact that in these stretches just the coarse fraction is EAF steel slag, supposing only the 12 % of 
the total specific surface. It’s also very important to consider the fact that the adherence between bitumen and EAF slag 
is very good, so the binder protects a great part of the aggregate from the environmental agents that can cause 
volumetric instability. 
After three years of having executed the Catalan experimental EAF slag stretches, they still have good qualities like 
longitudinal and transversal coefficient of friction, and have an excellent appearance. 



 
6. VIEWS OF FUTURE 
 
As it has been seen in this communication, EAF steel slag is demonstrating to have good qualities to be used in hot-mix 
surface layers, a fact that combined with the environmental and economic profits of it’s utilization shows an excellent 
future framework for this material. 
One of the main problems to generalize EAF steel slag consumption is that in the past it was treated like a residue 
without submitting it to appropriate quality control, so nowadays it generates distrust about its technical and leaching 
properties although it is known that they can be solved with a maturation treatment. 
In order to get through this situation and to demonstrate EAF slag goodness like a construction material, our companies 
are developing a vast investigation program in which experimental stretches are combined with laboratory essays. The 
experiences obtained till now are been very positive. 
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ABSTRACT 
 
This paper investigates the effects of simulated laboratory trafficking on bond between asphalt layers using two 
different laboratory trafficking procedures.  In the first procedure, a 150mm diameter core sample was confined in a 
Percentage Refusal Density (PRD) mould and trafficking is simulated by applying a repeated axial stress up to a set 
number of cycles.  The shear strength of the sample was then measured in the Leutner apparatus.  In the second 
laboratory simulation procedure, the French Wheel Tracker machine was used to apply a more realistic rolling wheel 
load.  A prismatic specimen (containing an interface) was manufactured in a large slab compactor and then trafficked 
in the French Wheel Tracker up to a set number of load applications.  Two 150mm diameter cylindrical specimens were 
cored from the trafficked slab and tested in the Leutner apparatus.  Results showed that the more realistic loading 
applied by the French Wheel Tracker resulted in a greater increase in shear strength with simulated trafficking for 
specimens that initially had poor bond. 
 
Keywords: bond between layers, bonding, trafficking, shear strength, tack coats. 
 
1. INTRODUCTION 
 
Asphalt pavements are usually constructed in several layers with bonding between adjacent layers being required to 
ensure good performance.  However, adequate bonding is not always achieved and a number of pavement failures have 
been linked to poor bond condition (e.g. Kennedy and Lister [1], Peattie [2], SETRA/DTC [3], Shaat [4], Lepert et al. 
[5], Hachiya and Sato [6], Charmot et al. [7]).  Potentially bond strength can increase with time through trafficking of 
the pavement.  Choi et al. [8] found that, although there was minimal change in bond strength with trafficking for high 
initial bond strength (> 1 MPa), there was some indication that an initially poor or intermediate bond (< 1 MPa) could 
be improved with trafficking at an elevated temperature (30-35oC).  However, these results were inconclusive and, 
therefore, further research has been undertaken to investigate the effects of simulated laboratory trafficking on bond 
between asphalt layers using two different laboratory trafficking procedures.  In the first procedure, a 150mm diameter 
core sample (containing an interface) was confined in a Percentage Refusal Density (PRD) mould and trafficking was 
simulated by applying a repeated axial stress up to a set number of cycles.  The sample was then removed from the 
mould and the bond strength measured using the Leutner test.  In the second laboratory simulation procedure, the 
French Wheel Tracking machine was used to apply a more realistic rolling (moving) load on a prismatic specimen 
(containing an interface).  Two 150mm diameter cylindrical specimens were then cored from the trafficked prismatic 
specimen and their shear strength again measured in the Leutner apparatus.  In both procedures, samples were trafficked 
to different levels to establish the relationship between traffic loading and change in shear strength. 
 
2. LEUTNER TEST PROCEDURE 
 
The bond strength of 150mm diameter core samples before and after trafficking were determined by means of the 
Leutner test under standard testing conditions (50mm/min and 20oC) using a hydraulic testing machine within a 
temperature controlled cabinet.  Prior to testing, 150mm diameter cores were conditioned in a temperature-controlled 
cabinet.  The core was then placed in the Leutner testing frame taking care to ensure that the interface was properly 
aligned with the shear axis.  The shear force was measured using a load cell and the shear displacement measured using 
a Linear Variable Differential Transformer (LVDT) incorporated into the hydraulic testing machine (i.e. load-line 
displacement).  Figure 1 shows a photograph and a schematic of the Leutner load frame and test configuration. 
 
3. SAMPLE PREPARATION 
 
As described above, Choi et al. [8] found some indication that an initially poor or intermediate bond (<1 MPa) was 
improved after trafficking at an elevated temperature (30-35oC).  However, the initial poor bond condition in their study 
was achieved using a water/talcum powder mixture which is clearly unrealistic in an actual pavement system.  
Therefore, a series of Leutner tests incorporating various interface conditions was performed with the aim of achieving 
an initially low or intermediate bond condition under more realistic conditions so that the effect of trafficking could be 
subsequently investigated. 
 



 
Figure 1: Photograph and schematic diagram of Leutner load frame. 
 
3.1. Materials and specimen preparation 
 
To investigate the interface conditions that produce an initially low or intermediate bond condition, a 14mm Stone 
Mastic Asphalt (SMA) surfacing material was used as the upper layer (surfacing) and a 20mm Dense Bitumen 
Macadam (20DBM) binder course material was used as the lower layer (binder course).  Gritstone and limestone 
aggregates were used for the SMA and DBM mixtures respectively.  All materials were designed according to the 
relevant Standards [9] [10] with details of the asphalt mixtures given in Table 1. 
 

Mixture Type Binder 
Grade 

Binder Content (% 
mass) 

Air Void 
Content 

Max. density 
(Mg/m3) 

Layer thickness 
(mm) 

14mm SMA 40/60pen 6%* 4% 2.501 40 
14mm SMA-MB** 40/60pen 5.7%* 4% 2.531 40 
20mm DBM  30/45pen 4.7% 5.5% 2.490 60 
20mm DBM-MB**  30/45pen 4.1% 5.5% 2.504 60 

* Includes 0.3% cellulose fibres (of mixture weight) 

** Designed using minimum permissible binder content 

Table 1: Mixture characteristics 
 
Slabs of plan dimensions 305mm  305mm, each comprising 2 layers, were manufactured in a laboratory roller 
compactor to simulate site compaction conditions as closely as possible.  The material for the lower layer, once mixed, 
was placed in the mould and compacted to the desired thickness.  The surface was then treated to give one of the 
following interface conditions: 
 
(a) The lower layer was allowed to cool to room temperature.  A ‘standard’ amount of tack coat, comprising K1-40 

emulsion, was spread on the lower layer surface using a clean brush to give an average of 200g/m2 residual 
bitumen.  

(b) The lower layer was chilled at 5oC for 16+1 hours prior to interface preparation.  A slurry mixture comprising 
16g of limestone filler and 32g of water was applied on the 305mm  305mm area of the lower layer surface. 

(c) The lower layer was chilled at 5oC for 16+1 hours prior to interface preparation.  A quantity of water (48g) was 
applied on the 305mm  305mm area of the lower layer surface. 

(d) The lower and upper layers were designed using the minimum permissible binder content.  The lower layer 
surface was ‘scuffed’ with an abrasive to remove surface bitumen then chilled at 5oC for 16+1 hours prior to 
interface preparation.  A slurry mixture comprising 16g of limestone filler and 48g of water was applied on the 
305 mm  305 mm area of the lower layer surface. 

 
Case (a) can be considered to be ‘best’ current practice where a known amount of tack coat is applied to a clean surface.  
Case (b) was designed to simulate the situation where no tack coat is used and the receiving surface is cold, wet and 
dirty.  Case (c) was designed to simulate the situation where no tack coat is used and the receiving surface is cold and 
very wet.  Case (d) can be considered to be the ‘worst’ condition and was designed to simulate the situation where both 
layers are using the minimum permissible binder content, the surface of the lower layer has had the surface bitumen 
removed, no tack coat is used and the receiving surface is cold, dirty and very wet.  
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After the interface had been prepared, the material for the upper layer was mixed and compacted on top of the lower 
layer to the desired thickness.  From each slab, two 150mm diameter cores were obtained for Leutner testing.  
Nominally six identical tests were undertaken for each test condition to assess variability. 
 
3.2. Results 
 
Figure 2 shows the average shear strength measured for the various interface conditions.  The error bars represent the 
95th percentile confidence limits.  It can be seen from Figure 2 that only interface condition (d) showed an average shear 
strength of less than 1MPa indicating an intermediate/poor bond.  Consequently, interface condition (d) was used in the 
trafficking investigation. 
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Figure 2: Shear strength of various interface conditions 
 
4. SIMULATED TRAFFICKING USING PRD MOULDS 
 
4.1. Materials and trafficking setup 
 
In the simulated trafficking investigation, two surfacing materials (14mm Stone Mastic Asphalt (SMA) and a 
proprietary Thin Surfacing (TS1)), two binder course materials (20mm Dense Bitumen Macadam (DBM) and 0/14 
Enrobé à Module Élevé (14EME)) and one base material (0/20 EME (20EME)) were used.  A gritstone aggregate was 
used for the SMA, TS1 and EME and a limestone aggregate was used for the DBM mixtures.  All materials were 
designed according to the relevant Standards [9] [10] [11] using the minimum permissible binder contents.  Details of 
the mixtures are given in Table 2.   Slabs with the interface condition (d) were prepared and cored in the same manner 
as the specimens described in Section 3.1.  
 

Mixture Type Binder 
Grade 

Binder Content (% 
mass) 

Air Void 
Content 

Max. density 
(Mg/m3) 

Layer thickness 
(mm) 

14mm SMA 40/60pen 5.7%* 4% 2.531 40 
TS1** - - - - 15 
20mm DBM  30/45pen 4.1% 5.5% 2.504 60 
0/14 EME 10/20pen 5.4% 5% 2.522 60 
0/20 EME 10/20pen 5.2% 5% 2.530 80 

* Includes 0.3% cellulose fibres (of mixture weight) 

** Proprietary material 

Table 2: Mixture characteristics 
 
Figure 3 shows the experimental setup for the simulated trafficking.  The specimen (150mm diameter core) was placed 
in a percentage refusal density (PRD) mould, which provides lateral confinement to the specimen.  Sinusoidal loading 
with a frequency of 5 Hz and a peak stress of 600 kPa was then applied to the specimen surface through a loading platen 
to simulate traffic loading.  The simulated trafficking was performed at an elevated temperature of 35oC.  Leutner 
testing was performed after 0, 1,000, 10,000 and 100,000 cycles. 
 



 
Figure: PRD setup for the simulated trafficking 
 
4.2. Results of simulated trafficking 
 
Figure 4 shows the shear strength plotted against the number of simulated trafficking cycles for all material 
combinations.  Note that in this and subsequent figures, the initial bond strength (0 cycles) has been plotted at 1 cycle 
since a logarithmic scale has been used.  The error bars represent the 95th percentile confidence limits.  It can be seen 
from this figure that the initial bond strengths vary from approximately 0.3 MPa for the SMA/EME and TS1/EME 
combinations to approximately 1.4 MPa for the TS1/DBM combination.   
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Figure 4: Effect of simulated trafficking on cored specimens 
 
It can also be seen from Figure 4 that there is no clear pattern in terms of change in bond strength with simulated 
trafficking.  For all the combinations the curves between 1 and 1,000 cycles are quite flat indicating little of no 
improvement in bond strength.  Between 1,000 and 10,000 cycles, 3 of the 5 material combinations showed a decrease 
in bond strength with only the SMA/DBM material combination showing any significant improvement.  However, 
between 10,000 and 100,000 cycles the same three combinations that previously showed a decrease in bond strength, 
now show significant increases whereas the combination that previously showed an increase in bond strength now 
shows a slight decrease in bond strength.  Overall, the SMA/EME, TS1/EME, SMA/DBM combinations showed 
increases in bond strength after 100,000 cycles of approximately 130%, 80% and 30% respectively, with the TS1/DBM 
and EME/EME combinations showing no improvement. 

PRD mould to 
confine specimen 

Loading platen 



It should be noted that a small number of samples for the TS1/EME and SMA/EME combinations were initially 
debonded immediately after coring and could not be subjected to Leutner testing.  An additional investigation was 
carried out using these specimens by reassembling them in their original compaction orientations and performing 
simulated trafficking, to compare the results with the initially bonded specimens.  The results are shown in Figure 5 
where it can be seen that all of the initially unbonded specimens developed a bond after trafficking for 1,000, 10,000 
and 100,000 cycles, although the bond strengths were less than 0.4 MPa and typically lower that the initially bonded 
specimens. 
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Figure 5: Effect of simulated trafficking on unbonded specimens 
 
It is also interesting to note from Figure 4 that the shear strengths of the SMA/DBM and SMA/EME combinations are 
significantly different, even though the same surfacing has been used and the grading of the DBM binder course 
mixture is similar to the grading of the EME binder course mixture.  It was thought that this difference may have been 
caused by the different penetration grade bitumens used in the lower layer mixtures.  Therefore, a set of SMA/EME 
specimens was produced, using the same binder in the EME (30/45 pen) as used in the DBM mixture.  The results are 
presented in Figure 6.  It can be seen from this figure that the shear strengths of the SMA/EME specimens made using 
30/45 pen binder are approximately similar to those of the SMA/DBM specimens which indicates that the binder grade 
used in the lower layer is likely to be a reasonably significant factor, although additional testing would be required to 
confirm this. 
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Figure 6: Effect of binder penetration grade on shear strength 
 



5. SIMULATED TRAFFICKING USING THE FRENCH WHEEL TRACKER  
 
Although some of the material combinations shown overall increases in bond strength after simulated trafficking in the 
PRD moulds, the results were not conclusive and the mechanism for simulating the trafficking was unrealistic.  For 
example, the specimens were contained in a PRD mould which will apply significantly more lateral restraint than that 
experienced in the field, while the loading was applied axially so more complex effects related to rolling wheel loading 
such as rotation of principal stresses was not included.  It was therefore decided to undertake more realistic experiments 
using the French Wheel Tracker [12] to more closely simulate in-situ conditions.  Three surfacing/binder course 
material combinations (SMA/DBM, SMA/EME and TS1/EME) and one binder course/base combination (EME/EME) 
were tested.  
 
5.1. Materials, specimen preparation and trafficking setup 
 
All materials were designed according to the relevant Standards [9] [10] [11] using the minimum permissible binder 
contents.  Details of the mixtures are the same as those shown in Table 2.  The same sample preparation procedure as 
used with the PRD trafficking tests was used with the exception that larger slabs (500mm  500mm) were produced so 
that the prismatic specimens required for the French Wheel Tracker (see Figure 7) could be obtained.  Typically two 
prismatic shape specimens were obtained from one slab.   
Two identical prismatic specimens were then placed in the French Wheel Tracker steel moulds which were then fixed to 
the machine.  The trafficking setup for the French Wheel Tracker is shown in Figure 8.  Sinusoidal loading with a 
frequency of 5 Hz and a peak tyre contact pressure of 720 kPa was then applied to the specimen surface through the 
pneumatic rubber tyres.  The trafficking was performed at an elevated temperature (35oC).  Two 150mm diameter cores 
were taken from each of the prismatic specimens after they had been trafficked for 0, 1,000, 10,000 and 100,000 wheel 
passes for Leutner testing.  Four cores obtained from the two prismatic specimens were used for each trafficking 
condition.  
 

 
 
Figure 7: Prismatic specimen used in French Wheel Tracker  
 
 

 
 
Figure 8: Trafficking setup for French Wheel Tracker  
 



5.2. Results 
 
Figure 9 shows shear strength plotted against the number of trafficking cycles for all the material combinations.  As 
before, the error bars show the 95th percentile confidence limits.  It should be noted that some of the specimens were 
found to be debonded immediately after coring (these are noted in the figure).  It can be seem from Figure 9 that all of 
the material combinations show a greater improvement in bond strength with trafficking compared to the PRD results 
(Figure 4).  For example, the SMA/EME and SMA/DBM material combination show improvements of approximately 
380% and 200% after 100,000 passes compared to approximately 80% and 30% respectively from simulated trafficking 
undertaken using the PRD moulds. 
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Figure 9: Results of trafficking with French Wheel Tracker  
 
6. CONCLUSIONS 
 
 A poor bond in the laboratory was achieved by: (a) using the minimum permissible binder content for both layers, 

(b) ‘scuffing’ the bottom layer surface and then chilling at 5oC for 16+1 hours, (c) treating the lower layer surface 
with a slurry mixture comprising 16g of limestone filler and 48g of water. 

 Results from the PRD mould-based simulated trafficking showed that the bond strengths for the SMA/EME, 
TS1/EME, SMA/DBM combinations increased after 100,000 cycles by approximately 130%, 80% and 30% 
respectively whereas the TS1/DBM and EME/EME combinations showed no improvement.  It was also found that 
initially debonded specimens showed some bond development with trafficking and the use of a softer binder in the 
EME asphalt mixture improved the bond strength. 

 Results from the more realistic French Wheel Tracked-based simulated trafficking showed that all of the material 
combinations show a greater improvement in bond strength with trafficking compared to the PRD results.  For the 
SMA/EME and SMA/DBM material combinations, this improvement in bond strength corresponded to increases 
of approximately 380% and 200% after 100,000 passes. 
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ABSTRACT

The French Mix Design Methodology for Bituminous mixtures relies on the laboratory determination of different 
characteristics allowing to assess the in situ performances of the materials. The approach using performances 
of bituminous mixtures (fatigue, stiffness..) applies for many years for structural design of the pavement. So the 
consistency of this process (laboratory evaluation/prediction of the in situ performances) has been checked 
selectively.
However, the economic importance of the achieved performances of the pavement and the evolution of the 
fabrication, laying and compacting equipment impose to periodically look into the correspondence between the 
characteristics measured on laboratory manufactured samples and those actually obtained on the road 
materials. This section deals with the relationship between fatigue measured on samples made in laboratory and 
fatigue of the material in the pavement, taken from cores. Series of large-diameter core samples were extracted 
on sites featuring asphalt concrete for base course or for wearing course. These samples (more than 120) yield 
trapezoidal specimens that allow conducting several fatigue tests so as to derive an estimation of worksite 
variability. A high level of regularity on the "site" samples has been found and a strong level of correspondence 
between type testing and results from site samples. 

Keywords :Fatigue cracking, mixture design, mixing plant 

1.INTRODUCTION

Although the French method has been based on specifying characteristics in the laboratory for a given mix [LPC
Bituminous Mixtures Design Guide, ERLPC, 2007], it is still necessary to comprehend the relationships existing 
between results obtained from a sample prepared in the laboratory and a sample extracted in the field. The 
consistency of this approach (laboratory evaluation / performance predictions for pavements) was verified for 
certain data points. The magnitude of economic stakes tied to actual performances obtained from the pavement 
along with the evolution in production and implementation capacities necessitate however focusing, for shorter-
interval periods, on the correspondence between values measured on specimens made in the laboratory and those 
generated on the jobsite. 

This verification step was performed during a number of studies conducted on various properties, such as 
gyratory compactor compactibility, rutting, stiffness modulus and fatigue resistance[Correspondance entre les 
caractéristiques mesurées sur des matériaux de laboratoire et sur des matériaux prélevés sur chantier – Module 
de rigidité – Presse à Cisaillement Giratoire, Eurobitume 2000]. The approach adopted in all cases consisted in 
comparing results from laboratory analysis (ensuring that components tested were actually being used onsite) 
with results obtained from samples extracted in the field, in including a careful estimation of their variability. 

For the properties of compactibility with the gyratory compactor, stiffness modulus and fatigue resistance, 
results were drawn from the LPC research topic: "CH15 : Design of hot asphalt mixes". This study deals with 
the mixtures intended to a structural design, used as pavement base course . According the EN 13108-1, these 
mixtures, Asphalt concrete-Grave-bitume (AC-GB) and Asphalt concrete-Enrobés à Module Élevé (AC-EME) 
are relevant from the fundamental approach. The aim of this study is to investigate the correspondence between 
a group of tests resultson specimens prepared in laboratory and a group of test result on specimens taken from 
the pavement. In order to take into account the variations of composition due to the factory production process, 
the mix was prepared in the laboratory by varying the most important parameter which is the binder content 
around the design value, which led to an initial set of laboratory results. These variations correspond to the 
tolerances observed on the plants (± 0,5 % or ± 0,3 %). Due to the complexity and the number of samples 
necessary for the fatigue test, the variability has been studied on only two worksites. 
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2.EXPERIMENTAL  

For the fatigue testing, the method used in France consists of imposing a constant amplitude sinusoidal 
displacement at the head of an isosceles trapezoidal console test piece, measuring the fatigue life of the test piece 
when the failure criterion is achieved (see figure 1). This test is performed for almost 30 years in France and has 
proved to give very repeatable and reproducible results [Essais de fatigue sur les enrobés bitumineux, résultats 
de l’expérience d’exactitude - C.DE LA ROCHE – RGRA n°793, 2001]

Figure 1 : Principle of the 2 points bending fatigue test (EN 12697-24, Annex A) 

According EN 12697-24, Annex A, about 18 specimens are needed to determine a statistically reliable value of 
epsilon6. In the laboratory, that means to prepare 2 slabs of 80 kg each, sawing and selecting specimens. On the 
site, it is then necessary to extract large slabs without damage or to cut numbers of cores with a diameter at least 
equal to 300 mm. In a core, only 3 or 4 trapezoidal specimens may be prepared. For the variability study, 40 
cores of 300 mm diameter have been extracted from base course of the motorway MW4 on 10 locations 
scattered on 10 km. 12 to 24 specimens have been tested for each location. 
The studied mixtures AC-GB (usual base course material) and AC-EME (High modulus asphalt concrete) are 
asphalt concretes conforming with EN 13108-1. In the French application of EN standards, class 2 and 3 have 
been selected for AC-GB, with fatigue resistances respectively equal to 6-80. and 6-90. Class 1 and 2 have been 
selected for AC-EME with fatigue resistances respectively equal to 6-100 and 6-130 . Aggregates are from 
different sources : limestone, porphyry or alluvial in order to represent usual categories of aggregates used in 
French base courses.
The main requirements of these mixtures according the French application of EN 13108-1 are explained in table 
1: 

Table 1 : Main requirements of  AC-GB and AC-EME 

AC-GB class 2 AC-GB class 3 AC-EME class 1 AC-EME class 2 

Reference EN13108-1 EN13108-1 EN13108-1 EN13108-1 

Void content by 
Gyratory 

EN 12697-31 

100 gyr. For AC14 

120 gyr. For AC20 

Vmax11 Vmax10 Vmax10 Vmax6

Water-sensitivity ITSR70 ITSR70 ITSR70 ITSR70

time 

time 

Life duration N 

Log 

Displacement 
resp.

Force 
resp. (

Fo

Fo/

Log (life duration) 

106
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AC-GB class 2 AC-GB class 3 AC-EME class 1 AC-EME class 2 

Reference EN13108-1 EN13108-1 EN13108-1 EN13108-1 

EN 12697-12 method 
B by compression 

Wheel tracking test 

EN 12697-22 

Large device 

60°C 

P10

10000 cycles 

P10

10000 cycles 

P7,5

30000 cycles 

P7,5

30000 cycles 

Stiffness

EN 12697-26 

15°C 10 Hz or 0,02s 

S9000 S9000 S14000 S14000

Fatigue Annex A of 
EN 12697-24 

10°C 25 Hz 

6-80 6-90 6-100 6-130

(Usual values for the 
binder content) 

Not specified in 
fundamental 
approach

4,0 % 4,5 % 4,4% 5,4% 

Usual thickness (mm) 80 to 120 

3.RESULTS

3.1 Sensitivity in the laboratory 

Fatigue resistance has been determined on mixtures with the nominal binder content and by variation of the 
binder content within the tolerances required usually (± 0,5 % or ± 0,3 % ) on the mixing plants. An example of 
the results obtained with this sensitivity study is shown Figure 2.  

Figure 2: Sensitivity of fatigue resistance versus binder content

AC-GB

AC-EME

AC-EME

AC-EME
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The well known trend is confirmed: The fatigue resistance is in connection with the binder content for all classes 
of  both types of mixtures. This result is also in accordance with the model given by F.Moutier [French Design 
Manual For Pavement Structures, SETRA-LCPC, 1997] with the following equation:

TLTL10726

where
6 is the variation of fatigue resistance 

TL is the binder content (% out) 
TL is the variation of binder content 

Note: the void content of the mixture is assumed to remain constant. 

3.2 Relationship between laboratory results and field results (without variability study) 

In order to asses the relationship between laboratory and field results regarding fatigue, the result obtained in 
laboratory with the theoretical formula and the constituents taken from jobsite have been compared to the results 
obtained on cores taken from the jobsite on a single coring spot.  The results are gathered in table 2. They show 
that fatigue resistance on the jobsite is at the same level as in the laboratory (or better) for 5 sites, but it is lower 
for 7 other sites (HW2 is not considered in this comment). The difference could be till 20 def. These results 
highlight the fact that it is not possible to conclude regarding the correspondence between laboratory and field 
performances without taking into account the variability that can be found on site. This was the purpose of the 
specific study

Table 2 : Relationship between laboratory and field results 

Laboratory JobsiteJobsite Type of 
Mixture Binder 

content 
%

Void
content 

%

Fatigue 
resistance

6

Binder 
content 

%

Void
content 

%

Fatigue 
resistance

6

MW1 AC14-GB 
Class 2 
Limestone 

4,6 4,1 106 4,6 5 107 

MW2 AC14-GB 
Class 2 
Alluvial 

4,5 4,6 111 4,5 4,7 91 

MW3 AC14-GB 
Class3
Limestone 

4,8 4,1 109 4,8 4,2 98 

MW3 bad 
compaction 

AC14-GB
Class2
Limestone 

4,4 10,9 103 4,4 11,5 83 

HW1 
Upper Base 
course

AC20-GB
Class 2 
Tuff

4,0 5,0 103 4,0 5 84 

HW1 
Lower base 
course

AC20-GB
Class 3 
Tuff

4,6 2,1 110 4,5 3,3 101 

HW1 sect2 
base
course

AC20-GB
Class 2 
Tuff

4,3 7,3 101 4,4 7,4 102 

HW2 
Base course 

AC20-EME
Class 2 
Porphyry 

5,6 1,8 163 5,6 2,6 125 * 
*Characteristic

s of bitumen 
changed

HW3 
Test section 1 

AC14-EME
Class 1 

4,5 3,6 123 4,6 1,8 129 
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Laboratory JobsiteJobsite Type of 
Mixture Binder 

content 
%

Void
content 

%

Fatigue 
resistance

6

Binder 
content 

%

Void
content 

%

Fatigue 
resistance

6

Porphyry 
HW3 
Test section 2 

AC14-EME
Class 1,5 
Porphyry 

4,9 2,1 138 5,0 1,9 126 

HW3 
Test section 3 

AC14-EME
Class 2 
Porphyry 

5,4 1,0 143 5,6 1,0 143 

MW4 
Base course 

AC14-GB
class 3 
Diorite 

4,4 5,3 94 4,4 - 98 

HW5 
Base
South 

AC14-GB
Class 3 
Alluvial 

4,5 5,3 114 4,5 5,0 108 

3.3 Study of the variability

In order to get more relevant results regarding the correspondence between laboratory and field results, it has 
been considered as necessary to investigate the variability of the fatigue resistances obtained on site. This study  
has been performed on two different sites. For the Motorway MW4, 10 different coring locations have been 
investigated along 10 km of the studied motorway. For the HW5 highway, 2 different coring locations have been 
investigated, each of them been tested both for the foundation and the base layer which were made of exactly the 
same formula and compacted in the same way. 

3.3.1 Motorway MW4 10km section 

Figure 3 displays a summary of the fatigue results obtained on the different locations of the jobsite and in the 
laboratory results 

Figure 3: Summary of fatigue test results by sample preparation protocol  
(preliminary design, laboratory verification, onsite extractions) 

In addition to the fatigue measurement, the stiffness has been measured according EN 12697-26 (Annex A or E) 
also on the10 same locations (average of 4 repeated tests per site). The average stiffness modulus varies from 
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10940 MPa to 13584 MPa (± 10% of average value); This variation is considered as a small dispersion for this 
mechanical property. In conjunction with these findings, it has been observed that placement conditions are very 
well respected (9cm to 10 cm thickness, 3% to 5% void content on tested samples, i.e. 1 or 2 points more in 
place for the foundation void content). 

The fatigue criterion varies from 91 to 106 def (± 7% of average value). A relatively good correspondence 
between the laboratory verification and average  of onsite findings may be noted. The deviations in fatigue (5-

def spread) are less than the test tolerance ranges. A compensation between modulus values and the fatigue 
criterion for onsite extractions can be seen (in general, as the modulus increases, the fatigue criterion decreases 
and vice versa). As for the asphalt concrete for base course (Grave-bitume) class 3  AC-GB3 standard 
specifications (modulus of 9000 MPa and fatigue > 90 def), the individual results from onsite extractions 
always exceed these thresholds,). In contrast, the fatigue criterion remains narrowly limited (minimum of 
91 def).

3.3.2 Highway HW5 

Figure 4 shows a summary of the fatigue results obtained on the different locations of the jobsite and in the 
sensitivity study in the laboratory with a variation of ± 0,5% of binder content from the nominal value. 

 Figure 4: Summary of fatigue test results by sample preparation protocol  
(laboratory verification Nominal ± 0,5% of binder, onsite extractions) 

The fatigue resistances measured on this site are lower (or quite equal) than the value obtained on the nominal 
mixture in the type testing. The level on site is closer from the fatigue resistance obtained on the laboratory 
study with 0,5% less of binder. Nevertheless for this type of mixture, in the laboratory and for every 
measurement on site every point exceeds the requirement of the standard (90 micro-def). 

4.CONCLUSION
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This study was a part of a general research program about the relationship between laboratory  and onsite 
characteristics, according the fundamental approach, including percentage of void, rutting resistance and 
stiffness modulus. 
For all the other parameters, the characteristics on the worksite are better or equal to these obtained in the 
laboratory. 
Concerning the fatigue test, the performance onsite  is below or equal to the values of the laboratory. The loss of 
resistance could be 20 def.  
Nevertheless, the variation observed on the jobsite are limited (close to the precision of the test) and the level of 
results (on site and in the laboratory) complies with the requirement of the French recommendation  in the EN 
standards.
The sensitivity studies with variations of the binder content in type testing, in connection with the usual 
tolerances on the plant, confirm that the fatigue resistance is correlated with the binder content. 
This study demonstrate that for the fundamental approach, the fatigue testing is pertinent but very sensitive. 
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ABSTRACT

Porous asphalt is the most effective road surface for reducing traffic noise at the source, i.e. the tyre-road-contact. A
crucial point in using this surface course is the limited acoustic durability caused by clogging of the voids. According to
German investigations the noise reducing effect is reduced by 0,5 dB(A) a year in average.
Amongst other topics a research project called “Quiet Road Traffic 2” deals exactly with this problem. In an
interdisciplinary approach the partners investigate the mechanism of the clogging process. This includes basics in
hydromechanics and a deep look into the structure of porous asphalt with the help of Computer Tomography (CT) to
find out how dirt is transported and deposited in the voids. Besides this an analysis of the dirt is carried out.
After understanding the mechanism of the clogging process a coating of the voids with products based on
nanotechnology will be tried and it’s effectiveness is estimated in a first step in the laboratory. In the course of this
investigation the possibilities in cleaning porous asphalt are also examined. The results of the research work will lead
to a test section on a public highway.

Keywords : Cleaning, Noise reduction, Permeability, Porous asphalt, Tyre/road noise



1. INTRODUCTION

Road surfaces made of porous asphalt are very effective in reducing the tyre-road noise directly at the source. The
special composition of the asphalt can be used to create connected voids in the  wearing course that permit ventilation
of the tyre profile and facilitate noise absorption. The results that were derived during systematic tests since 1986
indicate that a void content of at least 22 percent by volume is required in the finished course. This is necessary to
achieve the desired acoustic effect for a sufficient usage period. The latter still needs to be improved and is closely
linked to the susceptibility of this building method to contamination. Not all the dirt particles that enter are removed by
the suction effect of the tyres that roll over the road. The particles collect over the years and clog the voids. This reduces
the noise-damping effect on average by 0.5 dB(A). The project “Silent Road Traffic” has been in progress for several
years and is financed and supported by the Federal Ministries for Economics and Technology as well as for Transport,
Building and Urban Affairs. This component of the project is aimed at analysing the contamination aspects in detail and
providing suggestions for a dirt-repelling design of the porous wearing course. In addition, methods for cleaning and
visualisation of the void structure are to be investigated. The following sections show the intermediate results of the
ongoing investigations.

2. FUNDAMENTALS OF THE CLOGGING PROCESS

2.1 Hydromechanics

Flow resistance of porous asphalt
Large-scale flow processes in porous asphalt layers can be numerically described as porous media after homogenising
the void structure. The required parameters for perviousness have to be determined before by experiment. The flow
through porous media is described by the generalised equation according to Darcy:

Uj loss j
j

p
U K U

x K

μ
ρ

∂
− = +

∂

The equation relates the local pressure gradient to the filter speed Uj.  is the dynamic viscosity of the fluid. The
porosity Kj and the material parameter Kj,loss are direction-independent. The quadratic part of the equation becomes
negligible at low speeds, which leads to the simplified, linear form of Darcy’s equation.
Flow-through tests were performed on drill cores with different grain distributions to quantify the flow property of
porous asphalt. The asphalt specimens were fastened with an inflatable rubber seal in the middle of a pipe made of
Plexiglas. The specimens were permeated from the bottom to the top. The pressure loss was measured by two pressure
sensors, so that the vertical pressure drop on the asphalt specimens could be determined  from the thickness x of the
asphalt specimens (see Figure 1). The top part of the pipe has an overflow for draining the water. The flow speed Ui was
determined from the measurements of magneto-inductive flow meter in the water supply pipe of the arrangement and
the diameter of the drill core.
Equation 1 shows that the pressure loss calculation has a linear and a quadratic part. As filter speeds in the non-linear
part could not be excluded from the numerical investigations, the laboratory experiments had to determine all material
constants.
The laboratory tests determined the flow coefficients for six different types of asphalt, using six drill cores for each of
the asphalt types. Figure 2 shows the evaluation of results for different specimens of porous asphalt 0/8 with a thickness
of 6 cm as an example. The results for the individual specimens vary within a certain range, but each of them shows the
described quadratic resistance pattern. It can be seen that the resistance patterns already become non-linear at speeds of
a few mm/s. A smoothing function based on a least-square fit was used to determine the material parameters Kj and
Kj,loss. The coefficients of this second-degree polynomial function represent the material parameters Kj and Kj,loss.

Numerical investigations
A laboratory test according to Darcy treats the porous asphalt as homogenised material. The asphalt specimens are only
permeated in one direction, so that the permeability values determined represent an average for the whole asphalt
volume in this specific flow direction. However, it has not been established that porous asphalt is an isotropic material
with regard to the flow through the material, i.e. whether the same permeability may be assumed for other flow
directions. Detailed numerical simulations of the flow through the void space were performed to analyse the isotropic
properties of porous asphalt. The simulations were performed with the program code MGLET, which had been
developed in the Department of Hydromechanics, as commercial mesh generation tools were not able to generate a
suitable numerical network for the complex void structure of porous asphalt. MGLET\cite{peller_05} solves the
Navier-Stokes equations for incompressible media with a finite volume method on a Cartesian grid with a shifted
variable arrangement. The flows were calculated by central, second-order approximations and the time integration was
performed by the third-order Runge-Kutta method. The boundary conditions at the sample surface were expressed by an
immersed boundary method. The geometry of the void space was determined from CT scans that were performed at the
Federal Institute for Materials Research and Testing.



A specimen measuring 29x29x29 mm was modelled with 256x256x256=16.8x10^6 cells, which corresponds to a
resolution of approx. 113 m. The simulations were performed on 8 processors of the national high-performance
computer SGI Altix of the Leibniz Computing Centre in Munich. Three simulations following the three main axial
directions were performed, assuming a pressure gradient of 1mm water column per mm. Figure 3 shows an example of
the flow lines for vertical flow through the asphalt. The unit of speed is mm/s. The simulation showed that porous
asphalt has anisotropic flow characteristics. It further identified large areas in the porous asphalt that are only permeated
at very low speeds (Table 1).

Figure 1: Measuring principle of the laboratory test according to Darcy

Porosity of the sample (cube) 29x29x29mm 22.02%
Percentage of the void space with v>1.0mm/s 38.4%
Percentage of the void space with 0.05mm/s <v<1.0mm/s 21.0%
Percentage of the void space with v<0.05mm/s 40.6%

Table 1: Evaluation of the numerical simulation for stationary flow in Z-direction

PA 0/8, 6 cm

dp/dx = 0.0253·u + 0.0084·u2 
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Figure 2: Test evaluation for the flow measurements in porous asphalt 0/8, d=6cm



Figure 3: Flow lines for vertical permeation of porous asphalt 0/8

2.2 Clogging mechanisms

Vertical transparent cuts [1] were produced from specimens of porous asphalt 0/8 that were contaminated in the
laboratory. Magnified views (polarisation microscope) showed different, typical contamination patterns for porous
asphalt courses. In addition, raster electron microscope images of contaminated “real” porous asphalt [2] were
produced. Those are marked with "R" in the figures. The contaminated “real” specimens were taken from a drill core of
a rolling track of the federal motorway A3 near Siegburg. The mixture used had two layers with grain sizes of 11/16
and 2/5 mm. The usage period was approx. 2.5 years. The following images show the different, typical contamination
mechanisms. The numbers in brackets in the labels of the figures have the following meaning:
(1) Small bitumen particles as well as filler and fibre particles break out of the porous asphalt or the bitumen layer that

coats the minerals (see Figure 4). This already happens when water permeates without pressure. This effect, which
was observed here in "new" porous asphalt specimens, has also been discovered in older, "real" wearing courses. In
this case, the particles were aged bitumen or its high-molecular components [3]. The broken-off particles move
through sedimentation to the lower layers of the porous asphalt or into voids that are only open on one side [3].

(2) During the mixing and production process of the porous asphalt, aggregations of fine mineral particles, mainly
filler particles, accumulate in the large-grained frame of the porous asphalt. Already at the production stage, the
void spaces of the porous asphalt are therefore at least partially filled by these aggregations. Bitumen and filler
particles can be more easily broken out of these weakly connected aggregations and these particles contribute to the
contamination as described under Point (1) (see Figure 4).

The effects (1) and (2) can collectively be described as “self-contamination” of the porous asphalt.
(3) Dirt particles collect on the walls of the voids by adhesion (see Figure 5).
(4) The heating up of the bitumen film and of broken-out bituminous particles (see also Point 1) as well as de-icing

salts in winter may lead to lumps and encrustations of dirt (see Figure 5). Due to the effect of heat, or after some
time has elapsed, the dirt particles accumulate not only on the surface, but they may also embed themselves in the
bitumen film. The de-icing salts used, which are sodium chloride (NaCl) and calcium chloride (CaCl2), crystallise
to form stable crystal structures that enclose the dirt particles and hold them together. However, 90% of the NaCl is
usually washed out of the porous structure by rain water [4].

The aggregation of dirt particles on the bitumen film (adhesion) is therefore increased by heat and the use of de-icing
salt and leads to encrustations and lumps.
(5) Dirt may accumulate in voids that are open on one side or voids or void channels that have already been closed by

larger dirt particles. The voids are thus increasingly filled with dirt, as the dirt cannot be transported on (filling up
of the pores). Dirt agglomerations with different packing densities can be found (see Figure 6).

(6) Dirt particles may clog voids or connection between voids over time. In particular, small connections between void
spaces may lose their permeability as a result of only a few dirt particles (see Figure 6 below).
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2.3 Visualization

In addition to the material properties of the starting materials used (components of the mixture), the structure of the
resulting compound material determines the usage characteristics. It is currently still state of the art to derive statements
concerning the various components of the asphalt (binder, minerals and air) by dissolving it, i.e. by a destructive break-
up of the multi-phase system asphalt. However, valuable information concerning the real inner structure is lost in this
process and only integrated values concerning the distribution of phases are obtained. New methods are therefore
essential to understand the usage characteristics of porous asphalt and to develop an understanding of the causal
relationships between material structure and usage characteristics such as tightness, noise emission, permeability and
durability. Within the framework of this project, the Federal Institute for Materials Research and Testing (BAM) has
undertaken the task of non-destructively visualising the inner structure of porous wearing courses for the purposes of
noise reduction by using a new imaging procedure and by classifying the materials according to their void structure. X-
ray computer tomography with 3D evaluation, a method known from medical applications, has been adapted for this
purpose (see Figure 7).

Röntgen-
strahler

Voxel

I0 IObjekt

Flächendetektor
inkl. Szintillator

 

Figure 7: Schematic diagram of the measuring principle for X-ray computer tomography (Röntgenstrahler: X-
ray source, Objekt: Object, Voxel: Voxel (volumetric pixel), Flächendetektor: Area detector, inkl.
Szintillator: with scintillator)



X-rays with a known initial intensity I0 penetrate the object to be characterised. Part of the emitted radiation is absorbed
by the material structure of the object and the emitted radiation is reduced to the intensity I. The proportion of the
absorbed radiation is proportional to the density of the materials to be characterised. The object is rotated around 360°
in n angular steps. In each position it is X-rayed and a shadow-image is stored as record of the density distribution.
Thereafter, mathematical algorithms are used to derive a three-dimensional volume data set to represent the density
distribution of the object standardised to 256 grey-levels. The values can be represented as histograms for quantitative
evaluations or visualised in two or three dimensions (see Figure 8).
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Figure 8: Visualised representation of the levels with local distribution of voids for a two-layer, porous asphalt
08_0/16

The quality of the voids can be determined with advanced digital imaging methods, excluding distorting edge effects.
The bottom porous asphalt layer 0/16mm of a two-layer porous asphalt specimen 0/8_0/16, in which the void structure
was freed from surrounding solids to improve clarity, shows the voids as connected to each other and to the outside. No
isolated void areas can be detected. Due to the even, porous quality, very high functionality and good usage
characteristics (e.g. permeability and noise reduction) for the intended application can be expected (see Figure 9).

Figure 9: Segmented void structure of a lower asphalt layer of a two-layer porous asphalt specimen 0/8_0/16
(unused, initial state, voids shown in yellow)

Contrary to these results, investigations of a porous asphalt specimen that was removed after 10 years of use clearly
show usage-related changes of the void structure (see Figure 10).



10 years of use Unused

Figure 10: Comparison of 2 porous asphalt wearing courses; transparent cuts in the middle of the specimen

There are no traces left of the originally open-pored and connected void structure. Fine dust, rubber and other particles
have clogged the accessible void space and have led to a complete qualitative change. The porous asphalt wearing
course that had, according to the acceptance test, once had a void content of 25.4% by volume, now has according to the
CT investigation only a remaining void content of 8.5% by volume. Figure 11 shows that the voids occur in locally
isolated areas that are not connected to each other.

d = 145 mm

ca. 10 mm

Figure 11: Void structure of a porous asphalt wearing course after more than 10 years of use.

Results of simulations that were intended to model the accessibility from the outside in a plausible manner (the areas
above the wearing course surface and the voids that are open and connected to the surface of the wearing course are
shown in red) show a possible penetration of approx. 10mm in only one place. The 3D-CT leads to the conclusion that
the voids found are neither accessible from the surface nor able to exchange liquid among each other, i.e. that they form
a qualitatively closed void structure. It is often said about practical application that the "porous asphalt is sealed". This
is convincingly illustrated by this figure. Such a course may still be able to take and pass on load, but it can no longer
fulfil its special purpose of reducing noise.

3. STRATEGIES AGAINST CLOGGING

There are in principle three strategies for changing the porous surfaces of porous asphalt wearing courses to reduce
contamination:

(1) Coatings that compensate for the roughness of the porous surfaces and thus reduce the adhesion of dirt:
The coating is applied to the finished asphalt layer under pressure. The correct viscosity is essential to allow the
coating to enter into the voids and to coat the voids without clogging the void structure. Smoothening of the
roughness is intended to eliminate micro-adhesion points at which dirt particles are most likely to settle.

(2) Coatings that generate certain dirt-repelling surface characteristics and thus prevent the accumulation of dirt in
the voids of the porous asphalt or make it easier to wash out the dirt:



A dirt-repelling effect may in principle be created by various surface characteristics. It is possible to create a
very hydrophilic (water-attracting) surface. In general, dirt can accumulate on this surface, but its removal by
water (rain or artificial cleaning) is aided because the water spreads completely over this surface and generates a
very thin film. This film can also spread under the dirt particles and wash them off the surface (see Figure 12,
left).
Another option is a coating that creates a hydrophobic (water-repelling) surface, which ideally has a very fine
micro-roughness. With reference to nature, the effect of such surfaces is called the "lotus effect". The fine
roughness in connection with the hydrophobic character makes it difficult for dirt to stick, as there are few
contact points with the surface. Figure 12 (right) shows the low adhesion of the dirt and the mechanism that
makes it easier to wash the dirt off with water. As the water does not penetrate into the micro-rough surface, but
remains on the surface with only a minimal contact area, the dirt can be absorbed in an optimal manner.
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Figure 12: Dirt-repelling surfaces in porous asphalt voids; left: very hydrophilic surface, right: hydrophobic,
micro-rough surface (“lotus effect”).

(3) Addition of self-stratifying, surface-active polymers to the asphalt mixture (before putting it in place): Polymers
are added to the asphalt mixture or the bitumen (binder of the asphalt) before putting it in place. These polymers
generate the surface characteristics described in (2) by controlled separation from the bitumen while it is cooling
down. The polymers, which are still finely distributed at the beginning, move to the surfaces of the voids (see
Figure 13).

(4) Cleaning. The hydro-mechanical investigations can be used as a basis for investigating and optimising cleaning
procedures to be applied during the usage period of the asphalt
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Figure 13: Self-stratification of a surface-active polymer for generating dirt-repellent surfaces

4. SUMMARY AND OUTLOOK

The results of this project provide a basis for further work with regard to the dirt-repelling design of porous wearing
courses. Studies of the contamination process show a certain degree of self-contamination of the porous asphalt caused
by the production process and the composition of the mixture. This dirt, as well as the dirt introduced from the outside,
accumulates on the bitumen layer or even embeds itself in it. This provides indications as to how the binder has to be
modified to prevent these effects. Microscopic images, computer tomography studies and transparent cuts indicate pores
with a capillary effect (micro-pores). This implies that a small amount of dirt can lead to a significant reduction of the
access to the void space by clogging the micro-pores.
Hydro-mechanical studies show that flow speeds that facilitate the transport of larger particles only occur in a few areas.
This seems to limit the effectiveness of cleaning with rinsing methods. Further studies will provide more information on
this issue. X-ray computer tomography with 3D-evaluation, a method known from medical applications, was adapted
for the visualisation of the contamination of the voids. It is now available for further investigations.
At the end of the study it was considered to test the findings under practical conditions at a test track.
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ABSTRACT 
 
Most dimensioning methods use stiffness modulus as input to their models. The new European standard EN 12697-
26:2004 has been established for the measurement of stiffness modulus and one of the tests is Indirect Tensile Test, 
which is most suitable for practical use. An evaluation of the EN standard is presented in this work. The evaluation has 
been made in respect of:   
 

 Definition of elastic stiffness 
 Tolerance of loading strip’s width 
 Linearity limits related to test temperature 
 Accuracy of strain gauges  
 Analyses of measured data  
 Definition of loading/unloading pulse time  
 Influence of specimen diameter on stiffness modulus  
 Load area factor  

 
Keywords: stiffness, indirect tension test, test method, EN standard 
 
1. INTRODUCTION 
 
Indirect tensile test development began in the 1950s, as reported by Kennedy [1], and in its early days was used 
to measure tensile strength in concrete specimens. Nowadays, it is frequently used for measuring stiffness 
modulus in asphalt concrete specimens.  
In this test, the specimen is loaded vertically through loading strips (Figure 1a), which results in a relatively 
uniform tensile stress in the horizontal direction perpendicular to the plane of loading (Figure 1b), Kennedy [1] 
and Hondros [2]. 
Indirect tensile test is a practical and easy method of measuring stiffness modulus. Cylindrical specimens can 
easily be drilled in the field and the loading system can be hydraulic or pneumatic. Measurement of deformation 
is a sensitive process, which can affect the stiffness modulus, but this effect can be reduced by using an accurate 
transducer.      
The European Committee for Standardization (CEN) has approved the test method EN 12697-26 for 
measurement of stiffness modulus, based on previous experience. Annex C of the standard deals with indirect 
tensile test. This Annex has been studied and parameters which influence the measurement results have been 
elucidated.  
 
 
                              
 
                                                                                      
 
 
 
 
 
 
 
 
 
 
       
 
 
  
                         (a)                                               (b) 
 
Figure 1: Principle of Indirect Tensile Test: (a) loading strips; (b) stress distribution  
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2.  Definition of elastic stiffness  
 
One of the most fundamental properties of asphalt concrete mixtures is the modulus of stiffness, which is an important 
input for pavement design and for evaluating new asphalt materials. The term stiffness or stiffness modulus has been 
used by Van der Poel [3] to define the stress to strain ratio of bitumen, and to avoid using the elastic modulus (Young’s 
modulus), i.e. the stress directly proportional to strain and independent of the strain rate and temperature. The stress to 
strain ratio of asphalt materials is primarily dependent on temperature, loading time and the stress magnitude at elevated 
stress levels. Thus, the material is defined as non-linear viscoelastic material, whereas, at relatively low stress levels, 
asphalt materials may be defined as approximately linear viscoelastic material for practical purposes. Strain can be 
based on the total deformation (maximum deformation under one loading cycle) or just on the elastic (resilient) 
deformation (Figure 2). How different standards (EN 12697-26:2004, DD 213:1993, FAS 454-98, ASTM D 4123-82) 
measure deformation for the calculation of stiffness modulus is illustrated in Figure 3. 
Elastic deformation generally means all recoverable deformation irrespective of whether it is elastic (time independent) 
or viscoelastic (time dependent) deformation [4]. Elastic deformation is shown as RD in Figure 2. Differences between 
stiffness moduli based on total deformation (TD) and elastic deformation (RD) depend on the test temperature and the 
asphalt material’s properties. Thus, it is important to explain which deformation was used when calculating stiffness 
modulus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 
 
 
Figure 2:  Definitions of different types of deformation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Methods of measuring deformation according to different standards 
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3. LOADING STRIPS 
 
The width of the loading strips influences the distribution of horizontal stress, as reported by Kim [5]. Kennedy [1] 
explained that with a very small loading area, compression stress is very high close to the loading point which causes 
the specimen to fail. Calculation of stiffness modulus depends on the width of loading strips [1]. Kennedy [1] 
recommended a width of 12.5 mm (0.5 ins) for specimens with a diameter of 100 mm without allowing any tolerance. 
In Annex C of EN 12697-26, the tolerance of the loading strips is given as ±1 mm, which is unnecessarily high. This 
variation gives rise to a variation in pressure of at most 16.8% on specimens with a diameter of 100 mm (see table 1). 
Today it is easy and relatively inexpensive to manufacture a loading strip with an accuracy better than 0.1 mm, which 
reduces the variation in pressure by factor 10 (for example from 16.8% to 1.7% on 100 mm diameter specimens). 
 
Nominal specimen 

Diameter 
mm 

Width of 
loading strip 

mm 

Average 
pressure 

MPa 

Minimum 
pressure 

MPa 

Maximum 
pressure 

MPa 

Variation in 
pressure 

% 
80 10 8.0 7.3 8.9 20.2 

100 12 6.7 6.2 7.3 16.8 
120 15 5.3 5.0 5.7 13.4 
150 19 4.2 4.0 4.4 10.6 
200 25 3.2 3.1 3.3 8.0 

 
Table 1: Variation in pressure on 50 mm thick specimens when load is 4000 N and loading strip width 

tolerance ±1 mm (pressure=4000/(50* width of loading strip)) 
 
4. Linearity 
 
Asphalt is viscoelastic material and the stiffness modulus value depends on the stress and strain levels. Said [6] 
suggested “approximate linear zone” after testing three series at four different temperatures. Each test was conducted at 
different stress levels. The result for a dense asphalt concrete type HAB12T according to Swedish code BYA 84 is 
shown in Figure 4. He defined “viscoelastic linear zone” as “the zone where stress in the stress-deformation curve 
diverges by less than 10 percent from the rectilinear stress-deformation relation” (see Figure 5). Since, according to the 
definition above, allowed deformation increases with temperature, it is necessary to define the allowed deformation for 
each test temperature. In EN 12697-26 Annex C, the applied load is chosen such that horizontal deformation for a 100 
mm diameter specimen becomes 5±2 m, regardless of temperature, which can result in low stiffness at low 
temperatures.  
 

 
  
Figure 4:  Stress-deformation-strain relationships for HAB12T with illustration of linear zone  
 



 
Figure 5: Isochronous stress-deformation curve. 
 
5. Accuracy of strain gauges  
 
Normally, stiffness modulus is measured with very low horizontal deformation, see Said [7] and FAS [8], (for example, 
2 to 9 m in the range between -5 and +25°C). With higher horizontal deformation stiffness modulus decreases, as 
discussed above. The measurement of deformations in the range between 2 and 9 m requires highly accurate strain 
gauges. FAS [8] recommends strain gauges with an accuracy of 0.2 m, but in EN 12697-26 Annex C measurement is 
permitted with an accuracy of up to 1 m. Such accuracy results in an error of 50% and 25% when measuring 
deformation at -5 and +10°C respectively, which is unsatisfactory. A comparison of different levels of accuracy is 
shown in table 2. 
   
Temperature, °C Recommended horizontal 

deformation, m 
Maximum error 

(EN standard ±1 m), % 
Maximum error 

(FAS±0.2 m), % 
-5 2 50 10 

+10 4 25 5 
+25 9 11 2 

  
Table:  2 Effect of strain gauge accuracy at different temperatures   
 
6. Analyses of measured data  
 
Usually, applied loads have very small variations in measurements over a load cycle and it is easy to calculate the 
amplitude of the applied load. On the other hand, the resulting horizontal deformations show a relatively wide variation, 
as can be seen from Figures 6a and 6b. Some kind of curve fitting is required to obtain the maximum and minimum 
deformations. As Figure 7 shows, it is essential that curves fit.  
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Figure 6: Distribution of load and deformation: (a) hydraulic system; (b) pneumatic system   
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Figure 7: Illustration of fitting curves for deformation at loading and rest time 
   



 
7. Definition of loading and unloading pulse time  
 
A loading pulse which is called “cycle time” or “load pulse” includes two parts: part “a” (see Figure 8), which is called 
“loading duration” or “loading time”, and part “b”, called “recovery time” or “unloaded time”. Earlier investigators [9, 
10] have shown that stiffness modulus decreases when loading time increases. Unloaded time has no really significant 
effect on stiffness modulus, as shown in Figure 9.  
EN 12697-26 Annex C does not define loading time, but does include a definition of “rise time” (part “c” in Figure 8) 
without any demand as regards unloading time (part “d”). Unloading time in a pneumatic system which does not control 
it is dependent on the properties of the material, the load level and the test temperature [11]. The absence of control of 
unloading time leads to different loading times. For example, when unloading time increases stiffness modulus 
decreases and vice versa. It is therefore necessary to also set requirements regarding loading time and not merely the 
rise time. 
  
  

0,0

500,0

1000,0

1500,0

2000,0

62,95 63,05 63,15 63,25 63,35 63,45

Time (s)

Lo
ad

 (N
)

a b

 c d

. 
 
Figure 8: Definition of a load pulse 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Effect of loading time and recovery time on stiffness modulus at different temperatures [Said 

10]. 
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8. Influence of specimen diameter on stiffness modulus 
 
According to EN 12697-26 Annex C ,the test method is suitable for specimens with a nominal diameter between 80 mm 
and 200 mm. Figure 10 shows that stiffness modulus for a 150 mm  specimen is approximately 25% higher than for a 
100 mm specimen made from the same asphalt concrete mixture. Therefore, stiffness moduli based on specimens with 
different diameters should not be compared and specimen diameters should be stated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Effect of diameter on stiffness moduli measurements [12] 
 
9. Load area factor  
 
By definition a haversine pulse has the equation shown below. Figure 11 shows a half sinus pulse compared to a 
haversine pulse.  
 

2)sin(
2

)cos(1)(sin eHaver  

0,0

0,2

0,4

0,6

0,8

1,0

1,2

0 20 40 60 80 100 120 140 160 180 200

Angle (°)

Y

Half sinus pulse
Haversine pulse

  
 
Figure 11: Illustration of a half sinus pulse compared to a haversine pulse 
 
The load area factor as defined in EN 12697-26 Annex C has a default value equal to 0.6 which is very close to the load 
area factor of a half sinus pulse (0.637). The load area factor of a haversine pulse is 0.5.  
The load area factor is related to the manufacturer’s machinery and should therefore be omitted from the standard.  
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10. Conclusions 
 
 It is concluded from this work that it is necessary to review the EN 12697-26 Annex C regarding following parameters. 

 Tolerances of width of loading strips should be smaller 
 Better definition of loading time 
 Higher accuracy of strain gauges 
 A linear zone related to test temperature should be introduced 
 Analysis of measured data should be standardized  
 Stiffness moduli based on specimens with different diameters should not be compared. 
 Load area factor is related to manufacturer’s machinery and should not be a part of the standard 
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ABSTRACT 
 
In context of the fundamental European specification a test methodology to address crack resistance of asphalt due to 
low temperature is missing. In Germany exists a testing system which allows measuring and evaluating the 
characteristics of asphalt at low temperatures. As testing methods are expressly searched for in Europe the German 
approach will be introduced to the European stake holders. 
 
The system of testing consists of tensile tests at different test temperatures and of cooling tests. Resualts are the tensile 
strength and failure strain at the test temperatures from the tensile test, as well as the cryogenic tension stress versus 
the temperature, the failure stress and the failure temperature as the result of the cooling test. By combining the results 
of tensile tests and cooling tests, the tensile strength reserve can be estimated in dependency of the temperature.  
 
The system of testing is described exactly, the possibilities of predictions of asphalt characteristics is illustrated and 
documented by the application of the testing system to a lot of asphalt types and varieties in combination with bitumen 
types and varieties. Controls of plausibility prove the general application of the testing system for the evaluation of cold 
characteristics and end with the advice to transfer it into a European testing standard for the fundamental asphalt 
specification.  
 
Keywords: Direct Tension Test, Low-Temperature, Thermal Cracking, Fundamental Specification, Cooling test 
 
1. INTRODUCTION 
 
Changes of the temperature cause thermal strains in the road material. To take up these shrinkages or expansions, joints 
are placed in cement concrete pavements. In asphalt roads without joins these strains are constricted and cause thermal 
stresses. These are compression stresses, which are defined as negative (-) stresses, when the expansion due to rising 
temperatures is prohibited. Positive defined tension stresses (+) occur at falling temperatures, which normally cause 
shrinkage of a material. The viscoelastic relaxation property of the asphalt material results in a decrease of the stress 
due to interior material movements, which depends on time and temperature.  
 
If the temperature falls very fast, the prohibited shrinkage can cause high tension stress which can’t be lowered by 
relaxation. When reaching the tensile strength of the asphalt material, a crack occurs in the pavement. To avoid these 
thermal cracks, the asphalt material must have a good performance at low temperatures.  
 
ARAND [1] developed a test methodology to simulate the loading in the pavement under laboratory conditions. 
Therefore he combined tension tests and cooling tests to evaluate the tension stress induced by traffic, which the asphalt 
can bear in addition the cryogenic stress due to temperature drops. For about 20 years, the tests has been used to 
research the influence of asphalt properties on the resistance against low-temperature cracks and are still being 
conducted to evaluate and predict the performance of asphalt courses at low temperatures.  
 
In this paper the test methodology is described and the most important results of research works are presented to 
introduce the tests to the international stake holders as a suitable method for introducing it to the European 
standardisation process.  
 
2. TEST DESCRIPTION 
 
2.1. Test Equipment 
 
To examine the asphalt property at low temperatures, a test equipment was developed at the Department of Highway 
Engineering of the Technical University of Braunschweig [3]. The test device is placed in a temperature chamber which 
can generate temperatures down to –40 °C with an accuracy of ±0.3 °C. The temperature chamber contains a test frame, 
which consists of a base plate of high bending resistance and two columns supporting a stiff crossbeam. A gearbox with 
stepping motor is fixed to the base plate and can generate movements with an accuracy of 0,05 m. At the crossbeam 
the equipment for measuring compressive and tensile stress is fixed. To avoid radial and/or transversal forces as well as 
moments in the test specimen, it is placed between the gearbox and the pressure measurement equipment with two 
gimbal suspensions. As the steel frame is exposed to the same thermal changes as the examined specimens, it reacts 
with thermal shrinkage and expansion. Thus, the correct measuring of the actual strain of the specimen requires a basis 
with constant length at various temperatures. Therefore, two measurement bases with thermal indifference made of 



carbon fibres, help to measure the real deformation of the test specimen and to counterbalance the themal strain of the 
test equipment. Figure 1 shows a principle sketch and a photo of the test machine.  
 
2.2. Specimens 
 
Prismatic specimens with the dimension 40 x 40 x 160 mm³ for asphalt mixes with a maximum grain size of 11 mm are 
used for conducting the uniaxial tests. For mixtures with coarser aggregates, the cross-section is risen up to 
55 x 55 mm². The specimens can be sawed from laboratory compacted asphalt plates or from filed cores with diameters 
of about 300 mm. In this way, the longitudinal axes are orthogonal to the compaction direction and thus, the test 
simulates the thermal stress evolution of horizontal stress in the pavement.  
 
The specimen is fixed centrally within two adapters with 2-Component epoxy resin adhesive. After curing of the 
adhesive, the specimen is put between the gimbal suspensions of the test device.  
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Key: 
    1  Load Cell         5  Gimbal suspension 
    2  Displacement Transducer        6  Adapter 
    3 Thermal Indifferent Measurement Base      7  Specimen 
    4  Crossbeam         8  Gear box with stepping motor 
 
Figure 1: Example for a test device for uniaxial tension tests at low temperatures 
 

2.3. Tension test 
In the tensile tension test, the specimen is subjected to a time-dependent strain by pulling at the bottom adapter with a 
controlled deformation velocity, which is normally defined to 1 mm per minute. For the specimen length of 160 mm, 
the strain rate results to 104,2  10-6 1/s. Tension tests are usually conducted at test temperatures of +20°C, +5°C, -10°C 
and -25°C. During the test the deformation of the specimen and the applied load is measured. In Figure 2 typical stress-
strain-graphs of a stone mastic asphalt are plotted. At low temperatures of -25°C and -10°C the stress rises almost 
linearly and the specimen fails spontaneously. The tensile strength t and failure strain F is the last measured value 
before failure. At high temperature, the rise of stress is slower and the asphalt specimen shows a ductile behaviour. The 
specimen doesn’t fails spontaneously and can endure high strains. The tensile strength is defined as the maximum 
tensile stress, whereas the failure strain is the corresponding strain.    
 



 
Figure 2 Strain-stress graphs of tensile tests at four test temperatures 
 
Results of the tension tests are the tensile strength t and the failure strain F at the test temperature. The tensile strength 

t [MPa] is calculated by dividing the measured tension force at failure by the initial cross-section area of the specimen. 
The failure strain F is calculated by the measured strain at the failure time divided by the initial length of the specimen. 
The impact of the temperature on the tensile strength can be visualized by plotting the tensile strengths to the test 
temperature. To interpolate the strength for further temperatures, the test results can be linked with a cubic spline 
function (Figure 3). The strengths for temperatures below -25°C and above +20°C can be estimated by calculating them 
with experimental based factors: t(T = -40°C) = 0,9  t(T = -25°C); t(T = +30°C) = 0,5  t(T = +20°C). 
 

2.4. Cooling test 
In the cooling test, the specimen is held at constant length, while its temperature is decreased with a constant cooling 
rate. Because of the prohibited thermal shrinkage, the specimen is objected to a (cryogenic) tension stress. It is 
recommended to start the test at a temperature of +20°C. With respect of the test duration, a temperature rate of -10 K/h 
is applied. This temperature rate induces comparable tensile loads as the strain rate of 1 mm/min. During the test, the 
core temperature of the specimen shows a time lag to the air temperature in the test chamber. To register the correct 
specimen temperature, the measurement of the temperature in an additional specimen during the test or the pre-
evaluating of the temperature lag between air temperature and specimen temperature is necessary. The temperature of 
the tested specimens can than be calculated from the air temperature.   
 
As results the temperature-dependent cryogenic stress cry(T) [MPa], the failure stress cry,F [MPa] and the failure 
temperature TF [°C] is recorded. The increase of cryogenic stress is shown in Figure 3.  
 

2.5. Tension strength reserve 
The presence of thermal tensile stresses reduces the capacity of the asphalt course to bear mechanical induced tensile 
stresses. The tensile strength of the asphalt is reduced by the cryogenic stress at the given temperature. In order to this, 
the tensile strength reserve is calculated by subtracting the cryogenic stress from the interpolated tensile strength.  
 

t(T) = t(T) - cry(T).  
 
Figure 3 gives an example for evaluating the tensile strength reserve from the results of the tension tests and the cooling 
tests. The resulting maximum tensile strength reserve t,Max [MPa] value and the corresponding Temperature 
T( t,Max) are values for the characterisation the low-temperature performance of asphalt.   
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Figure 3 Principle of evaluating the tensile strength reserve from the test graphs of the tension tests and 
the cooling test in the temperature-stress diagram  

 
3. RESULTS OF CONDUCTED RESEARCH PROJECTS 
 
The described test methodology has been used in many research projects to estimate the low temperature performance 
of asphalt courses since about 20 years. The influences of the changes in composition of several asphalt types were 
analysed.  
 
In one of the first research projects [5] several asphalt concrete samples (AC 11) were tested. By the variation of the 
binder viscosity, the binder content as well as the grading, several asphalts were mixed and compacted in the laboratory. 
EULITZ [5] summarized the test results in nomograms. Exemplarily, Figure 4 shows the nomogram to estimate the 
failure temperature. Summarized, he found that the most important impact on the failure temperature is the binder 
viscosity. Additionally to soft binders, comparably low temperatures in the cooling tests are reached with asphalt 
concretes with higher binder content and/or a grading with high contents of fine aggregates. The most important factor 
on the tensile strength of the asphalt is at high temperatures the binder viscosity and at low temperatures the air void 
content, resulting of the asphalt composition.   
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Figure 4 Nomogram to estimate the failure temperature in the cooling test from the binder content, the 
grading and the binders viscosity [5] 
 



In [2] mastic asphalts (MA) from the surface and protection layers of bridge decks as well as laboratory samples were 
tested. The results are summarized in Table 1. Exemplarily, the change of the binders viscosity from a SPR&B of 60°C to 
80 °C leads for MA from surface layers to a rise of the failure stress, a significant rise of the failure temperature, 
whereas the tensile strengths rise significantly at high temperatures and decreases significantly at low temperatures. 
Similar results are shown for the tensile strength reserve.  
 
If the tensile strength reserve is considered, the resistance of sand asphalts for bridge decks against low-temperature 
cracks can be improved by lowering the binder content, and raising the content of fines.  
 
At moderate temperatures binders with a high viscosity cause high tensile strength reserves, whereas at low 
temperatures the use of binders with a low viscosity results in a better crack resistance.  
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Table 1 Relative Changes of the results of low temperature tests by varied MA properties [2] 
 
The impact of the use of polymer modified binders and/or natural asphalt in mastic asphalt was examined in [9]. 
Generally it was found, that the use of polymer modified binders result in better low-temperature performance, whereas 
mastic asphalts with two PmB-products of the same category but of diverse manufacturer show considerable differences 
in their low-temperature behavior. The addition of natural asphalt leads to higher failure temperatures but to higher 
tensile strength reserves at moderate temperatures.  
 
The tests on stone mastic asphalts (SMA) with varying stabilizing additions [3] showed that the failure temperature is 
not affected by the binder content or the type of stabilisator significantly. By linear regression analyses it could be 
established, that the tensile strength depends on the binder content significantly. Whereas a rising binder content 
reduces the tensile strength at the test temperatures -25°C, +5°C and +20°C whereas the strength is greater at -10°C. In 
consequence, the tensile strength plot shows a more obvious peak.    
 



 
Figure 5  Impact of binder content on the results of low-temperature tests on stone mastic asphalts [3] 
 
In [10] the described tension tests and cooling tests were used to evaluate the low-temperature properties of porous 
asphalt (PA) courses constructed with a variety of modified binders. By comparing the test results of field samples and 
laboratory compacted specimens, it could be shown, that the service life has a considerable impact on the crack 
resistance of porous asphalt. The failure temperature derived from cooling tests on field samples after 4 to 5 years under 
service rise up to +7 K and the temperature of the maximum tensile strength reserve even up to +16 °C. This hardening 
shows that the porous asphalt with void contents of up to 25 % was subjected to a proceeded aging. Further, the various 
tested samples showed high differences in the test results. All samples with “normal” modified bitumen inhibit low 
crack resistance, whereas samples with higher contents of modifiers showed comparably good results.  
 
In [7] the impact of the degree of compaction was analysed on samples of AC 11, AC 16 and SMA 11 and PA 11. As 
Figure 6 shows, the rise of tensile strength is proportional to the increase of compaction degree. The same could be 
shown for the failure strength derived in cooling tests and the tensile strength reserve. On the other hand, the failure 
temperature as well as the temperature of maximum tensile strength reserve is not influenced by the degree of 
compaction.  
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Figure 6 Impact of the compaction degree on the tensile strength of several asphalt courses 
 



In several research projects [4, 6, 10] it could be proved, that the usage up to 30 % of reclaimed asphalts in new asphalt 
mixtures for surface and binder courses has no negative impact on the low-temperature performance. To counterbalance 
the high viscosity of aged binders in the reclaimed asphalt, new binders with relative low viscosities are added to the 
asphalt mixes. These new binders influence the low-temperature properties highly. Thus, the resistance against cracks at 
low temperatures is improved by adding reclaimed asphalt and new binder. Similar results were gained in [8], where the 
viscosity and the modification of the new binder was the decisive property which ruled the results of the low-
temperature tests.  
 
4. CONCLUSIONS 
In Germany the resistance against low-temperature cracks is tested since about 20 years by conducting cooling tests in 
combination with tensile tests. In several research projects, the test methodology could be used to analyse the impact of 
several asphalt properties on the resistance of asphalt courses against cracks at low temperatures. By these means, the 
composition of asphalt mixtures can be optimized in order to achieve a sufficient low-temperature performance.  
As the test procedure can be used on all asphalt types (verified for AC, SMA, PA, MA) and the uniform loading enables 
a clear interpretation of the results, it is a excellent completion for European standard on test methods EN 12697.  
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ABSTRACT 
 
About 15-20% of road freight transports in Europe deal with hazmats (Hazardous Materials) and a timely and cost-
effective disaster management is so required. In this field there is still a need for accurate and reliable information, 
useful to predict pavement response to fuel spillage under different conditions and operational interventions and 
scheduling. As a consequence, in this paper, the two main objectives have been the design and construction of a device 
to test Hot Mix Asphalt (HMA) fuel resistance and the assessment of relationships in order to estimate how much a 
transported fuel can be dangerous for a given asphalt concrete under given conditions (soaking & brushing times and 
fuel typology). Five different types of bituminous mixes have been considered. Traditional and new design parameters 
have been compared in order to detect strategies for a multipurpose design of bituminous friction courses. The obtained 
results can be useful: a) for deciding the suitable typology of Hot Mix Asphalt to use in areas when conditions of high 
vulnerability or/and high probability do occur; b) for optimizing intervention strategy in case of fuel spillage. 
 
Keywords: Hazmat, chemical resistance, pavement, porosity, asphalt binder content. 
 
1. INTRODUCTION 
 
As is well- known, fuel spillage can affect friction bearing properties and road safety. When a given mass of a particular 
fuel is poured into a pavement, response depends on HMA composition [1] [2] [3] [4] [5] (see figure 1). The starting 
mass M0 (control sample or test specimen) decreases due to the loss of aggregates (AG) and asphalt binder (B), though 
small quantities (F) of fuel still can remain entrapped in the specimen.  
It is possible to demonstrate that, under given hypotheses, the following formula can be obtained: 

cb

Leff

cbi

Li

i

ii

hr
n

a
t

V
V

M
MA 124

100 *
0

                                                              (Eq. 1) 

where the symbols are below explained:  
- Ai: mass loss after soaking in fuel Ai=((m1,i- m2,i)/m1,i) 100; m1,i = initial dry mass of the specimen i the for 

soaking in fuel, (g); m2,i = mass of the dry test specimen i after soaking in fuel, (g). A= i Ai/3; 
- V: volume loss caused by hazmat percolation; 
- V: volume of the sample: V=  r2 h; 
- L: specific gravity of the loss mass; 
- cb: specific gravity of the specimen; 
- t: immersion time; t = 72h ± 30 min (polymer-modified bitumen) or t = 24h ± 30 min; 
- a: parameter which takes into account asphalt binder, size and shape of the flow paths, fuel characteristics, etc; 

it has the dimensions of the reciprocal of a speed; 
- neff: effective porosity; 
- *: reference diameter of the pores; 
- : adimensional parameter (0    1),   hI/h  0.55; 
- hI: height of the fuel around the sample; 
- h: sample height; 
- r: radius of the sample. 
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  Figure 1:     Main parameters affecting HMA chemical resistance 
 
2. CONSTRUCTION AND CALIBRATION OF THE BRUSH TESTER 
 
A device, herein called Brush tester, to estimate the resistance of HMAs (Hot Mix Asphalts) to Hazmat spillage and 
traffic subsequent action has been designed, constructed, calibrated and perfectioned at the DIMET Department of the 
University of Reggio Calabria – Italy (see figure 2). It permits to estimate A, B and C (EN 12697-43:2005), where:  

- A(%), mean value of the loss of mass after soaking in fuel (Diesel oil), has been defined (together with m1,i and m2,i)  
in § 1; 

- B(%) = mean value of the loss of mass after the brush test, where B= i Bi/3, with i=1, 2, 3 (n° specimen), Bi=((m2,i – 
m5,i)/ m2,i) 100, m5,i= mass of the test specimen i after soaking and 120 s in the brush test, in grams (g);  

- C(%) =mean value of the loss of mass of the specimens, where C= i Ci/3, with i=1, 2, 3 (n° specimen), Ci=((m1,i – 
m5,i)/ m1,i) 100.  

Note that C has been introduced by the Authors in order to have a descriptor able to combine the two different actions 
(soaking & brushing) and probably better representative of post-spillage pavement performance. 
It is important to observe that it results:  
Ci = Ai+(m2,i/m1,i)·Bi                                                                                                                               (Eq. 2). 
 
 
 

 
  
 
 
 
 
 
 
 
 
 

   Figure 2 :      Brush tester (EN 12697-43:2005) 
 
 
3. EXPERIMENTS 
 
Volumetric tests, permeability tests and tests on chemical resistance have been carried out at the RRA (Road, Railways 
and Airports) Laboratory at the DIMET Department: 
1) Volumetric tests: 1a) %b = asphalt binder content as a percentage of aggregates (B.U. CNR n.38/73; ASTM 6307); 
carbon tetrachloride has been used as solvent; 1b) G = aggregate gradation (B.U. CNR n. 4/53);  1c) g = aggregate 
apparent specific gravity (B.U. CNR n. 63/78); 1d) Gmb = mix bulk specific gravity (ASTM D6752; ASTM D6857); 1e) 
GmbAO = mix bulk specific gravity after opening (ASTM D6752; ASTM D6857); 1f) neff = mix effective porosity 
(ASTM D6752; ASTM D6857);  
2) Permeability tests (Kcv), using a Flexible Wall Permeameter – FWP (ASTM PS 129-01); 
3) Brush tests in order to estimate A, B and C (EN 12697-43:2005), above defined. 
Despite the previous experiments [6] [7], in this case, also a set of SMA (Stone Mastic Asphalt) have been tested.  
Table 1 summarizes the characteristics of the five mixes selected. 
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                                       Figure 5:   C vs. neff 
 
Figure 5 shows that a linear regression can be supposed for C vs. neff.  Note that for very low air voids content (less than 
5% c.a.) the linear fit is not valid (C must be positive): this circumstance is a drawback of the linear model.  As far as 
the correlations among the three selected indicators, are concerned, brushing and soaking susceptibility seem quite well-
correlated (RAB=0.83). The combined susceptibility (Brushing & Soaking) appears to be better related both to the 
behavior in soaking process (RAC=0.88) and to the descriptor of Brushing process (RBC=0.96) (see Figure 6).  
These facts strengthen the importance of the parameter C, introduced by the authors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                   

Figure 6:    Correlations among the indicators (A, B, C) 
 
It is important to observe that the higher the range of effective porosity considered, the higher the first derivative of 
soaking  (A) and brushing after soaking (B) functions (see figure 4 and table 3). 
Importantly, defects of porosity of the same value (+5%) seem to cause more damages, when only the soaking or 
brushing after soaking effects are considered, as in the EN standard.  
On the contrary, as far as  the parameter C is concerned, the effect of  a porosity defect results quite constant, without a 
strong dependence on the considered range ( C/ neff  constant, see table 3 and figure 5).  
These facts could have a certain importance in terms of  Quality Control and Quality Assurance (QC/QA), due to the 
possibility to control the effect (C, as a sort of magnitude of the risk of spillage) by operating linearly on the effective 
porosity.   

R = 0.88A C 

B 

R = 0.96 R = 0.83 
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In particular, by referring to tables 2 and 3 and to figure 7 it is possible to observe that: 
1) for a given porosity, it results C >B > A (this fact agrees with their definitions); 
2) as above seen, for a given indicator, the higher the porosity the higher the indicator; 
3) for the given ranges of effective porosity shown in table 3 (except for B and C for neff 20-25%), it results 

 C/ neff > B/ neff> A/ neff. 
 
  

 neff 

Indicator 5 10 15 20 25 

A 1 5 12 22 36 

B 2 8 18 34 55 

C  16 34 52 69 

    Table 2:      A, B, C vs. neff 

Table 3:        First derivatives of A, B, C 
 

 
 

 
 
Figure 7:      First derivatives of A (soaking), B (brushing), C (soaking& brushing) 
 
 
 
 
 
 
 

 
Range of variation of 

porosity 
Indicator 5/10 10/15 15/20 20/25 

Soaking A 0.8 1.4 2 2.8 

Brushing after 
soaking B 1.2 2 3.2 3.8 

Soaking and 
Brushing C 3.5 3.5 3.5 3.5 
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5. MAIN FINDINGS 

This paper outlines a chemical resistance model and preliminary criteria for predictions in the field of HMA chemical 
resistance.  
Validations have been carried out by a new device called brush tester. Five different bituminous mixes have been tested. 
The following conclusions may be drawn:  

i) soaking & brushing loss of mass depend on the effective porosity and on asphalt binder vs fuel characteristics;  
ii) as far as QC/QA issues are concerned, the parameter C, which has been defined by the authors in order to try to 

give an exhaustive representation of the phenomena involved in the soaking & brushing process, could be 
relevant. For effective porosities greater than 6% c.a., a linear behaviour can be considered between cause (neff) 
and effect (C);  

iii) the mass loss after soaking and brushing (C) is well-correlated with all the other descriptors of the spillage effects 
(A and B); 

iv) the higher the range of porosity considered, the higher the chemical damages for porosity defects. In other terms, 
when chemical resistance to soaking or/and to brushing is concerned, a given variation in PEMs porosity can cause 
more consequences than the same variation of porosity in DGFCs. 
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ABSTRACT 
 
In the frame of the introduction of new European standards for road construction materials in the Czech Republic, a 
research project financed by the Czech Ministry of Transportation was launched in the spring 2004.  
The aim of the first part of the  project was the correct assignment of limiting values for unbound and hydraulically-
bound base course materials into the national annexes. 
 In the field of asphalt mixtures the project was focused on the fundamental (= functional) parameters of EN 13108-1 
Asphalt Concrete. This article deals with testing in this field. The work was concentrated on the measurement of water 
sensitivity, fatigue, E-moduli of asphalt concrete mixtures and on the construction of triaxial testing equipment. The 
influence of the sieve curve, binder content, binder type and compaction degree on the resulting functional parameters 
were investigated. Consequently, the limiting values for the above-mentioned parameters have been entered into the 
national annex of the cited  standard EN 13108-1. 
 
Keywords: functional specifications, mixture design, performance testing 
 
1. INTRODUCTION 
 
The introduction of new European standards for asphalt mixtures has brought new possibilities in establishing the limits 
for the design of asphalt mixtures. The establishing of these limits is carried out by choosing the limiting values for 
particular parameters from the European standard valid for all EU-countries. This is done through a selection of 
categories, which are ranged gradually in tables for each parameter. Each country chooses for the appropriate parameter 
its limiting value into the “national annex” according to their climatic conditions and experience with the test. This 
means, in fact, that each country carries out the same tests according to the unified testing standards EN 12697-1 to 43, 
however the results of these test are compared with different limiting values set up in the national annex. 
In the case of asphalt concrete mixtures, designed according to EN 13108-1 [1], there are two possibilities of parameters 
specifications allowed – the empirical approach and the fundamental (functional) approach. The empirical approach, 
based on empirical tests, is the most commonly used method of specification in many countries. This approach is based 
on simple, routine tests which do not require expensive laboratory testing equipments. On the other hand, the 
fundamental  approach, which is more sophisticated and complex, requires substantially better technical laboratory test 
equipment. This approach is based on functional tests, which simulate more truly the real loading conditions in the 
pavement and its response, demonstrating more reliable characteristics of the tested materials. In 2004 the Czech 
Ministry of Transportation granted via the project “Introduction of European standards concerning the specifications of 
materials for the improvement of the pavement lifetime and traffic security” financial funds to be utilised, among other 
topics within this project, for the gathering of data with functional testing and the entering of limiting values into the 
national annex – the fundamental  approach of the above-mentioned standard. 
 
 
2. DESIGN OF ASPHALT MIXTURES 
 
The project was intended to derive the limiting values of a functional test for wearing and binder courses for heavy 
traffic pavements. For the wearing courses the asphalt concrete AC 11 surf was chosen as representative, and for the 
binder courses AC 16 bin was chosen. In both cases four representative sieve curves were designed by which the whole 
sieve curve range according to CSN 73 6121 was covered (in the national annex of the newly introduced EN 13108-1 
the sieve curve ranges are almost identical). For a better definition of the particular sieve curves the Fuller parabola was 
used with ordinates Y = (d/D)0,5*100 (%). The Fuller parabola represents asphalt mixtures with the densest embedding 
of aggregate particles. The asphalt mixtures with the designation “I” had the sieve curve above the Fuller parabola at the 
upper sieve curve range limit; the asphalt mixtures designated as “II” had the sieve curve identical with the Fuller 
parabola; the asphalt mixture designated as “III” was the typically designed mixture below the Fuller parabola; and, 
finally, the mixture designated as “IV” was designed at the lower limit of the sieve curve range. 
The asphalt mixture design and the deriving of the optimal binder content were based on previous experience with the 
designing of asphalt mixtures. As the void content is regarded in the Czech mixture design method as the most 
important parameter, there were demands to design the mixtures within the void content for: 
AC 11 surf in the narrowed interval 3,5 – 4% (according to the CSN 73 6121 = 3 – 5%, CSN EN 13108-1 = 2,5 – 4%) 
- AC 16 bin in the narrowed interval 4 – 5% (according to the CSN 73 6121 = 4 – 7%, CSN EN 13108-1 = 4 – 6%) 



 
The designed asphalt mixtures were compacted with 2x75 blows of the Marshall hammer, which are prescribed by the 
Czech standard for heavy traffic pavements. After the optimalization of the binder content according to the above 
mentioned criteria, additionally asphalt mixtures with optimum content minus 0,5 % were also compacted. The aim of 
this lowering was the simulation of the in praxis allowed  scattering of the dosing at the mixing plant. With regard to the 
use of these types of asphalt mixtures for heavy traffic with high intensities and respecting the continental climate 
conditions in the Czech Republic, the basic non-modified binder 50/70 both for wearing and binder course asphalt 
mixtures was used. After the testing of all combinations with the binder 50/70 some combinations were also tested with 
SBS-modified bitumen. 

 
Sieve size [mm] Designation of the mixture 

16 11 8 4 2 1 0,5 0,25 0,125 0,09
I AC 11 surf 100 98 86 65 48 34 23 16 12 10,2
II AC 11 surf 100 98 86 59 43 31 21 15 11 9,3 
III AC 11 surf 100 97 79 49 35 24 16 10 7 6,0 
IV AC 11 surf 100 96 72 43 30 20 12 7 5 3,6 

Fuller parabola 100 100 85 60 43 30 21 15 11 9,0 
Upper limit - SN 73 6121 100 100 90 68 52 40 30 21 14 11,0
Lower limit - SN 73 6121 100 85 70 42 24 17 10 6 4 3,0 

Upper limit - SN EN 13 108-1 100 100 90 68 49 40 - - 14 11,0
Lower limit  - SN EN 13108-1 100 90 70 42 24 17 - - 4 3,0 

 
Table 1: Sieve curves and sieve curve ranges for AC 11 surf 
 
 

Binder content bssd max V VMA VFA Designation of the 
mixture  % kg.m-3 kg.m-3 % % % 

optimum - 0,5% 4,1 2375 2507 5,3 14,8 64 I AC 11 surf 
optimum 4,6 2394 2489 3,8 14,6 74 

optimum - 0,5% 4,0 2376 2507 5,2 14,5 64 II AC 11 surf 
optimum 4,5 2402 2490 3,5 14,1 75 

optimum - 0,5% 5,1 2353 2471 4,8 16,6  71 III AC 11 surf 
optimum 5,6 2369 2454 3,5 16,5 79 

optimum - 0,5% 5,7 2326 2464 5,6 18,6 70 
IV AC 11 surf 

optimum 6,2 2343 2438 3,9 18,1 79 
SN 73 6121  - - - 3-5 - - 

CSN EN 13108-1  - - - 2,5-4 - (75-83) 
Remark: The values in brackets are only recommended 
 
Table 2: Evaluation of mix design for AC 11 surf  
 

Sieve size [mm] 
Designation of the mixture 

22 16 11 8 4 2 1 0,5 0,25 0,125 0,09 
I AC 16 bin 100 99 91 76 59 44 31 21 15 11 9,3 
II AC 16 bin 100 98 84 71 49 36 26 18 12 9 7,7 
III AC 16 bin 100 97 76 64 44 32 23 16 11 8 6,8 
IV AC 16 bin 100 96 73 55 31 22 16 12 8 6 5,5 

Fuller parabola 100 100 83 71 50 35 25 18 13 9 7,5 
Upper limit - SN 73 6121 100 100 95 80 62 50 38 27 18 12 10 
Lower limit - SN 73 6121 100 90 71 52 31 20 12 7 5 4 3 

Upper limit – SN EN 13 108-1 - 100 - 80 61 45 37 - - - 10 
Lower limit  - SN EN 13108-1 - 90 - 52 31 20 12 - - - 3 

 
Table 3: Sieve curves and sieve curve ranges for AC 16 bin 



 
 

Binder content bssd max V VMA VFA Designation of the 
mixture  % kg.m-3 kg.m-3 % % % 

optimum - 0,5% 3,5 2338 2508 6,8 14,8 54 I AC 16 bin 
optimum 4,0 2376 2489 4,5 13,9 67 

optimum - 0,5% 3,4 2300 2472 7,0 14,6 52 II AC 16 bin 
optimum 3,9 2339 2453 4,6 13,6 66 

optimum - 0,5% 3,9 2340 2495 6,2 15,2 59 III AC 16 bin 
optimum 4,4 2364 2477 4,6 14,8 69 

optimum - 0,5% 5,2 2307 2444 5,6 17,4 68 
IV AC 16 bin 

optimum 5,7 2323 2426 4,2 17,2 75 
SN 73 6121  - - - 4-7 - - 

CSN EN 13108-1  - - - 4-6 - (60-74) 
Remark: The values in brackets are only recommended 
 
Table 4: Evaluation of mix design for AC 16 bin  
 

 
 
Figure 1: Sieve curves I, II, III, IV AC 11 surf and sieve curve range 



 
 
Figure 2: Sieve curves I, II, III, IV AC 16 bin and sieve curve range 
 
 
3. USED FUNCTIONAL TESTS OF ASPHALT MIXTURES 
 
At the beginning of the project, functional tests for AC-wearing and binder course were chosen. The chosen tests were 
as follows: 
 

a) EN 12697-12 Bituminous mixtures – Tests methods for hot mix asphalt – Part 26: Determination of water 
sensitivity of bituminous specimens [2] 

b) EN 12697-24 Bituminous mixtures – Tests methods for hot mix asphalt – Part 24: Resistance to fatigue [3] 
c) (EN 12697-25 Bituminous mixtures – Tests methods for hot mix asphalt –Part 25: Cyclic compression test) [4] 
d) EN 12697-26 Bituminous mixtures – Tests methods for hot mix asphalt – Part 26: Stiffness [5] 
 

 
For the AC 11 surf-mixtures the determination of water sensitivity and stiffness were applied, for AC 16 bin-mixtures 
the determination of water sensitivity, fatigue and stiffness.  
Regarding the Cyclic Compression Test according to EN 12697-25, it was planned at the beginning of the project to 
build the testing equipment and start the tests without deriving the limiting values. The reason for this was that there had 
been no experience with this test in the Czech Republic and the standard EN 13108-25 was still uncompleted at the 
beginning of the project. All the tests were carried out  for the mixtures I, III and IV.  
 
a) Determination of water sensitivity of bituminous specimen according to EN 12697-12 
 
Even if the test according to EN 12697-12 is mentioned in EN 13108-1 Asphalt Concrete in the “general requirements” 
section, it can be classified according to the test procedure as a test simulating the real conditions of the pavement and 
thus serving as a functional test. This test has to investigate the influence of water intruding into the not properly 
compacted asphalt pavement on the structural deterioration measured by the indirect tensile strength. 
Description of the test: A set of cylindrical test specimens compacted only by 2x25 blows of Marshall hammer is 
divided into two equally sized subsets and conditioned. One subset is maintained dry at room temperature while the 
other subset is saturated and stored in water at an elevated conditioning temperature. After conditioning, the indirect 
tensile strength of each of the two subsets is determined in accordance with EN 12697-23 at the specified test 
temperature. The ratio of the indirect tensile strength of the water conditioned subset compared to that of the dry subset 
is determined and expressed in percent. 
The results both for AC 11 surf and for AC 16 bin are summarized in the following table: 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5:   Results of the water sensitivity test  
 
 
b) Measurement of fatigue according to the EN 12697-24 
 
The fatigue characteristics ( 6 a B) were determined according to the EN 12697-24 by the two-point bending test on 
trapezoidal shaped specimens at 10 C and loading frequency of 25 Hz. This test was carried out only on AC 16 bin – 
asphalt mixtures as the wearing courses are not damaged by the fatigue according to the classical fatigue theory. The 
results of the measurements are summarized in the following table and figure: 
 

Binder content Designation of the 
mixture  [%] 6 B 

I AC 16 bin  optimum – 0,5% 3,5 95,1.10-6 4,70 
I AC 16 bin  optimum 4,0 99,0.10-6 5,59 

III AC 16 bin  optimum – 0,5% 3,9 113,9.10-6 5,03 
III AC16 bin  optimum 4,4 118,4.10-6 4,31 
IV AC 16 bin  optimum – 0,5% 5,2 125,9.10-6 3,09 
IV AC 16 bin  optimum 5,7 130,2.10-6 4,55 

 
Table 6:  Results of the fatigue test for AC 16 bin 
 
 

Binder content ITSD ITSw ITSR Designation of 
the mixture  % kPa kPa % 

optimum - 0,5% 4,1 1360 769 56,5 I AC 11 surf 
optimum 4,6 991 656 66,2 

optimum - 0,5% 5,1 925 712 76,9 III AC 11 surf 
optimum 5,6 797 617 77,5 

optimum - 0,5% 5,7 759 600 79,0 IV AC 11 surf 
optimum 6,2 647 553 85,5 

optimum - 0,5% 3,5 922 649 70,3 I AC 16 bin 
optimum 4,0 903 747 82,7 

optimum - 0,5% 3,9 927 761 82,1 III AC 16 bin 
optimum 4,4 863 781 90,4 

optimum - 0,5% 5,2 731 560 76,7 
IV AC 16 bin 

optimum 5,7 753 615 81,8 
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Figure 3 : Evaluation of  fatique measurement for AC 16 bin with 50/70 bitumen 
 
To procure information about the modified binders as well, further measurements were carried out with PMB 25/55, 
which is used in the Czech Republic as the hardest modified binder both into the wearing and binder courses. In this 
case there were achieved significantly higher values of 6 than for the non modified binder 50/70: 6 on average about 
40x10-6 higher than for non-modified bitumen (for example 6 for I AC 16 bin 4,0% = 147x10-6). As a consequence of 
these results higher values for modified binders were placed into the national annex.   
 



c) Measurement of stiffness according to the EN 12697-26 
 
For the measurement of stiffness the two-point bending test on trapezoidal specimens according to EN 12697-26 at 
15oC and 5, 10, 15, 20Hz was carried out, where the European standard requires the measurement only at 10Hz.  
 

 
 

Figure 4:  Trapezoidal testing samples for determination of stiffness and fatigue 
 

 
The results of the measurements are in the following tables 7 and 8: 
 

Binder content Stiffness at 15°C [MPa] Designation of the 
mixture  [%] 5 Hz 10 Hz 15 Hz 20 Hz 25 Hz 

optimum - 0,5% 4,1 8518 9222 9503 9860 9970 I AC 11 surf 
optimum 4,6 7876 8644 8758 9156 9272 

optimum - 0,5% 5,1 7536 8260 8586 8953 9136 III AC 11 surf 
optimum 5,6 6496 7353 7768 8229 8455 

optimum - 0,5% 5,7 6631 7439 7758 8170 8326 
IV AC 11 surf 

optimum 6,2 5932 6641 6974 7326 7501 
 
Table 7: Stiffness moduli for AC 11 surf 
 

Binder content Stiffness 15°C [MPa] Designation of the 
mixture  [%] 5 Hz 10 Hz 15 Hz 20 Hz 25 Hz 

optimum - 0,5%  3,5 8559 9193 9222 9643 9734 I AC 16 bin 
optimum  4,0 8569 9342 9464 9900 10037 

optimum - 0,5%  3,9 7957 8630 8679 9083 9226 III AC 16 bin 
optimum 4,4 7380 8046 8148 8540 8548 

optimum - 0,5%  5,2 5699 6401 6572 6977 7105 
IV AC 16 bin 

optimum  5,7 5101 5867 6061 6464 6652 
 
Table 8: Stiffness moduli for AC 16 bin 
 
Just as in the case of fatigue measurement, further measurements were carried out as well with PMB 25/55. In this case 
comparable results were achieved as for the non-modified binder 50/70. The measurements had the aim of discovering 
whether the modified binders bring the increment of the moduli in comparison with non-modified binder. The results 
for I AC 11 surf are shown in the following table. 
 
 



Binder content Stiffness 15°C [MPa] Designation of the 
mixture  [%] 5 Hz 10 Hz 15 Hz 20 Hz 25 Hz 

I AC 11 surf optimum  4,6 7497 8053 8185 8604 8715 
 
Table 9 Stiffness moduli for AC 11 surf with PMB 25/55 
 
d) Cyclic compression test according to the EN 12697-25 
 
As mentioned above, the aim of the project in this matter was only to build the triaxial equipment and begin 
measurements due to three factors: the relative complexity of the test, the final version of the standard still not having 
been issued at the beginning of the research project, and a lack of previous experience with this test. According to the 
EN 12697-25 there are two possibilities of loading – haversinusoidal and block pulse loading. It is possible to achieve 
haversinusoidal loading with the use of a hydraulic loading system; a pneumatic loading system is only suitable to 
produce block pulses. The costs for the hydraulic loading system are also much higher. For economical reasons and 
with previously gained experience of pneumatic operating systems, it was decided to build the testing equipment with 
the pneumatic loading. At the end of the project the equipment was ready and first measurements were taken. The 
specimens were 200 mm high compacted with the segmental compacting device. The specimens were prepared in 
cooperation with the Vienna University of Technology – Institute for Road Construction and Maintenance, Austria. In 
figure 5, two photos of the constructed testing device are shown. 
 

 
 
Figure 5:  Triaxial testing device with pneumatic loading 
 
 
 
4.  SETUP OF THE LIMITING VALUES IN THE NATIONAL ANNEX EN 13108-1 – A FUNCTIONAL 

APPROACH 
 
All the measurements described above were aimed at the final setup of the limiting values in the national annex of 
EN 13108-1 Asphalt concrete. Experience with the designing of asphalt mixtures has demonstrated that the sieve curves 
designated as “I” and “IV” for both AC 11 surf and AC 16 bin do not represent routinely designed asphalt mixtures 
because of the following two deficiencies: the mixture “I” is too fine and has low VMA. To fulfil the demand on the 
void content it is necessary to lower the binder content and in this way also the bitumen film thickness. These mixtures 
are very resistant against rutting; on the other hand, however, because of the lowered binder thickness they have low 
durability and can disintegrate. This can be seen on low values of water sensitivity test. The mixtures “IV” are coarse 
graded with high VMA and therefore also high binder content. These mixtures have low resistance against rutting but 



achieve high values of water sensitivity. Also because of the thick bitumen film, there were  achieved very good results 
regarding fatigue [7].  From this point of view the ideal mixtures are based somewhere between these two extremes. 
From this knowledge the limiting values mentioned in the following tables were derived. The mixtures designated as 
AC 11 surf  S and AC 16 surf  S are for very high traffic, whereas the mixtures designated as AC 11 surf + and AC 16 
surf + are for high-traffic pavements.  
 
 

Wearing courses 

Type S + 

Designation of the mixture 
AC 11 surf  S,  
AC 16 surf S 

AC 11 surf  +,  
AC 16 surf + 

Water sensitivity - minimal ITSR (%) 80 70 

Functional requirements 

Minimal stiffness Smin (MPa) 7 000 

Maximal stiffness Smax (MPa) 9 000 

 Resistance against permanent 
deformation – Triaxial fc max ( m/m/n) will be added  

 
Table 10: Chosen requirements for wearing courses in the national annex, EN 13108-1 
 

Wearing courses 

Type S + 

Designation of the mixture 
AC 16 bin S,  
AC 22 bin + 

AC 16 bin  +,  
AC 22 bin + 

Water sensitivity - minimal ITSR (%) 80 70 

Functional requirements 

Minimal stiffness Smin (MPa) 7 000 

Maximal stiffness Smax (MPa) 11 000 

Resistance against permanent 
deformation – Triaxial fc max ( m/m/n) will be added 

Resistance against fatigue 6 115(130) 
Remark: The values in brackets are for SBS-modified binders 
 
Table 11:  Chosen requirements for binder courses in the national annex, EN 13108-1 
 
 
5. CONCLUSIONS 
 
The specification of asphalt mixtures by functional requirements is newly introduced with the first generation of 
European standards. It represents an alternative to empirical specifications and at the moment is only allowed in 
EN 13108-1 Asphalt concrete. The use of this approach is applicable, for example, for the design of asphalt mixtures 
with unconventionally led sieve curves and not common types of bituminous binders. In the Czech Republic this 
approach will exist alongside the basic empirical approach. Further precisions will be made with additional testing 
mainly in the case of a triaxial test for the determination of susceptibility of asphalt mixtures to permanent 
deformations. 
The aim of the European standardisation is to specify an asphalt concrete mixture and other mixtures in the future only 
in terms of functional, performance-based properties. From this point of view there is still a lot of research needed to 
meet this demand. On the European level it will be necessary to make a final decision for the fatigue test in regards to 
whether to use the two-point or four-point test. The measurement of stiffness should also be validated, as the methods 
which are currently allowed and regarded as equivalent, do not provide the same values of moduli because of different 
ways of loading. Additionally, the triaxial test should be made more precise based on data collected in different 
countries. Last but not least, it will be necessary to equip the central laboratories of main road construction firms with 



the costly, functional testing devices. There remains no other alternative being that traffic still continues to increase 
dramatically as well as the technical requirements meant to compensate for it. In the likelihood that we sincerely hope 
our roads are able to withstand this trend, we will have to continue putting more and more effort into continuing 
research.  
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ABSTRACT 
 
The paper contains an analysis of the structure of limestone, basalt, dolomite, melaphyre and grano-dioryte fillers from 
a dust extractor of a Hot-Mix Asphalt plant in Poland as well as mastics containing these fillers and a 50/70 
penetration grade bitumen. For this purpose the grain-size distribution, specific surface area and Rigden voids of 
fillers were determined. Additionally the grain morphology of fillers was evaluated (i.e. sphericity and roundness of 
grains). Special attention was paid to content of harmful clays in fillers determined by the Methylene Blue Value Test. 
In the second part, quantitative and qualitative estimations of the functional properties of these fillers were performed, 
i.e. stiffening properties of fillers in mastics, volumetric mass concentration and activity index of fillers. 
A search for the quantitative relationship between the structure and the functional properties of fillers was conducted 
in order to assess the applicability of baghouse fillers for asphalt pavement courses. 
Presented results of studies are considerable widening knowledge in the field of the quality, structure and the 
functional properties of the fillers. 
 
Keywords: Baghouse Filler, Mastic, Structural Feature, Stiffening Property. 
 
1. INTRODUCTION 
 
Mineral fillers used in Hot Mix Asphalt (HMA) can be considered as [1]: 

 basis filler (limestone dust produced by industrial method), 
 mineral fines founded in aggregate after passing through a hot air stream in dryer mixer, 
 baghouse fines from a dust extractor installed in an asphalt plant. 

The first two types of fillers are almost always a major component of HMA, used in the construction of asphalt 
pavement layers. Usability of the third type of filler is restricted by rules [2]. 
The Polish standard PN-S-96025:2000 admits usability of baghouse fines instead of a quantity of basis filler in asphalt 
pavement layers provided that these baghouse fines have a positive decision of road laboratory or Technical Approval 
[3]. Since the European standard PN-EN 13043:2004 became valid in law some its sentences concerning dusts and 
fillers are contradictory to requirements of PN-S-96025:2000 standard. Mineral fines (by standard PN-EN called filler 
aggregate) are treated the same as a traditional limestone fillers (by standard PN-EN called added filler). In addition in 
PN-EN a new concept was introduced, that is mixed filler, i.e. “filled aggregate of mineral origin, mixed with calcium 
hydroxide”, like for example a mineral dusts mixed with hydrated lime. 
On the basis of above mentioned information it can be said that, according to PN-EN standard, a limestone filler lost its 
significance for the benefit of other mineral fillers i.e. filling aggregate [3]. In many countries baghouse fillers are 
admitted as suitable to use in HMA as a mineral fillers [1] [4]. In France and USA the fines from a dust extractor 
installed in an asphalt plant are the basic source of mineral filler which are utilized in HMA as a whole. In Belgium 
both baghouse and limestone fillers have been used, and application of baghouse fillers is not limited if results of 
laboratory tests are of positive results. However, in England limestone filler has been added to HMA as a supplement of 
filling fraction of an aggregate in quantities resulting from required graining of mixture [1]. 
A study was conducted on baghouse filler for Hot Mix Asphalt (HMA) in the USA already in 1976 [5]. The effect of 
six different baghouse fillers on HMA design parameters was evaluated. Instances of surface flushing or instability in 
the field were reported when baghouse fines were returned directly to the hot elevator. 
A later study conducted in the USA concluded that baghouse fines are satisfactory for use in HMA if the quality of the 
parent aggregate is satisfactory [6]. A study of 16 sources of baghouse fillers with a wide variety of particle size 
distribution, mineralogy and other physical properties indicated that fine dust, primarily 20 m and finer, tended to 
combine with the bituminous binder and act as an asphalt extender [7]. The report concluded that the baghouse fillers 
could be re-introduced into the mixture successfully if their quantity is controlled. 
Another comprehensive study of baghouse fillers was conducted in 1982 by Anderson and Tarris [8]. The 32 different 
HMA plants were sampled to determine the day-to-day and within-day variability of baghouse fines. It was observed 
that efficiency of the primary collector was largely responsible for the variability and gradation of the baghouse fines. 
The study evaluated the effect of baghouse fillers on mixture design properties. The study concluded that fineness is not 
always a good indicator of the magnitude of stiffening resulting from the addition of fines to the bituminous binder. 
In Poland the properties of limestone fillers are objects of many research works, standards and guidelines [9] [10], 
while features of baghouse fillers are still known in a lesser degree. In 1997 the first Polish paper was published on the 
use of baghouse fines in HMA mixtures. Grzybowski [1] included technological knowledge on the application of 
baghouse fillers in HMA paving mixtures on the basis of mainly American technical literature as well as own 
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experiences obtained from international road construction contracts. He proposed guidelines to ensure a successful, 
effective use of baghouse fillers in HMA paving mixtures. 
The focus of studies realized in Poznan University of Technology [11] [12] was on mineral fillers obtained from a dust 
extractor of an asphalt plant in Poland. The tested materials included grano-dioryte, basalt, dolomite and melaphyre 
dusts. Limestone was used as the reference filler in the research program. Quantitative estimation of grain morphology 
of baghouse dusts was performed, which fundamentally extended the knowledge level concerning the influence of 
structure and grain morphology of mineral dust on its functional properties. 
The characteristics of grain morphology are most often presented using descriptive methods, without introducing 
quantitative (numerical) measures [10] [13]. These papers contain attempts to evaluate surface texture and shape of 
grains of fillers using microscope images. Research conducted there in, using microscopic methods, enabled the 
evaluation of the maximum grain size, shape of dominating grains, as well as state of edges of grains. However, 
analysis of the texture and shape of the grain, i.e. the morphological analysis, is yet to be investigated. 
 
2. SUBJECT AND PURPOSE OF THE RESEARCH 
 
The main focus of studies realized in Poznan University of Technology was on baghouse fillers from a dust extractor 
installed in an asphalt plant. The tested materials included the grano-dioryte (Gd), basalt (B), dolomite (D), melaphyre 
(M) as well as limestone (L) fillers. Limestone filler (L) was named as the reference filler in the research program. The 
laboratory samples for tests were baghouse fillers of grains passing a No. 200 sieve (< 75 m) and were named as ‘own 
fillers’ in the paper. 
The main purpose of the work was an assessment of the basic structural and functional properties of ‘own fillers’ by 
comparison with the properties of limestone filler, i.e. the reference filler, as well as a search for the relationship 
between the structure and the selected functional properties of these fillers. 
In the first part of the paper the following structural features of the fillers were determined: 

 Average grain diameter ( av) obtained by non-standard method [14], 
 Specific surface area (Ssp) according to PN-EN 13043:2004 standard, 
 Rigden voids (RV) according to PN-EN 13043:2004 standard, 
 Methylene blue value (MBF) according to PN-EN 13043:2004 standard, 
 Sphericity Sp and Roundness Ro of grains (also called morphological properties) obtained by non-standard 

method [14]. 
In the second part, the functional properties of the fillers were estimated by the following parameters: 

 Volumetric mass concentration (MCv) obtained by non-standard method [15] [16], 
 Activity index (Ia) obtained by non-standard method [16], 
 Bitumen number (BN) according to PN-EN 13043:2004 standard, 
 Increase in Softening Point ( R B) according to PN-EN 13043:2004 standard, 
 Penetration at 25oC (P25) according to PN-EN 1426:2001 standard. 

A bitumen number (BN) of fillers, an increase in Softening Point ( R B) of mastics and a penetration (P25) are also 
called the stiffening properties of fillers. 
 
3. STRUCTURE AND GRAIN MORPHOLOGY OF THE FILLERS 
 
The Grain-Size Distribution test was carried out using the areometric method. On the basis of obtained results the 
graphic average grain diameter av was calculated using Folk’s and Ward’s formulas [14]. Results of measurements are 
presented in Figure 1. Grain size ‘d’ was formulated by ‘phi’ units by pattern (1), which makes statistical calculations 
easy. A minus sign in this pattern lets to use a positive numbers for grains of diameter values less than  
1 mm. 
 

d2log  (1) 
 

where: 
  - grain diameter, (phi), 

d  - grain diameter, (mm). 
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Figure 1:  Average grain diameter ( av) Figure 2:  Specific surface area (Ssp) 
 
Analysis of graining indicated that all samples differ by grain size and contain very fine-grained sand fraction  
< 0.1 mm, silt fraction 0.05 0.002 mm, as well as clay fraction < 0.002 mm. The ‘own fillers’ D and Gd are of av 
values close to av of reference filler, while B and M fillers are of av values very different comparing to limestone 
filler. 
The Specific Surface Area test was conducted by air permeability test using the Blaine’s method (PN-EN 196-6). 
Results of test presented in Figure 2 indicate that ‘own filler’ D is of Ssp value close to Ssp of reference filler L, while 
the others – considerably smaller. The more fine-grained fillers determined by areometric method are of the greater 
values of Ssp and vice versa. 
The Specific Surface Area test determined by the Blaine’s method has an excellent correlation with average grain 
diameter determined by the areometric method. It can be seen from Figure 3 that more fine-grained fillers would result 
in higher values of specific surface area (R2 = 0.88). So these both methods destined for determination of specific 
surface area and graining of fillers can be used to evaluate the relationships between the structure and the functional 
properties of fillers. 
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Figure 3:  Correlation of average grain diameter ( av) by the areometric method to specific surface area (Ssp) 
by the Blaine’s method 
 
Air voids (RV) were determined on the basis of measured the voids of dry compacted fillers by means of a Rigden 
apparatus (PN-EN 1097-4). As shown in Figure 4, filler D is of the greatest voids value, while the samples M and L are 
characterized by the lowest voids value. 
The Methylene Blue (MB) test is recommended to quantify the amount of harmful clays of the smectite 
(montmorillonite) group, organic matter and iron hydroxides present in fine aggregate [15]. The principle of the test is 
to add quantities of a standard aqueous solution of the dye to a sample unit adsorption of the dye ceases. The methylene 
blue value (MBF) expresses the quantity of MB required to cover the total surface of the clay fraction of the sample 
with a monomolecular layer of the methylene blue. 
The MB test results by PN-EN 933-9 presented in Figure 5 indicate that filler D has by far the greatest content of 
clayey fraction, while fillers B and M have the least. These results are confirmed by particle size analysis not included 
in this paper. 
 



 4

36,4 38,3 39,8
44,9

33,4

20
25
30
35
40
45
50

L Gd B D M

Type of filler

RV
 (%

)

 

2,7 3,0
1,0

13,3

1,7

0
2
4
6
8

10
12
14

L Gd B D M

Type of filler

M
B F

 (g
/k

g)

 
Figure 4:  Rigden voids (RV) Figure 5:  Methylene blue values (MBF) 
 
Basic morphological properties of mineral grains are their shape (sphericity) as well as roundness. The idea of shape 
refers to the space form of the grain. Because of the diversity of grain shapes, detailed classification on the basis of 
shape is very difficulty. A method of characterising grain shape using the following two indexes is used in 
sedimentological test: 

 the first - expresses the ratio of the length of the medium axis to the longest axis, 
 the second - expresses the ratio of the length of the shortest axis to the medium axis. 

These indexes form the basis for dividing the shape of grains into the following five categories: prismoidal, sub-
prismoidal, spherical, sub-discoidal and discoidal grains [14]. 
Sphericity is a quantitative parameter, which expresses the degree of similarity of a given grain to a sphere. Roundness 
is a measure of the degree of grinding of its edges, as well as smoothing of its surface. Visual patterns are commonly 
used for determining the degree of roundness. 
Many patterns exist, among which the most often used are patterns that simultaneously determine roundness and 
sphericity. The Powers’ visual comparison chart shown in Figure 6 is currently the most popular [17]. This pattern, 
which connects roundness and sphericity, also presents the profile of the grain surface. 
 

 
 
Figure 6:  Powers’ visual comparison chart [17] 
 
Morphological analysis was carried out on 100 grains from each sample, using an optical microscope with side lighting 
[16]. The microscopic images of the grains were compared to the Powers’ visual comparison chart (Figures 7 and 8). 
To make statistical calculations easier, the Powers’ sphericity scale from Figure 6 was transformed into a numerical, 
continuous scale of the same class widths. New scale describes sphericity of grains as follows: 

 0.5 class – prismoidal grain, 
 1.5 class – sub-prismoidal grain, 
 2.5 class – spherical grain, 
 3.5 class – sub-discoidal grain, 
 4.5 class – discoidal grain. 
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Figure 7:  Image from an optical microscope of the 
grains for limestone filler (L sample), 20  enlargement 

 
Figure 8:  Image from an optical microscope of the 
grains for grano-dioryte filler (Gd sample), 20  
enlargement 

 
Weighted averages for sphericity and roundness, which are presented in Figures 9 and 10, were calculated for these 
assumed distributive series. 
When the sphericity of the filler grains was compared, it was observed that all samples are dominated by spherical 
grains. Among all samples, only D and Gd fillers are of grains the most similar to L filler’s grains. Regarding 
roundness, it was observed that B and M fillers are of grains the most similar to L filler’s grains. These fillers are 
dominated by sub-angular grains. Whereas the samples of Gd and D which are of grains the most differed from L 
filler’s grains there are dominated by sub-rounded grains. 
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Figure 9:  Sphericity of grains (Sp) Figure 10: Roundness of grains (Ro) 
 
4. FUNCTIONAL PROPERTIES OF FILLERS 
 
A Volumetric Mass Concentration test is a measure of the amount of cosmetic kerosene required to absorb 15 g of 
mineral filler [16]. The mineral filler is put in a small bowl, then kerosene is added and the mixture is been shaking at 
the same time. The process is continued until the mixture loses cohesion. At this point, all of the kerosene is fixed in the 
voids of the filler and there is no excess to hold the particles together. The total amount of cosmetic kerosene added to 
the mineral filler is reported as the test value that defines bitumen absorption of filler indirectly. This test is similar to 
the German Filler Test – Koch Materials Company procedure [15]. 
The samples, which had been used for Volumetric Mass Concentration test, were later used for measurement of activity 
index. An activity index is indirect measure of water-sensitivity of mineral filler. 
Results of Volumetric Mass Concentration (MCv) and Activity Index (Ia) tests presented in Figures 11 and 12 indicate 
that only Gd filler is the most similar to reference filler. In Figure 11 it was observed that D sample is characterized by 
the most bitumen absorption, while M filler - the least one. It was also shown that D sample offers the most resistance 
against forming emulsion in the presence of water, while B and M fillers - the least. 
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Figure 11: Volumetric mass concentration (MCv) Figure 12: Activity index (Ia) 
 
Bitumen number is a measure of the apparent viscosity of a water-filler aggregate mixture, expressed numerically. 
The BN test results by PN-EN 13179-2 presented in Figure 13 indicate that ‘own filler’ B is of BN value close to BN of 
reference filler L, while the others – considerably greater. 
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Figure 13: Bitumen number (BN) 
 
Mixing fillers with a bitumen can result in two main effects. The fillers can extend the binder and/or stiffen it. This 
modification of the binder that may take place due to the addition of fines could, in turn, affect HMA properties. 
Therefore, it is necessary to determine first how the mineral fillers modify the bitumen. 
 

12,2

15,7

10,9

20,3

12,3

5

8

11

14

17

20

23

L Gd B D M

D
R&

B
  (

o C
)

 

50,8

25,2
28,4 26,8

24,8
29,0

20
25
30
35
40
45
50
55

50/70 L Gd B D M

P 
25

 (0
,1

 m
m

)

 
Figure 14: Increase in Softening Point ( R B) Figure 15: Penetration at 25oC (P25) 
 
The purpose of the tests was to find quantitative relations between structure of fillers and their stiffening properties in 
mastics. Mastics, i.e. mixture of filler (F) and a 50/70 penetration grade bitumen (B) prepared with proportion of F/B = 
0.60 by volume. 
Results of the tests of penetration at 25oC and Softening Point using Ring  Ball method by PN-EN 13179-1 are 
presented in Figures 14 and 15. These parameters are a measure of the stiffening properties of a filler when mixed with 
bitumen, which depend among other things on the structure and morphological features of filler. 
Analysis of the obtained results shows that the stiffening effect of D filler is considerably the greatest than the effect of 
the others (non-recommended). Meanwhile, sample of B exhibits slightly less stiffening effect relative to reference L 
sample. 
Mastics in this paper were proportioned based on the volumes of solid fines particles and bitumen. However, the bulk 
volume of the compacted fillers differed due to the nature of the fines. It can be seen in [15] that higher bulk volume of 
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fillers would result in more ‘fixed’ bitumen and less ‘free’ bitumen, thereby causing more stiffening of mastics. It is, 
therefore, necessary to calculate the bulk volume of fillers (VfB) in each mastic (Figure 16), although proportion of F/B 
by volume may be the same, to determine its effect on stiffening of mastic. 
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Figure 16: Bulk volume of compacted fillers (VfB) in 
the mastics 

Figure 17: Percent bulk volume of fillers (VfB) versus 
increase in softening point ( R&B) 

 
Figure 16 shows a bulk concentration of fillers. All fillers were mixed with a bitumen at the same proportion of F/B by 
volume. However, the VfB in the D mastic is substantially higher than those in the others. Therefore, substantially more 
bitumen was ‘fixed’ in the D mastic compared to the others. This resulted in a increase in softening point ( R&B) of 20,3 
oC for the D mastic and only 12,2 oC for the L mastic. 
Figure 17 shows the effect of bulk volume of fillers (VfB) on increase in softening point. The VfB in compacted fillers in 
the mastics were determined by Rigden’a idea [15]. These plots made on graphs indicate that the softening points 
continue to increase as bulk volume of fillers is increased. 
According to [15] values of VfB higher than 60% are likely to make the HMA very stiff and difficult to compact. 
 
5. RELATIONSHIPS BETWEEN THE STRUCTURAL AND THE FUNCTIONAL PROPERTIES OF 
ANALYSED FILLERS 
 
The subject of the analysis was the structural and the morphological features of fillers and their functional properties, 
which are characterised by two multi-quality general populations. Algorithm of the statistical analysis is shown in 
Figure 18. The aim of the analysis was to determine the relations between above-mentioned characteristics of fillers, 
including grain morphology. 
 
Structural and morphological features:  Functional properties: 

1. Average grain diameter, av (phi)  

2. Specific surface area, Ssp (cm2/g)  
3. Rigden voids, RV (%)  
4. Methylene blue value, MBF (g/kg)  
5. Sphericity Sp of grains, (-)  
6. Roundness Ro of grains, (-)  

1. Volumetric mass concentration, MCv (%) 
2. Activity index, Ia (-) 
3. Bitumen number, BN (%) 
4. Increase in Softening Point, R B (oC) 
5. Penetration at 25oC, P25 (0,1 mm) 

 
Figure 18:  Algorithm of the statistical analysis 
 
Correlation analysis was carried out by calculating the linear correlation coefficients (R  0.80), the first-degree partial 
correlation coefficients (R  0.85) and calculating the second-degree partial correlation coefficients (R  0.90). 
It was shown that the Rigden voids RV, the specific surface area Ssp, the methylene blue value MBF and the roundness 
Ro have an influence on the functional properties of fillers. However, test of the significance of correlation coefficients 
for p-value = 0.10 showed that only: 

 values of Ssp have a significant statistically influence on Ia and MCv of fillers. 
 values of RV have a considerable effect on MCv of fillers. 
 values of MBF have a considerable effect on Ia of fillers and on R B of mastics. 
 values of Ro significantly influence R B of mastics. 
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The explanation of the relationships between empirical values of tested variables (between the structural features of 
fillers and their functional properties) was based on the mathematical models for multiple linear regression. In the 
research it was used the analysis of multiple regression with using a method of reverse elimination which was to 
eliminate the insignificant statistic variables in the models and to estimate the best regression equation for p-value  
= 0.05. The model for multiple linear regression is: 
 

ebxbxby ppo ...11  (2) 
 

where: 
y  - a dependent variable, 
x1, xp - an independent variable(s), 
bo, bp - a regression coefficients, 
e  - a vector of random errors. 

 
In this model dependent variable y is a random variable, while the independent variables xi are not treated as random 
variables but these values are known in advance (there are the same in the repeated tests). There is a necessity of 
introducing to the model so-called a random component e. In the following research as the variable y functional 
property of fillers was taken (i.e. MCv, Ia, BN, R B or P25), and the variables xi were taken as structural and 
morphological features of filler sample (i.e. av, Ssp, RV, MBF and Sp, Ro). 
Each received regression coefficient in every variables was applied to the test of significance. The variables where the 
coefficient regression did not differ significantly from 0 were removed and the model was built with less number of 
explanatory variables. 
For the accepted models the test of significance was carried out for the multiple correlation coefficient using the F 
Snedecor’s distribution. This test was to show that the received dependence variable y from the explanatory variables xi 
is not accidental and it is characterized by multi-feature parent population. 
So, there is estimated three models of linear regression with the two independent variables that show a significant 
relations between the R B, Ia, MCv and the Ssp, RV, MBF, Ro of fillers. Our estimated models are: 
 

oFRR RMB 38.4509.0&     for R2 = 1.00 (3) 
36.447.00016.0 Fspa MBSI    for R2 = 0.99 (4) 

33.8380.00012.0 RVSMC spv   for R2 = 0.99 (5) 
 
The critical value of a Fkr statistic received from the Snedecor’s table is lower than the calculated value of a F statistic 
(F1 = 1 090, F2 = 90.0 and F3 = 88.05). 
 
6. CONCLUSIONS 
 
In this paper it was shown that the morphology of filler grains i.e. sphericity and roundness, can be used to assess the 
structural properties. New methodology was developed for presenting results of morphological research on filler grains 
in the form of numerical quantity. As a result, it was possible to apply statistical methods for the analysis of laboratory 
research results. 
The test results on the structure and functional properties of the baghouse fillers, as well as on the reference filler, 
allowed the following conclusions: 

 The ‘own fillers’ are characterised by lower values of specific surface area and larger coarse grain structure than 
those of reference filler L. 

 The B, D and Gd fillers have considerably greater Rigden voids values than reference filler L. The M filler – 
smaller. 

 A statistically significant correlation was discovered between the methylene blue value and the Rigden voids in 
fillers (R = 0.81). The lower the fine fraction contents, the lower the Rigden voids were. 

 The ‘own fillers’ are suitable for use in highway engineering according to PN-EN 13043:2004 standard in 
respect of grain-size distribution (primarily 50 m and finer), methylene blue value < 10 with the exception of 
filler D and Rigden voids at 28-45%. 

 Regarding shape of grains all fillers are dominated by spherical grains. 
 Regarding surface texture of grains the Gd and D fillers are dominated by sub-rounded grains, while the others 

are dominated by sub-angular grains. 
 Filler D and reference filler L are characterised as having the highest bitumen absorption and water-sensitivity. 
 Filler D is characterised as having too high stiffening properties in mastics. 
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 Statistical analysis showed the significant influence of specific surface area, Rigden voids, methylene blue value 
of fillers and roundness of grains on functional properties like volumetric mass concentration, activity index and 
increase in Ring  Ball Softening Point. 

 There are relationships (for p-value = 0.05) between the structural and morphological features and some 
functional properties of fillers that exist in the models (3), (4) and (5) for multiple linear regression. It concerns 
only materials and laboratory conditions used in this research work. 

Additional research is needed on the effect of baghouse dusts on HMA mixtures. Research is needed to determine the 
uniformity, with respect to quantity, of the fines added to the mixture. This variability should be correlated with plant 
equipment and operating conditions. 
Until this research is complete, the fines from a dust extractors installed in an asphalt plants won’t be utilized in HMA 
as the basic source of mineral filler. So yet this problem hasn’t resolved in Poland. 
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ABSTRACT 
 
Laboratory asphalt mix design methodologies are aimed at predicting compaction behaviour and determining the 
mechanical characteristics of mixes. 
The French laboratory methodology for hot bituminous mixes is partially devoted to a compactability assessment. 
Samples are characterised by tests using the Gyratory Compactor. In this test, loose material is submitted to 
simultaneous compressive and shear forces, which lead to an internal aggregate reorganisation. 
The current French experimental device, called ‘PCG3’, was devoted strictly to hot bituminous mix characterisation. At 
present however, compactability properties of emulsion-treated gravel also appear as critical information due to the 
growing interest in bituminous cold mixes within an environmentally-friendly context. A research project has been 
conducted in order to adapt the current ‘PCG3’ to allow for the compaction of cold mixes by adding the functionality of 
collecting extruded water due to emulsion breaking. 
The present article is intended to describe this new device and determine the influence from adjusting parametric 
sensitivity on humidified gravel and the compactability behaviour of two gravel-emulsions. Moreover, a comparison 
between the new device and the previous one, called PCG2, has been performed on a gravel-emulsion implemented on 
jobsites by means of "round robin" testing. 
 
Keywords: Cold asphalt, Gyratory, Mechanical properties, Testing, Voids 
 
 
1. INTRODUCTION 
 
The third version of the French gyratory compactor (denoted PCG3), devoted to hot bituminous mixes, was designed in 
1996 [1-2]. Marketed as an LPC-brand equipment (in affiliation with the Laboratoire Central des Ponts et Chaussées - 
LCPC), this compactor now represents a major share of the available stock of PCG instruments. The return to favour of 
cold-mix techniques within a sustainable development context, coupled with the discontinuation of marketing efforts for 
MLPC equipment version PCG2 [3], have led LCPC to include the development of a PCG3 option and adaptation kit 
into its research programme, in the aim of allowing such devices to be used in designing cold mixes treated with 
bituminous emulsion. The speciality of bituminous emulsion-treated compounds is the extrusion of water from the mix 
during compaction, and this water must be allowed to escape from the compaction mould and collected for analysis 
purposes. The present article will be divided into three parts: the first will recall the operating principle of the MLPC 
Gyratory Compactor, version 3; the second will provide a description of the emulsion-treated gravel option in its 
prototype configuration; and the last part will present the initial results obtained on three mixes during material 
qualification steps on a wet gravel and two treated mixes with a bituminous emulsion base under operating conditions 
established with extreme settings. A comparison with results obtained using version 2 of the gyratory compactor 
(denoted "PCG2") will also be performed on the two cold bituminous mixes. 
 
 
2. OPERATIONS OF THE MLPC GYRATORY COMPACTOR PCG3 
 
2.1 Operating principle 
 
The PCG3 device obeys the same basic operating principle as previous PCG models (see Figure 1). The bituminous mix 
investigated herein is introduced in a loose state into a cylindrical metal mould closed by two interchangeable circular 
spandrels. The test consists of subjecting this 150-mm diameter material specimen to a compaction effect produced 
from the combination of two loadings, an axial compression, F, and a horizontal rotational shear force, Fc. The axial 
compression F is exerted by means of 2 spandrels, constrained to remain within parallel planes. With respect to these 
planes, the mould axis is shifted by a (small) angle  and fixed so as to describe a cone at constant angular velocity 
(see Fig. 2). A decrease in the void percentage vs. number of gyrations can be observed. 
 
2.2 Design features 
 
The compressive loading is provided by an electromechanical jack positioned over the lower part of thedevice. The 
sample holding device, inserted into the upper part, is composed of a mould, a mobile counter-mould and a shaft. The 



 

sample-holder assembly is inclinable, with the inclination angle adjustable by means of a vernier scale placed on the 
front panel of the machine. Rotation is initiated by an electric motor relayed thanks to a belt system linked to the sample 
holder device. Sample height is measured upon each gyration by a digital coder. A software application is run to control 
the test bench and manage results acquisition. Test bench operating ranges extend from 6 to 30 revolutions per minute 
in rotation for an inclination angle varying between 30' and 120'. This angle can be parameterised by 1' increments in 
order to satisfy both the European and American standard specifications. 
 

 
 
Fig. 1: Photograph of the PCG3 instrument 
 

 
 
Fig. 2: Operating principle for the "PCG3" Gyratory Compactor 
 
2.3 Results interpretation 
 
The PCG test plays a vital role in French mix design methodology; specifically, it enables assessing the compactability 
of mixes during their implementation phase and predicting compacity values that will be attained on pavement [4]. This 
test therefore makes it possible to narrow the selection of mix designs during the early study stages to just those that 
display attractive potential for road uses. 
Moreover, the test is sensitive to a large number of parameters, such as the internal friction of aggregates, and thus 
constitutes a valuable tool for controlling mix design consistency over time. 
 
The evolution recorded during the test on shear force Fc, which measures the force required to straighten the specimen, 
yields an initial evaluation of the resistance of a mix to permanent deformations, prior to application of the wheel 
tracking test. 
 
The force Fc may be associated with the average value of shear stress  acting within the material, as defined by the 
following relation: 

Sh
dFc

 



 

with: 
: shear stress, 

d: distance connecting the force Fc to the horizontal moment induced by this force (with a distance of Fc to the 
specimen's horizontal hinge axis), and 
S: surface area of the specimen base. 
 
2.4 Standard benchmark 
 
For cold bituminous mixes, the PCG test method still lies within the scope of French Standard NFP 98 252 [5], which 
has since become a European Standard for hot bituminous mixes (NF EN 12697-31 bituminous mixes – Test methods 
for hot hydrocarbon mixes, Part 31 - Specimen preparation by the gyratory compactor [6]). 
 
The specifications for cold bituminous products are also covered by the French standard benchmark. Two products have 
already been standardized: emulsion-treated gravel XP98-121 [7], and cold asphalt concretes NF P 98 – 139 [8]. 
These two standards indicate the compactability properties of the gyratory compactor alluded to in the former French 
standard. 
 
3. DESCRIPTION OF THE "EMULSION-TREATED GRAVEL" PCG3 KIT 
 
3.1 Functional objective 
 
The functional objective of the "Emulsion-treated gravel" PCG3 kit entails allowing the compaction of a material 
treated with bituminous emulsion and the follow-up collection of extruded water. A number of design constraints have 
been imposed: adaptation of the system to the existing stock of MLPC PCG3, ease of assembly and disassembly for the 
operator, and continued smooth functioning of the PCG3 gyratory compactors. 
 
3.2 Operating principle 
 
During compaction, the breaking water of the emulsion is discharged between the mix's component grains and reaches 
the specimen surfaces. This discharge occurs through the unconstrained upper and lower spaces of the specimen located 
between the periphery of the pellets and the interior of the mould. Over the upper part, water fills the free space between 
pellet and cover chamfer, while over the lower part water flows onto the gyration table. The principle proposed calls for 
continuously suctioning the extruded water and then weighing it as a function of the number of gyrations. In this 
manner, a simultaneous observation can be made of the trend in void percentage within the mineral skeleton, by varying 
the specimen height measurement, as well as in the voids filled by water and air. 
The operating principle of the experimental prototype device will be presented below; the device comprises: a system 
for collecting and suctioning water extruded over the upper and lower parts of the specimen; a weighing system 
synchronised with the number of gyrations; and a third system for measuring the external inclination angle of the 
counter-mould at the top. 
Implementation of this kit necessitates adjusting the jack height and introducing a modified software version. 
 

 
 
Fig. 3: Operating principle of the experimental prototype device 
 



 

 
 
Fig. 4: Overview of the experimental prototype device 
 
3.3 Design features 
 
Collection and suctioning of the extruded water 
The solution proposed entails discharging the water stored on the upper part by means of adding a perforated tube 
surrounding the cover chamfer and connected to the suction system. The cover with six drilled holes enables completing 
this suction stage manually. Over the lower part, a mobile "skirt" fits the shape of the median table and guides runoff 
water towards the median table. Couplings are introduced into the existing lower space allocations and connected to the 
suction system. The jack head is protected by a wiper seal. 
 
Weighing of the extruded water and synchronisation with the number of gyrations 
The suctioned water is weighed and values recorded by an independent acquisition system. Synchronising weight data 
with number of gyrations is performed by a diversion of the PCG3 synchronisation top. 
 
Height adjustment 
The PCG3 kit includes thrust bearings to prevent the water recovery skirt from being crushed. The specimen height 
measurement reference is modified once the PCG3 kit has been implemented. 
 
External inclination angle measurement 
The PCG3 kit also serves to measure vertical displacement of the upper face of the inclinable shaft for any inclination 
angle adjustment range. An empty correspondence between the amplitudes of displacements measured on both the 
upper and lower parts of the mould is derived, which then enables re-establishing correspondence with the typical 
inclination angle. 
 
Rotation initiation criteria 
According to the "cold bituminous mix" configuration, PCG3 rotation is triggered over the phase during which the 
vertical jack approach velocity is decreasing. In this instance, tests are conducted using the specific software version 
entitled: "PCG3 V1.1 J ILS Gr.Emul.". 
 
3.3 Results interpretation 
In combination with sample height monitoring, a tracking of extruded water weight recordings offers insight into the 
evolution of the percentages of voids filled by water and air, as proposed by Francis Moutier in 1977 [9]. This 
information is to be correlated with in situ data, in the aim of determining onsite behaviour through laboratory 
tests [10]. 
 
4 EXPERIMENTAL RESULTS FROM THE QUALIFICATION PLAN 
 
The qualification plan test programme comprises two parts: the first is intended to substantiate kit compliance decisions 
with respect to the kit objective, while the second part is undertaken to ensure test result continuity between versions 2 
and 3 of the MLPC PCG equipment as well as the consistency of these results. 
 
4.1 Description of the test mixes 
 
We have opted to test three mixes, all displaying an identical recomposed particle size distribution curve up to a 2-mm 
sieve opening, based on two distinct aggregate mineralogy types, including a porous aggregate with high absorption 



 

capacity. These three mixes are: a 0/10 non treated gravel of silica-limestone, a 0/10 emulsion-treated silica-limestone 
gravel, and a 0/10 emulsion-treated limestone gravel. The two emulsion-treated gravels (ETG) are conventional mixes 
implemented in South-western France and both contain a 4.5% external content of residual  binder.The compositions of 
these three mixes is provided in Tables 1 and 2 below. 
 
0/10 silica-limestone RWG and ETG Limestone ETG 
Quarry Fraction % W (in % 

aggregate) 
maximum 
density(T/m3) 

Quarry Fraction % W (in % 
aggregate) 

maximum 
density (T/m3) 

Razel-
Muret 0/2 40 3.2 2.692 Laffont 

Belvez 0/3 52 4.1% 2.724 

Razel-
Muret 2/6 19 2.1 2.676 Laffont 

Belvez 2/5 12 2.6% 2.718 

Razel-
Muret 6/10 41 1 2.689 Laffont 

Belvez 5/10 36 4.4% 2.712 

 
 0/10 RWG 0/10 silica-limestone ETG 0/10 limestone ETG 
aggregate max density (T/m3) 2.688 2.688  
mix max density (T/m3)  2.514 2.540 
Emulsion (%)  7.5 6.92 
Total water content (%) 11 9 10 
Richness modulus K  2.86 2.77 
 
Table 1: Characteristics of the cold materials (aggregates and mixes) 
 
The recomposed particle size distribution curves feature the following data points: 

Sieve opening 
(in mm) 0.063 0.080 0.125 0.2 0.5 1 2 4 6.3 8 10 12.5 14 16 20 

% passing 
RWG / silica 
ETG 

5.6 6.4 8.2 10.7 17.7 26.2 38.9 47.6 62.1 79.4 95.1 99.9 100 100 100 

% passing 
limestone ETG 7.4 8.1 9.7 11.9 18.2 25.6 37.2 55.1 76.7 89.1 98.4 100 100 100 100 

Target curve  7.2     36.9  58.1  92.3     
 
Table 2: Recomposed particle size distribution curve of the cold mixes studied herein 
 
4.2 Testing programmes 
 
4.2.1 Compliance of the "ETG PCG3 kit" with the functional objective established under extreme use conditions 
 
The experimental programme design selected to verify for this compliance has been summarised in Table 3 below: 
 
 MLPC PCG3 settings 
Number of revolutions / min 6 30 
Inclination angles in vernier scale position 30 105  30 105 
Number of specimens     
Siliceous ETG 3 3 3 3 
Limestone ETG 3 3 3 3 
Saturated silica-limestone RWG 3 3 3 3 

 
Table 3: PCG3 settings adopted for this study 
 
4.2.2 Continuity of results in comparison with the MLPC PCG2 
 
The experimental programme design selected to verify the continuity of results from PCG2 to PCG3 is listed in Table 4. 
 
Test parameter settings PCG2 PCG3 
Number of revolutions / min 12 12 
Angle Internal 0.82 Vernier 65 
Number of specimens   



 

Silica-limestone ETG 12 12 
Limestone ETG 12 12 
 
Table 4: Test settings adopted to verify the continuity between PCG2 and PCG3 versions 
 
4.2.3 Operating protocol 

In order to avoid any water loss after moulding, especially in the case of siliceous ETG, the loose materials allocated to 
the production of three specimens are held in preparation within tightly-sealed containers. The specimens are then 
moulded 15 min following production and tested immediately thereafter. 
 
4.2.4 The MLPC PCG2 equipment 

The principle behind collecting extruded water on the PCG2 device, during compactability testing on bituminous 
emulsion-treated materials, has been described in an article by Francis Moutier in 1977 [9]. We have complemented this 
protocol by continuously weighing the water, in synchronisation with the number of gyrations. 
The extruded water over both the upper and lower parts has been weighed independently. 
 
4.2.5 Metrological control and mechanical aspects 

Both before and after execution of the experimental programme described in Section 4.2, the MLPC PCG2 and PCG3 
test benches underwent metrological control and a mechanical inspection, with the PCG3 inspection intended to ensure 
that upon completion of the set of experimental steps, the test bench had not been damaged. 
 
4.3 Compliance with the functional objective 
 
The maximum instantaneous water extrusion velocity between two gyrations equals 16 g per second. The PCG3 kit 
allows meeting the targeted functional objective under extreme conditions, i.e. extruded water discharge and recovery 
over the upper and lower parts of the sample (denoted "total water" in the following figures). 
A set of recommendations for future users has been drafted for filling and cleaning the moulds as well as for 
maintaining the test bench once the tests on cold bituminous mixes have been conducted. 
 
4.4 Influence due to test conditions 
 
The results obtained on both the limestone ETG and silica-limestone ETG are displayed in Figures 5 through 8 below: 
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Fig. 5: Void content and total water extruded from siliceous ETG 
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Fig. 6: Content of voids filled by water and air in siliceous ETG 
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Fig. 7: Void content - total water extruded from limestone ETG 
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Fig. 8: Void content filled by water and air in limestone ETG 
 
4.4.1 Influence of the inclination angle 
 
For the mixes studied herein, an increase in inclination angle serves to raise the level of compaction, as reflected by 
higher shear stress curves, lower void percentages and greater total extruded water volumes. 
The effect on water extrusion initiation differs between silica-limestone ETG, which drains easily, and limestone ETG 
that tends to absorb water. 
For silica-limestone ETG, water outflow results from two phenomena: drainage over the lower part of the specimen, 
leading to immediate water outflow upon the first gyration; and expulsion from the skeleton as water is discharged from 
the upper part, i.e. once the void ratio reaches 22% to 24%. 
 
For limestone ETG, the inclination angle exerts a sizeable influence on the number of gyrations at which water 
extrusion begins. The 20% void criterion for the 105' angle and 23% voids for the 30' angle can be assessed. 
 
4.4.2 Influence of rotational velocity 
 



 

An increase in rotational velocity enhances compaction and leads to the same consequences as expanding the angle, yet 
this parameter remains of second-order importance. 
A velocity increase serves to slow water extrusion; this parameter proves more influential on non-porous materials. 
 
4.4.3 Evolution in the theoretical percentages of voids filled by air and water (see Figs. 14 and 16) 
 
Figures 14 and 16 illustrate the evolution in percentages of voids filled by water and air for the emulsion-treated gravel 
specimens studied herein. These figures depict the tests performed with a rotational velocity of 6 revolutions per minute 
for the 30' and 105' angles. 
 
The ease with which siliceous ETG can be drained leads to a simultaneous evolution, upon initiating the test, in the 
percentages of voids filled by both air and water. At the end of the test, all voids are filled by water for the 105' angle, 
whereas for the 30' angle, 2/3 of the voids are filled by water and a third by air. 
 
At "test start-up" on the emulsion-treated limestone gravel, the percentage of voids filled by air decreases up to 20 
gyrations for the 105' angle and between 78 and 108 gyrations for the 30' angle. The padding compactness stage [9] has 
been reached, at which point the percentage of voids in the sample can only drop if water is being extruded. Attention is 
drawn to the presence on the void percentage evolution curve of an inflection point as well as to water void percentages 
slightly higher than the total void percentage. The source of these anomalies will require additional examination and 
assessment. 
For the 30' angle, the mineral skeleton contains a few percent of air voids prior to reaching its "padding compactness". 
 
4.4.4 Conclusion 
The results presented above should be considered as an initial working step that would be preferable to pursue in 
defining test protocols to be implemented in the design of cold bituminous mixes. 
 
4.5 Continuity of results in comparison with the MLPC PCG2 device 
 
Since Version 2 of the MLPC PCG equipment is no longer marketed, it struck us as important to generate a measure of 
the level of result repeatability on cold bituminous mixes using PCG3 and then to evaluate the continuity of results 
between tests conducted with PCG2 and PCG3 set-ups. The two emulsion-treated gravel mixes with limestone and 
silica-limestone have thus been tested on both the MLPC PCG2 and PCG3 machines. 
 
4.5.1 Justification of the selected settings 
 
For this step of the study programme, we opted to employ the conditions regarding inclination angle stipulated in the 
standard. The chosen rotational velocity equals 12 revolutions / min, with this value pair serving to optimise water 
extrusion testing conditions (see Figs. 13 and 14). 
 
4.5.2 Average void percentage and quantity of extruded water per gyration 
 
The standard deviations of repeatability observed per gyration are less than the standard deviation of test method 
repeatability for void percentages, which lie on the order of 10 g for the extruded water mass. 
 
4.5.3 PCG2 / PCG3 continuity 
 
The graphs displayed below compare the evolution in void percentage, extruded water and pseudo-shear stress between 
the PCG2 and PCG3 test benches. 
 
Siliceous materials 
As of 10 gyrations, the zones drawn around the average values to within more or less one standard deviation are parallel 
and located 0.8% from the maximum void percentage, i.e. at a value less than the standard deviation for repeatability. 
The quantities of water extracted are greater on the PCG2, which is only normal, given that the specimens tested on this 
machine contain more water. When expressed as a percentage of the water initially contained in the specimens, average 
relative water losses at the end of the test are in fact identical. PCG2 water losses over the lower part are slightly 
dephased in comparison with PCG3. The volumes of water extruded over the upper and lower parts of PCG2 samples 
are equal. 
As a result, the trend curves of air and water void percentages wind up being very similar between the two devicess 
beginning with the 10th gyration, as highlighted by a gradual reduction in initial values until reaching the end of the test. 
Specimens do not reach their padding compactness, and the void percentage of residual air amounts to roughly 2%. 
The pseudo-shear stress curves show similar plots between the two test benches. 
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Fig. 9: Siliceous ETG - void % and total water outflow comparison between PCG2 and PCG3 
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Fig. 10: Siliceous ETG - water outflow comparison over the lower and upper parts 
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Fig. 11: Siliceous ETG, void % and shear stress of PCG2 and PCG3 
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Fig. 12: Siliceous ETG, void %, void % filled by water and air in PCG2 and PCG3 
 
Limestone materials 
As of the sixth gyration, the void percentage trend curves are equivalent on the two benches. 



 

When expressed as a percentage of water initially contained in the specimens, average water losses at the end of the test 
on both PCG devices equal 19%. The water extrusion kinetics are similar even though 1.5 to 2 times more water gets 
extruded over the upper part than over the lower part, with the result being an equivalent trend in air void percentages 
and percentages of voids filled by water for both benches. The first compaction phase acts upon the air void percentage 
until reaching the "padding" compactness level, with the drop in void percentage continuing exclusively by means of 
water extrusion. This threshold compactness value is observed at approximately 43 gyrations. 
The pseudo-shear stress trend curves exhibit similar plots. Both indicate a peak corresponding to the water outflow 
initialisation point. The curve recorded with the PCG3 device however is much less disturbed than that of PCG2, most 
likely due to the greater stiffness of the newer machine. 
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Fig. 13: Limestone ETG - void % and total water outflow comparison between PCG2 and PCG3 
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Fig. 14: Limestone ETG - water outflow comparison over the lower and upper parts 
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Fig. 15: Limestone ETG, void % and shear stress of PCG2 and PCG3 
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Fig. 16: Limestone ETG, void %, void % filled by water and air in PCG2 and PCG3 
 
5. CONCLUSION 
 
The LCPC has incorporated into its laboratory research programme the study of an option aimed at extending use of 
Version 3 of the MLPC PCG test bench to cold materials. The PCG3 emulsion-treated gravel kit designed by the Public 
Works Ministry's network of Scientific and Technical experts has been presented herein. Application potential includes 
severe operating conditions, i.e. a rotational velocity of 30 revolutions per minute and a 105' inclination angle. 
The results from comparative testing between MLPC PCG2 and PCG3 equipment on two materials with highly-distinct 
drainage properties has strengthened our assurance of a good level of continuity in results from one generation of 
machine to the next, at equivalent settings. 
The influence of test protocols, velocity and inclination angle has been established in leading the specimen to different 
compaction states. The work programme step consists of defining optimal testing procedures that, if possible, 
encompass a wide range of materials encountered when employing these road techniques, especially involving 
relatively non-porous mixes. 
By virtue of its volumetric approach, the PCG device serves as the core of the French mix design method. The results 
from experimental programmes would suggest that both the measurement and study of water extrusion kinetics could 
become valuable tools in assessing the onsite behaviour of cold bituminous mixes and particularly their drainage 
properties during compaction. 
An initial attempt at defining the relationship between in situ and laboratory behaviour of an ETG is proposed in 
another article presented at this conference; the research performed therein has been based on analysing trends in the 
percentages of voids filled by air and water [11]. 
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ABSTRACT 
 
Lack of bond between pavement layers has several causes: missing or inappropriate tack coats, cracking of the 
interface due to traffic or climatic loadings. Whatever the cause is, specialists agree that a lack of bond dramatically 
lowers the durability of the whole pavement. Our research teams have decided to develop three innovative experimental 
tools to study mechanical performances of interfaces. The first one is a test dedicated to the assessment of in situ shear 
resistance of tack coats. The second one is a simple torque loading test performed in laboratory on core samples at 
controlled speed and temperature. The third one is the direct double shear test. This last test is suitable for fatigue study 
of interfaces at controlled frequency and temperature. After a short presentation of these test methods, we discuss the 
results of round robin tests. Then the paper focuses on the fatigue study of tack coats. We demonstrate that interfaces 
fatigue behaviour is very similar to bituminous mixes fatigue behaviour. A fatigue law for interface is finally determined 
and implemented in finite elements modelling to open discussion about life service of interface under traffic conditions. 
 
Keywords: Tack coats, bonding, performance testing, mechanical properties, durability 
 
1. INTRODUCTION 
 
Since the mid 90’s, worldwide road experts have focused on tack coats’ resistance [1]. Several needs justified this 
interest. Short terms issues: how to choose nature or amount of residual bitumen regarding initial resistance of tack 
coat? Long terms issues: does the selected tack coat influence the fatigue behaviour of the pavement structure? Is this 
tack coat submitted to fatigue damage? Or special issues like how does tack coats mechanical behaviour affect thermal 
restraint shrinkage distress? 
Recent works tend to prove that studying shear behaviour of tack coats meets our expectations [2] [3] [4]. For short or 
for long terms issues, interfaces between two layers of pavement structures are subjected to distresses caused by traffic 
solicitation [1] [5]. Under traffic loading, these interfaces are in a combined shear and normal stress state [6]. In a first 
approach, our research team has decided, to focus on the study of interface mechanical behaviour submitted to shear 
stress only. Moreover, the knowledge of pavement interface shear behaviour is suitable for the study of thermal restraint 
shrinkage distress. In his paper [7], Timm proves the impact of the shear resistance of the interface between the layer 
submitted to restraint shrinkage and its subgrade and the thermal crack spacing at saturation point  (see equation 1, 
where S is the tensile resistance of the layer, h is its thickness and  is the shear stress between the above layer 
submitted to shrinkage and its underlay). 
 

Sh275.0          (1) 

 
After a short presentation of the three test methods developed, the paper presents and discusses the results various 
experimental campaigns. Finally finite element calculations are used to predict lifetime of bond between layers in a real 
pavement structure. 
 
2. PRESENTATION OF THE 3 TEST METHODS 
 
Our research team has developed a set of three test methods: The first one is a test dedicated to the assessment of in situ 
shear resistance of tack coats. The second one is a simple torque loading test performed in laboratory on core samples at 
controlled speed and temperature. The third one is the direct double shear test. This last test is suitable for fatigue study 
of interfaces at controlled frequency and temperature. 
 
2.1 In situ torsion shear test 
 
This test aims to apply a torque effort to an in situ specimen. Test setup is presented on figures 1 and 2. The first step 
consists in coring the pavement to a depth greater than the first layer thickness. After cleaning the top of the core, the 
operator glues a metal cap on the top of the core. Once the glue has hardened, the operator applies an increasing 
strength by pulling the end of the dynamometric key. Once the interface is brought to failure, the maximum torque 
value max (N.m) can be read on the dynamometric key.  The shear stress resistance max (MPa) of the interface is 
determined using equation 2, where d is the diameter of the core. 
 



2 

3
max

max
16

d
        (2) 

 
 Strength applied by operator 
 
 Measured torque 
 
 Dynamometric key 
 

Metal cap 
 
 

Upper layer 
 

Lower layer 
 
Figure 1:  In situ torsion shear test setup 
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Figure 2:  In situ torsion shear test – coring depth 
 
Note that the coring step must be realized carefully otherwise properly bonded interfaces could appear unbonded due to 
coring torque strengths that would break the interface.   
 
2.2 Laboratory torsion shear test 
 
This test aims to apply a torque effort to a two layers cylindrical specimen. The test device is presented on figure 3. A 
two layers specimen is glued to two circular plates. One of the plate remain still, the other is submitted to rotation 
thanks to an appropriate gear mechanism. Loading, which is applied with a dynamic hydraulic press, leads to shear 
stress failure of the interface between the two layers.  
 

 
 
Figure 3:  Laboratory torsion shear test setup 
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As expressed in equation 3, the maximum strength value Fmax (N) is used to determine the shear stress resistance max 
(MPa) of the interface. Rr is the gear radius (0,060 m for our device) and d is the specimen diameter (0.100 m or 0.150  
m in our study). Total height of specimens, between 80 mm and 100 mm here, does not influence shear stress resistance 
determination. 
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2.3 Laboratory double direct shear test  
 
During the past three years, our team has developed a specific double shear test device. Its design is based on a former 
study which aims to investigate the shear damage behaviour and mode II fatigue crack propagation of AC mixes [9]. As 
depicted in figure 4, the Double Shear (DS) test is performed on a sample which is made of three layers bonded by tack 
coats. The two side layers are fixed during the test, and the central layer is subjected to the load (monotonic or cyclic). 
The advantage of the DS test is that both interfaces are symmetrically subjected to a quite pure shear stress. This last 
test is suitable for both monotonic shear failure study of interfaces and for fatigue study of interfaces at controlled 
frequency and temperature.  
 

  
 
Figure 4:  Double Shear Test - specimen and device 
 
The DS test device is mounted on a servo hydraulic frame. The upper part of the device is connected to the jack, and the 
lower part is connected to the load cell. Equation (4) expresses the relationship between applied load F (N), single 
interface area S (m²) and shear stress   (MPa) at both interfaces. A displacement sensor can be added between the still 
part of the device and the moving part to assess the stiffness of the interface. 
 

S
F
2

         (4) 

The use of symmetry in test method enables mounting the test device on a single axis servo hydraulic frame without 
applying any damaging torque strength during tests. Moreover, this symmetry allows reducing the weight of the DS test 
device in comparison to an equivalent non symmetrical setup. 
 
To achieve fairly good symmetry of the test, specimens are carefully manufactured: 
- a slab of BBSG is manufactured (length 600 mm, width 400 mm height 50 mm); 
- texture of the upper face is controlled with the sand patch test method; 
- tack coat is applied on this face at the chosen application rate; 
- a layer of BBTM is manufactured over the tack coat (height 40 mm); 
- the two layer slab is sawn in two parts (300mm x 400mm) and the bottom of BBSG layer is removed to reach a 

thickness of  27 mm; 
- the two parts of the slab are glued together to obtain a three layer slab: BBTM (40 mm) / BBSG (55 mm) / BBTM 

(40 mm). The BBSG layer is 55mm thick because of the glue layer in its middle; 
- the three layer slab is sawn into test specimen shapes. 
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3. SHEAR RESISTANCE OF REFERENCE TACK COAT DETERMINED BY THE 3 TEST METHODS 
 
3.1 Materials 
 
A single type of tack coat is studied in this work. It is a conventional rapid-set cationic emulsion. It contains 
approximately 65 percent bitumen (Pen 70/100). The chosen application rate is 300 g/m² of residual bitumen. Two 
types of asphalt mixes were selected to manufacture the composite laboratory samples (see table 1). Both mixes contain 
the same pure bitumen as the one used to formulate the tack coat. 
 
 

Mix name Aggregate 
nominal size 

Geological 
nature 

Binder content Air void content Thickness 

Upper very thin 
layer (BBTM) 0/10 mm grey diorite 5.6 12% 30 mm 

Lower thick 
layer (BBSG) 0/10 mm red quartzite 

sandstone 6.0 7% 50 mm 

 
Table 1:  Asphalt mixes: design characteristics 
 
3.2 Test results 
 
As show in table 2, several monotonic tests have been performed to compare the different test methods [6].  
 
 Test method Test conditions 

1st series Double Shear Test Temperature = 10°C 
Various loading rate (from 0.001 MPa/s to 3 MPa/s) 

2nd series Laboratory torsion test Temperature = 10°C 
Various loading rate (from 0.005 MPa/s to 1 MPa/s) 

3rd series Double Shear Test Temperature = 20°C 
Various loading rate (from 0.001 MPa/s to 3 MPa/s) 

4th series Laboratory torsion test Temperature = 20°C 
Various loading rate (from 0.01 MPa/s to 3 MPa/s) 

5th series In situ torsion test Temperature 20°C 
Assessment of the time to achieve failure 

 
Table 2:  Description of the various test series 
 
At a temperature of 10°C, there is a good correlation between 1st and 2nd tests series results as shown on figure 5. This 
means that in this test conditions, the double shear test and the laboratory torsion test are equivalent. We also notice that 
the shear resistance of tack coat decreases with lower shear rate values. This is quite logical as the test were performed 
on viscoelastic materials. 
 

 
 
Figure 5:  DS and Torsion shear tests comparison - reference tack coat, 10°C 
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At a temperature of 20°C, the comparison between 3rd and 4th tests series results, presented on figure 6, shows that: 

- at high shear rate, faster than 1 MPa/s, there is a good correlation between the two test methods; 
- at low shear rate, slower than 1 MPa/s, the laboratory torsion test method produces lower values of resistance 

than the double shear test method. 
This difference can be explained by the viscoelastic behaviour of tested materials. As written above, the shear resistance 
of tack coat decreases with lower shear rate values. In a torsion shear test, the tack coat is not submitted to a constant 
shear rate along its radius. The shear rate in the centre of the specimen is lower than the shear rate on the perimeter of 
the specimen. So the phenomenon is quite logical. Finding out a correction that takes into account the viscoelastic 
behaviour of tested materials is beyond the scope of this paper. 
 

 
 
Figure 6:  DS and Torsion shear tests comparison - reference tack coat, 20°C 
 

 
 
Figure 7:  DS and in situ torsion shear tests comparison - reference tack coat, 20°C 
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Due to the constraint of an in situ test, in situ torsion test were only carried on at ambient temperature, that is to say 
20°C. On figure 7, resistances obtained during the 5th tests series are compared to those of the 3rd tests series (see table 
2). Time to achieve failure is assessed through a video recording device. Here again, there is a good correlation between 
the two test methods (double shear test and in situ torsion test). 
 
From these results it appears that: 

- the double shear test is less affected by the viscoelastic behaviour of tested material; 
- the in situ torsion test and the laboratory torsion test are disturbed by the viscoelastic behaviour of tested 

material, especially at high temperature and low loading rate; 
- as far as the viscoelastic behaviour of material is not too important, that is to say, when shear rate is faster than 

1 MPa/s and temperature do not exceed 20°C, the three tests methods lead to similar results. Otherwise, the 
three test methods are not equivalent. 

Monotonic tests are the proper tools for determining the shear resistance of tack coat, as far as short terms issues are 
concerned. Yet, we must perform fatigue test to assess durability of tack coats over the pavement lifetime. 
 
4. FATIGUE ASSESSMENT OF REFERENCE TACK COAT 
 
A sequence of 36 fatigue tests has been performed, and carried out under force control, and at 10 Hz. Like during the 
previous experimental works presented above, two temperatures have been chosen: 10°C and 20°C. The force values is 
measured by the cell force (range 100 kN, accuracy 0,5%), and the tangential relative displacement, which represents 
the displacement between the central layer and the side layers of the sample, is measured by a displacement sensor 
(extensometer technology, range 1 mm, accuracy 0,2%). The damage behaviour of the interface between asphalt layers 
is analyzed from the evolution of the shear stiffness modulus ( Ks) during test. For each fatigue test, the interface shear 
stiffness can be expressed as a dynamic value (equation 5) [6]. 
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where FK is the amplitude of the shear force at cycle number k, uK is the amplitude of the displacement at the same 
cycle, S = sheared area of a single interface, and K = phase angle between the shear force and the displacement signals. 
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Figure 8: Evolution of the interface shear stiffness modulus versus the number of loading cycles 
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Figure 8 presents a representative curve of a fatigue test. Shear stiffness modulus of the interface (normalized value) 
decreases during test. This decrease may be divided in two main stages. In the first one, the interfaces fail progressively, 
and Ks decreases slowly. In the second stage, Ks decreases quickly, meaning a faster propagation of damage at the 
interfaces. By analogy with study of asphalt fatigue behaviour, failure is determined when the stiffness of the interface 
has decreased of 50%. The number of cycles corresponding to the failure is named NKs50%. 
 
Figure 9 presents the fatigue laws of the reference tack coat at 10 Hz for two temperatures: 10°C and 20°C. The power 
factor of fatigue law is around -0.2 like current asphalt mixes. This demonstrates that interfaces fatigue behaviour is 
very similar to bituminous mixes fatigue behaviour. 
 

 
Figure 9: Tack coat experimental fatigue laws at 10 Hz for two temperatures: 10°C and 20°C 
 
 

 
 
Figure 10: Initial stiffness modulus versus applied shear stress 
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Figure 10 presents the initial stiffness modulus (determined at the beginning of the various fatigue tests) in correlation 
with the applied shear stress. It appears that for shear stress applied below 1 MPa, Ks is constant whereas over 1 MPa, 

Ks is decreasing while the shear stress applied is increasing. Therefore, for the temperatures tested here, below a 
threshold of 1 MPa shear stress, the interface has a plastic behavior. The knowledge of Ks is important to perform 
finite element calculations taking into account realistic behaviour of tack coats. For the reference tack coat tested here, 

Ks is equal to 57 MPa/mm at 20°C and 10Hz, when the interface behaves like a viscoelastic “body”. 
 
 
5. FINITE ELEMENT MODELLING OF A PAVEMENT STRUCTURE – PREDICTION OF BOND LIFETIME 
 
The next step is the prediction of the durability of the whole pavement. To conclude this paper we present a numerical 
example based on the use of FEM (finite element modelling) [6] [10]. This short study has two aims: 

- assess the impact of tack coat realistic mechanical behaviour on the durability of asphalt layers subjected to 
traffic. To answer this question we compare the predicted durability of asphalt layers considering a perfectly 
bonded interface (no slippage between layers) to a realistic bonded interface: Ks = 81 MPa/mm (this value 
corresponds to the stiffness of interface assessed at 15°C, which is the French reference temperature). 

- determine tack coat life time under traffic. 
 
The pavement structure considered for this example is described in table 3. The loading condition and a view of the 
mesh of the 3D FEM are presented on figure 11. 
 

Layer Material name Thickness (mm) E modulus (MPa) 
15°C 10 Hz Poisson’s ratio 

Overlay BBSG 60 5400 0.35 

Interface Tack coat 0 Ks = 81 MPa/mm 
or no slippage - 

Base layer Asphalt Concrete 160 9300 0.35 
Sub grade SOIL 3000 50 0.35 

 
Table 3  Description of pavement structure used in FEM example 
 

 
 
Figure 11: Pavement loading conditions under truck axle and description of the 3D FEM Mesh 
 
Calculation results are: 

- perfectly bonded interface: 
o maximum strain at the bottom of base layer = 116 10-6. The corresponding lifetime of the base layer is 

5.7 105 loadings; 
- realistic interface: 
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o maximum strain at the bottom of base layer = 123 10-6. The corresponding lifetime of the base layer is 
4.25 105 loadings, which represents a decrease of 25%; 

o level of shear stress at interface = 0.22 MPa. The corresponding lifetime of the reference tack coat is 
13.5 105 loadings, which represents 2.4 times the lifetime of the base layer in perfectly bonded 
interface. 

 
In this example, we notice that considering realistic interface within a prediction tool doesn’t change the failure 
mechanism of the pavement structure. The weaker point is still the bottom of the base layer. We notice a decrease of 
25% in pavement lifetime. As expected, we are able to predict the lifetime of the interface which is expected to be 
greater than the lifetime of the asphalt base layer is our example. 
 
6. CONCLUSION 
 
The experimental work presented here provides several experimental tools to assess tack coats efficiency. The first one 
is dedicated to in situ measurement. It is quick and handy. Therefore it should be use for routine tests on site. However 
this test has limitations as far as one aims to assess the impact of factors such as temperature as this test is performed on 
site. The second test presented, laboratory torsion shear test, allows such studies. As far as it produces results 
comparable to the on site test in appropriate testing conditions that is to say when tests are not disturbed by the 
viscoelastic behaviour of tested material (low temperature high loading rate), it is a good complementary tool if you 
already has a servo hydraulic frame. The last test, DS test, is not handy at all. However, it is not its purpose: it aims to 
measure both fatigue behaviour of tack coats and their shear rigidity. 
 
The last part of the paper was dedicated to finite element modelling of the mechanical behaviour of tack coat in a 
pavement structure. The example given illustrates two facts:  as expected, we are able to predict the lifetime of the 
interface; and we did not recommend any threshold value in this paper. The reason is that each pavement structure 
would lead to a different threshold value, depending on its expected lifetime, the thicknesses and nature of each layer, 
etc.  
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ABSTRACT 
 
One essential parameter affecting safety of vehicles is the pavement texture overlay. Degradation of this texture can 
lead to improper driving condition and increases accident events. This paper presents a study concerning the 
evaluation of the durability of the asphalt concrete macrotexture in laboratory. Thus, an experimental procedure was 
developed. This experimental procedure consists in a mechanical test which aims to simulate the impact of heavy traffic 
on the pavement overlays. The macrotexture of the upper face of a cylindrical specimen is altered by applying a 
sinusoidal repeated load on its surface. After each sequence of loading, the surface of the specimen is scanned, using a 
laser texture evaluation device in order to quantify the evolution of the macrotexture. This device transforms the 
geometry information gathered into a three dimension map. Performing alternate sequences of loading and scanning 
allows us to assess the evolution of the macrotexture and correlate this evolution to safety conditions. In this paper, we 
first present the materials and the experimental procedure. Then, we expose the various surface indicators we 
developed to analyse the evolution of material properties. Finally we discuss on experimental results. 
 
Keywords: Surface Texture, Safety, Mechanical Properties, Durability, Testing 
 
1. INTRODUCTION 
 
Pavement-tyre skid resistance is one of the principal parameters influencing the traffic safety. Many researches were 
interested to study the relations between security and road surface characteristics. For example, Gothié shows that the 
number of accidents can be related to the skid resistance coefficients (example: sideway force coefficient SFC) [1]. Skid 
resistance is conditioned by various parameters especially the wearing course texture [2]. The description of road 
surface is possible through three texture scales: megatexture, macrotexture and microtexture. During a road service life, 
surface stresses induced by traffic combined with climatic conditions lead to texture evolution. This work focuses on 
the evolution of the surface macrotexture under various conditions. 

 
Several methods are used to evaluate the macrotexture in situ: sand patch test, Rugolaser, outflow measures. Many 
researches aimed to understand and to evaluate the relation between skid resistance and texture. Thus, we can find many 
empirical models relating texture and skid resistance [3]. These models are based on parameters determined using 
global methods, like sand patch test. In spite of their important utility, these models present certain limits and they 
cannot be used for all road surface types [3]. Further, no reliable model or experimental procedure is able nowadays to 
predict correctly the surface evolution during service life. Till now, the formulation of wearing course asphalt mixture 
stills based on formulator experience [4]. Thus, a finer texture analysis is necessary to perform. 
 
In this paper, we choose to study the macrotexture durability. The macrotexture refers to variations in the road surface 
within the range of 0.5 mm to 50 mm horizontally and 0.2 to 10 mm vertically [2]. The experimental procedure consists 
in a mechanical test that aims at the modification of the macrotexture of a cylindrical specimen. A laser profilometer 
allows the mapping of surface specimen before and after mechanical solicitation. The maps given by the laser 
profilometer are used to calculate texture statistical indicators which allow describing the texture in a quantified way. 
Literature contains many standardized statistical texture indicators; we choose the most commonly used (ISO 4288 -
1996): average roughness Ra, root mean square roughness Rq, skewness Rsk, kurtosis Rku. Both bi-dimensional and 
three-dimensional analyses are realised. The texture spatial organisation is studied using geostatistical method allowing 
the identification of the surface characteristical dimensions. In this paper, we first present the experimental procedure 
and the tested materials. Then, we detail the various surface indicators analysis and finally we discuss experimental 
results. 
 
2. TEST METHOD 
 
The global test method relies on a sequence of two experimental steps [5]: 

- step one: digitalisation of the texture with a high resolution measurement device; 
- step two: alteration of the texture with a mechanical solicitation. 

This sequence is repeated as least until the alteration of texture is visibly noticeable. 
 
For step one, we use a measurement system including a laser sensor (vertical measure range: 18 mm, vertical resolution: 
2 m, lateral resolution: 25 m), a displacement table (positioning precision X/Y: 2 m), a control and acquisition 
system and a video camera through which a video picture of the object and the sensor’s laser spot are viewed (figure 1). 



 

 
 
Figure 1: Texture measurement device [5] 
 
Scanning is made along one direction, i.e. profile by profile. Scanned maps are rectangular. Dimensions are 100 x 110 
mm². Each map is composed of 1000 profiles and each profile is composed of 1100 points (scanning resolution 
(vertically and horizontally = 100 m). The system offers both two dimensional and three dimensional presentations 
that also allow a visual evaluation of the surface. 
 
For step two, the mechanical test performed aims to alter the texture of a cylindrical asphalt specimen through repeated 
sinusoidal loading at controlled temperature. The load is transmitted to specimen surface via a rubber cylindrical 
membrane (diameter: 100 mm, height: 10 mm). The applied stress amplitude value is 0.6 MPa. The test intends to 
simulate repeated vertical stress applied on pavement by a heavy vehicle tyre (figure 2). 
 

 
 
Figure 2: Mechanical test principle [5] 
 
As shown on figure 3, alteration of texture is noticeable when comparing two texture maps before and after mechanical 
testing. Note that texture mapping is not performed on the whole specimen surface. Each texture map contains more 
than 1 million data points. As a visual comparison is not sufficient enough, we need analysis tools that translate texture 
maps into handy texture indicators. These tools are detailed in section 4. 

Laser sensor



   
Figure3: Comparison of two texture maps before (left) and after (right) mechanical testing [5] 
 
3 MATERIALS 
 
The material used in the experiment is an asphalt mix (granularity 0/10 with pure bitumen 50/70). Cylindrical core 
specimens are laboratory made (5 specimens of 150 mm diameter and 40 mm height). 
 
4. SURFACE ANALYSIS 
 
4.1 Corrections  
 
The first stage of measure analysis consists in identifying measure errors. We have identified two types of errors: those 
detected by the evaluation system and those undetected by the profilometer but which can be visually distinguished 
when looking at a profile. 
 
The first type (type 1 errors) is a result of a measurement range exceeding. Figure 4a shows such errors (points situated 
under the horizontal line y = -9 mm). The second type may result from laser beam reflection problems or related to the 
impurities that can exist on scanned surface. In order to eliminate these errors we have done repeatability measures on 
some profiles. Each profile is measured 10 times in the same conditions and position. It’s seen from these tests that the 
number and position of errors change with repetition. To identify these errors and localise their positions, we have 
programmed a filter based on testing the slope variation between successive points. We suppose that this slope cannot 
exceed a threshold. The threshold is chosen in order to get the best repeatability for 10 measurements figure 4b shows 
such error type, the slope threshold value is 0.5 mm / 0.1 mm for this example. An error appears between 10 and 20 mm 
(abscissa). One point is around 7 mm under the other. The slope is then (7 mm / 0.1 mm >> threshold), this error is 
consider a type 2 error because this point is situated over the horizontal line (y = -9 mm). Over the 10 measurement 
repetitions done over this profile, this error appeared 4 times. On the other side of figure 4a a gap is apparent between 
80 and 95 mm abscissa. It is made of many measure points and for each couple of points the slope does not exceed the 
threshold. We consider that it represents really a crack on the surface. 
 

 
Example of a profile correction
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Figure 4a: example of a profile correction (type 1 errors) 
 



The next step consists in replacing these error values by corrected ones. The correction is done profile by profile and 
consists in applying a linear interpolation. Of course, more developed correction methods exist but we consider that the 
linear interpolation (which is the simplest one) does not modify the precision of the profile results. 
 

 
Example of profile correction (type 2 errors, threshold = 0.5 mm) 
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Figure 4b: Example of a profile correction (type 2 errors) 

 
Specimen faces are not perfectly parallel, and the measured faces present a slope even before test. Thus in a second 
stage it’s important to eliminate the slope effect which will add noise to the texture indicators values. The slope belongs 
to the megatexture. As we focus on the macrotexture we eliminate this effect on the measure before and after the test, 
even if the computed reference line (or plane in 3D) is not the same after as before. Thus, for 2D analysis, we determine 
the least squares line for each profile, this line becomes the reference line of the profile. For 3D analysis, the same logic 
is used but here the surface is rectified relatively to the reference plane obtained by the multiple least squares method. 
The get more information about the methods used to perform the slope correction, the reader should have a look at 
ECH’s PhD [5]. 
 
4.2 2D analysis 
 
Many statistical indicators are usually used in literatures. We retain the most commonly used: average roughness Ra, 
mean square roughness Rq, skewness Rsk and kurtosis Rku. Relations (1), (2), (3) and (4) present the definition of these 
indicators (ISO 4288-1996); 
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N is number of points in the profile, zi the distance between point i and the mean line (the mean line is the horizontal 
line which altitude is equal to the average of all altitude points of the profile). Maps are analysed in this part profile by 
profile. Each indicator is computed profile after profile which gives a set of profile indicators. Then, the mean and 
standard deviation of the profile indicators are determined. 
 
4.3 3D analysis 
 
In this part, we define new texture indicators, which are computed in 3D over whole surface. Their definitions are 
obtained by analogy with 2D texture indicators. The letter v is added to the indicator nomination to specify that 
calculations are done in 3D (volume). Relations (5), (6), (7) and (8) give these new definitions. 
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M is the number of profiles, N the number of points for each profile, and z (i, j) is the distance between point (i, j) and 
the mean plane. 
 
4.4 Geostatistical method 
 
The statistical texture indicators presented above give information related to point’s altitude but they are independent of 
horizontal point’s distribution. In this part we propose to use geostatistical method. The geostatistical theory is based on 
an assumption that for some variables, values located at some distance from one another are correlated. The principal 
tool used in geostatistical method is the semivariogram. The digital expression of the semivariogram is given in 
equation (9) [8]: 
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)(h  is the semivariogram or incremental variance , h is the distance between two points,  N(h) is the number of pairs 

of points separated by h and Z(x) is a random variable (here Z(x) is the altitude). The semivariogram is the geostatisical 
tool that allows studying the structure of a distribution. The structural typical information given by the semivariogram 
are the range and the sill (variance). The range is the distance beyond which points properties become uncorrelated. The 
value at which the semivariogram attains the range is known as the sill, meaning the value beyond which the variance 
increase begins to stabilize. These parameters allow the identification of the surface characteristic dimensions for a 
random process 
 
4.5 Abbot’s curves 
 
Figure 5 illustrates the way to determine Abbot’s curve from a give profile. For more formal presentation one should 
read [5]. For instance, we notice for a height of 1.4 mm, 95% of the profile curve is over this value, which is translated 
to the abbot’s curve. 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5: Translation from profile curve to abbot’s curve 
 
5. RESULTS 
 
The effect of evaluation zone dimensions on statistical indicators values is beyond the scope of this paper. For further 
information on this subject, one can reader ECH’s PhD [5]. We focus here on the comparison of the information given 
by the various indicators. 
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For each specimen we choose to compare the texture indicators values before and after surface mechanical solicitation. 
In order to eliminate the side effects (unsolicited zones) the comparison is done over the specimen central zone. Thus, 
we choose square zones (size 60 x 60 mm²). The retained dimensions of evaluation zones are d = 60 mm for 2D 
analysis and d = 60 x 60 mm² for 3D analysis. The interprofiles standard deviation is computed for 2D analysis. Figure 
6 shows the relative size of the specimen face, the scanned surface, the test zone and the selected comparison zone. and 
figure 8 give the texture indicators values of several tested specimens (E2, E3, E4, E5, E6) before and after mechanical 
solicitation (for each group of four bars, the first two bars correspond to 2D calculations and the second two correspond 
to 3D calculations). These specimens were subjected to different severity levels (E3: 104 repetitions at 30 °C, E5 & E6: 
105 repetitions at 30 °C, E2: 106 repetitions at 30 °C and E4: 104 repetitions at 30 °C + 3 104 repetitions at 50 °C). 
 
Figure 7 and figure 8 show some differences between 2D and 3D values indicators. The possible cause of this 
difference is the slope correction. In 3D case it is done with a least square plane which doesn’t include the least square 
lines of the 2D correction. The same trend is shown on 2D mean values and 3D mean values. Figure  and Figure 8:  
show also that 2D analysis gives an additional information which can be considered as a supplementary texture 
indicator. This information is the interprofiles standard deviation of each of the texture indicators. On figure 7 and 
figure 8, texture indicators values change after mechanical solicitation. The largest decrease observed is that for 
specimen E4.  The absolute value of Rsk (Rskv) increases after mechanical test except the case of specimen E4 (Rsk 
(before) = -1.53 and Rsk (after 104 repetitions at 30 °C + 3 104 repetitions at 50 °C) = -1.36). The indicators Rq and Rku 
(whose experimental results are not presented in this paper) present a similar trend. Furthermore, it was observed that 
average roughness Ra is correlated to the mean square roughness Rq. Thus, it will be possible to reduce the number of 
indicators used to describe surface texture. 

 

 
 

Figure 6: Definition of different zones 
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Figure 7: Average roughness evolution after mechanical solicitation 

 
Figure 7 shows that the average Roughness Ra  decreases after solicitation. The decrease of Ra means that surface 
becomes less rough than before. This may result from a vertical sinking of surface aggregates. It’s seen from Figure  the 
strong influence of the temperature on the texture evolution. The Ra of specimen E2 which was submitted to one million 
load repetition at 30 °C decreased from 1.02 to 0.88 mm. The Ra of specimen E4, which was submitted to 104 
repetitions at 30°C and 30 104 at 50 °C decreases from 0.87 to 0.66 mm. Skewness Rsk describes the symmetry of the 
surface. A null Rsk value means that surface is symmetrical. A negative value of Rsk means that the valley volumes of 
the surface is larger than the peak ones. A positive value of Rsk corresponds to the opposite case. 
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Figure 8: Skewness evolution after mechanical solicitation 
 
Figure 8 shows that the skewness value decreases generally except the case of specimen E4 after solicitation at 50 °C.  
The E4 skewness value after solicitation at 30°C presents the same trend as the other specimens. However, this value 
increases after solicitation at 50°. That means that for specimen E4 the valley volume decreases after 104 repetitions at 
30°C and then increases after 3 104 additional repetitions at 50°C. It is to important to remember that Rsk is evaluated by 
taking the third power of heights. So it may suffer from poor repeatability. Thus, more tests are needed to confirm our 
observations. From this analysis, it is seen that the proposed test is able to modify specimen texture. The temperature 
seems to have a stronger influence than the number of repetitions. 
 
Variograms show similar phenomena for all specimen surfaces. The semivariogram range varies between 5 and 10 mm 
(figure 9). This corresponds to a representative texture scale related to both granulate size and arrangement (maximal 
granulate size = 10 mm). It is observed that the semivariogram sill decreases after mechanical solicitation and that the 
range remains constant. The sill diminution increase with the severity level (repetition and temperature). Table 1 shows 
the sill evolution for the specimens’ semivariograms. The sill decrease can be explained also by aggregates vertical 
sinking.  __________________________________________________________________ 

Specimen E3 E4 (1) E5 E6 E2 E4(2) __________________________________________________________________ 
sill before 2.77 1.59 1.98 1.36 2.12 1.59 
sill after  2.77 1.46 1.58 1.09 1.77 0.99 
% decrease  0 8.2 20.2 19.9 16.5 37.7 _________________________________________________________________ 

 
Table 1:  Sills in mm² for specimens (E3, E5, E6, E2, E4) before and after solicitation. E4(1) corresponds 
to specimen E4 subjected to 104 repetitions at 30°C and E4(2) to specimen E4 subjected  to 104 repetitions at 
30°C + 3 104 repetitions at 50°C. 

 
 The largest decrease (37.7 %) is observed on specimen E4 (104 repetitions at 30°C + 3 104 repetitions at 50 °C). The 
sill of specimen E3 doesn’t change after solicitation. E4 (1) presents a low evolution (8.2 %)). E5 and E6 which are 
subjected each to 105 cycles present near evolutions (20.2 % for E5 and 19.9 % for E6). The sill of specimen E2 
presents an evolution of 16.5 % in spite that E2 was subjected to one million repetitions. From these results we can see 
that the sill decrease after surface loading but we cannot relate this decrease directly to the number of repetitions. 
However it is seen that the influence of temperature is stronger than that of the number of repetitions (16.5  of evolution 
after one million repetitions at 30 °C and 37.7 % of evolution after 104 repetitions at 30°C and 3 104 repetitions at 
50°C). We also think that the values obtained above are influenced by the material heterogeneity. To evaluate this 
heterogeneity influence, we propose to do, next time, further tests on a large number of samples.  
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Figure 9: Evolution of E4 semivariogram 
 
By analogy with the standard method (ISO 13565-2), which is referring to Abbot’s curves, we have developed a 3D 
map analysis. On figure 10 is shown de determination a 3D Abbot’s curve. This curve translates for each height level 
considered, the media percentage which located at this level and over (presented in red on figure 10). 
 

 
 
Figure 10:  Determination of 3D Abbot’s curve 
 
6. CONCLUSION 
 
The evaluation of macrotexture evolution on laboratory samples is possible. The experimental procedure proposed in 
this work may be used to simulate pavement macrotexture evolution resulting from surface stresses induced by vehicle 
loads, taking in consideration temperature effects. Several analysis methods were presented and explained in this paper. 
Several statistical and geostatsitical texture indicators were defined and determined. This allowed first, a fine 
description of the surface and second, quantifying the specimens’ macrotexture evolution.  
The statistical indicators that were determined and presented in this paper are the average roughness Ra (Ra in 2D and 
Rav in 3D) and skewness (Rsk in 2D and Rskv in 3D). Analyses show that the indicators values depend on the dimension 
of the evaluation windows. Analyses show also some differences between 2D and 3D indicators values. These 
differences may result from the slope correction. 2D analysis offers an additional information than 3D analysis: it is the 
interprofiles standard deviation of the texture indicator.  
  Indicators values change after mechanical solicitation. The same trend was observed for both 2D and 3D indicators. A 
hypothesis test confirmed that the mean value of Ra and Rsk before mechanical test are significantly different from those 
after mechanical test. This evolution seems to be related to solicitation severity: number of repetitions and temperature. 
The temperature seems to have a stronger effect than the number of repetitions. 
Geostatistical method shows a texture evolution but this evolution cannot be perfectly related to the number of load 
repetitions. However, the conclusion that the temperature seems to have stronger effects than the number of repetitions 
on the Ra and Rsk value is also true for the geostatistical indicators and for Abbot’s curve indicators. 
 
 

Sc=0.37%   Sc = 56.05 %  Sc=81.51 %  Sc=96.80 % 
H = 500 m  H = -1200 m  H = 3000 m  H = -5600 m 
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ABSTRACT 
 
A new method for performing laboratory evaluations of the resistance to tangential forces of bituminous mixes used on 
wearing courses will be presented herein. Tire-pavement surface contact mechanics have been taken into account for 
the purpose of reproducing as accurately as possible, the effect of tangential forces generated at intersections, locations 
with heavy turning movements, curved sections and other adverse geometric locations. Phenomena associated with the 
indentation between tire rubber and aggregate asperities have also been incorporated. 
The new testing protocol consists of loading the surface of bituminous mixes with an inclined force. The cyclic action of 
this force causes sliding of the tread rubber of the surface of specimen and generates a loss of aggregates. This mass 
loss varies with the characteristics of bituminous mixes. An assessment of the resistance to tangential forces bases on 
mass loss will be proposed. Using the protocol of the test, it becomes possible to evaluate the effect of nature of binder 
on the resistance to tangential forces. Finally, the change in specimen mass loss will be correlated with the properties 
of bitumen used here. 
  
Keywords: bitumen, tire, shear force, wear, loss of aggregates, experimental device 
 
 
 
1. INTRODUCTION 
 
A pavement surface degradation phenomenon that may be observed at intersections, locations with turning movements, 
curved sections and other adverse geometric locations can be described by a loss of aggregates. This surface damage is 
due mainly to heavy traffic. The importance of this degradation depends on a large number of parameters, including 
road geometry, axle type and surface characteristics of materials in contact (i.e. tire tread and bituminous surfacing 
material) as well as on environmental conditions.  
The discussion on evaluating wearing course durability at adverse geometric locations based on a laboratory test has not 
yet been entirely closed. Existing tests utilize either the realistic principle wheel-surfacing contact tests in braking 
[1][2][3] or cornering situations (use of the LPC rutting tester with an imposed cornering angle of 5°) or the principle of 
unrealistic tests, such as Cantabro test [4]. These tests present some fundamental differences in mechanical aspects and 
often use modified test conditions (reduction of the binder content, conditioning sample in water). The empirical nature 
of these tests does not allow to understand the physical phenomenon or to determine which material property is 
concerned in the resistance to tangential forces.  
In order to explore the relation between the properties of bituminous materials and the resistance to tangential forces, 
we have developed a new experimental device to reproduce actual mechanical contact. To define the loading conditions 
associated with this new testing method, initial research has been performed in the thesis work by Hamlat [9], which 
focused on understanding the mechanical contact conditions between tires and surfacing materials, at the scale of the 
tread element in direct contact with an aggregate 
 
 
 
2. LABORATORY EVALUATION 
 
 
2.1. Principle of the test 
 
A study of the contact between the tire and the surfacing material allows identifying with greater precision the loading 
system required to design a new test to be conducted in the laboratory; this test must be capable of reproducing the 
phenomenon of surface degradation by loss of aggregates. 



 
Figure 1  Principle of the test  

 
As opposed to typical tribometers, which impose a relative displacement, the new test proposed by Stéfani [6] makes it 
possible to maintain a controlled loading level regardless of the state of the surface degradation. More specifically, use 
of a load applicator whose shape follows a logarithmic law enables holding the force pair (Fv,Fh) at a near-constant 
ratio [6], independently of the logarithmic pad position. 
In practise, a cyclic contact force with no sign change and of predetermined angle of inclination is imposed in order to 
cause surface degradation by means of loss of aggregates. 
 
 
2.2. Presentation of the experimental device 
 
The device called a tribometer for road surfacing (French acronym T2R) is a bi-axial hydraulic machine; it is composed 
of: a braced vertical column supporting both the load applicator and the hydraulic jackscrew, and a roller-mounted 
horizontal table capable of moving along two horizontal rails. This table can accommodate a parallelepiped specimen 
(185mm x247 mm) made in the laboratory using the LPC compactor, as well as an in-situ core sample up to 300 mm in 
diameter. Specimen height does not surpass 150 mm. 
The test procedure consists in applying on the loading block a cyclic load in compression. Due to the logarithmic shape 
of loading block, the angle of the loading force with the specimen remains constant throughout the test. The cyclic 
movements of the loading block on the specimen progressively deteriorate the surface of the specimen and cause loss of 
aggregates. 
The loading block was covered by a rubber layer (Fig.2). The rheological characteristics of the rubber layer are close to 
those of vehicle tyres. 
The PC controlled system can apply force controlled or displacement controlled loadings. The procedure for evaluating 
the resistance to tangential forces consists in applying a preload representing the weight applied on the truck tyre. The 
sliding of the block is then produced by a modulation of the vertical load around the preload force. 
The experimental device is equipped with load cells on each axis, LVDT displacement transducers and temperature 
probes calibrated periodically.  The horizontal force induced in the sample is recorded during the test. 
Usually, tribometer devices measure wear resistance under imposed displacement. This new device proposed by Stéfani 
[6] allows maintaining a constant load level whatever the state of the surface damage (figure 2).  This is obtained by 
using a logarithmic shaped block, loaded with a vertical load. The device allows to apply the same ratio between the 
vertical load and horizontal shear force throughout the test (patent number FR 06 50 054) [6]. In the contact area, this 
force depends on the texture depth of the bituminous surfacings and the rheological properties of the materials in 
contact (rubber, bituminous mix). 



 
Figure 2  Overview of the testing device for evaluating the resistance to tangential forces 

 
2.3. Test protocol  
 
The experimental procedure has been optimized in vertical force control in order to ensure a contact with a high friction 
between the steel block covered by a rubber layer and the sample surface. The protocol includes three phases, including 
a phase of removal of possible wear debris by an air jet.  
  
a) Preloading stage: the rubber is put in contact with the sample surface by application of an imposed displacement.  
Then, we change to force control and the load is increased until reaching the vertical load corresponding to the apparent 
pressure under a truck tyre.  
  
b) Cyclic loading stage: when the imposed preload force is reached, we apply a sinusoidal force which amplitude has 
been optimized to 1/3 of the preload force, to maintain a contact with the maximum friction. The preload force is fixed 
to 2500N in order to reproduce an average contact pressure of 0.6 MPa. The frequency of the loading is optimized for a 
maximum friction. 
 
c) Repositioning stage: the steel block covered by a rubber layer is replaced in upper position, leaving a space between 
the rubber and the sample, and air is used to blow away wear debris from the sample. This phase takes about 10 
seconds. Then, the loading is continued with the same cyclic load. 
This three-phase procedure can be repeated several times as necessary to obtain a certain level of surface damage 
(figure 5). 

 
Figure 3 Different stages of the test protocol 



 
During a test and before the appearance of surface damage, aggregate displacements are observed on the surface of the 
sample.  These movements can be evaluated easily by filming the test with video camera for example. Modifications of 
the surface such as removal of binder are also observed. These changes are systematically observed before the first 
departure of aggregates and the delay time between the beginning of the test and the first departures depends on the 
mechanical performance of the sample.  
 
 
3. EFFECT OF BINDER TYPE ON THE RESISTANCE TO TANGENTIAL FORCES 
 
3.1. Binders used 
 
In order to asses the effect of binder on the resistance to tangential forces, tests were performed on a very thin 
bituminous mixes (BBTM 0/10) commonly used on the French road network. This material has been made in the 
laboratory with crushed diorite from La Noubleau with 5.7 pph (related to the weight of aggregate) content of binder 
according to French standard NF P 98 – 137. Samples of this material made with different binders have been tested. The 
main characteristics of these materials are reported in table 1. 
 

Direct tension on H2 specimen 

(5°C and 100 mm/min) Binder 

(after RTFOT) 

Penetrability at 25°C 

 (NF EN 1426) 

(1/10mm) 

Softening point 

 (NF EN 1427) 

(°C) 

Vialit cohesion 

(NF EN 13588) 

at 40°C  

(J/m²) 
Yield stress 

(MPa) 

Elongation 

at yield (%) 

A 61 96.2 1.15 0.5 19.0 

B 37 64.8 0.65 1.5 16.0 

C 28 57.0 0.47 2.6 16.5 

D 14 78.0 0.22 3.5 16.0 

E 0.5 
Test not 

performed 

Test performed 

with no value 
37.5 7.7 

Table 1.  Main characteristics of binders tested 
 
 The samples were compacted by using the LPC plate compactor. In order to get a plane and homogeneous surface of 
samples made with different binders, we have adopted a high level of compaction and a large smooth compaction 
cylinder (NF P 98-250-3).  The percentage of voids measured with a gammadensimeter showed average values between 
22% and 20%.  The percentage of voids of the sample made with binder E was equal to 14%.  
The different binders present an increasing strength from soft (binder A) to hard (binder E). The last one is an epoxy-
bitumen with strength higher than pure bitumen. Associated to calcinated bauxite, this epoxy-bitumen is used as a 
surface dressing in order to obtain a high skid resistance.  
 
3.2. Test results 
 
 
According to the protocol described previously, tests were performed on the different binders selected in this study, at 
room temperature (18°C-20°C). The first time the logarithmic shaped block (LSB) crosses, no aggregate loss is 
observed. The initial departure of aggregate occurs following a number of cycles that varies depending on the type of 
binder. After several thousand loading cycles, it is observed that the evolution in mass loss per unit of area in the wear 
zone differs from one sample to another (Fig. 6). With an imposed force, the vertical displacement of the LSB as well as 
the horizontal force applied at the sample surface are both recorded. The horizontal force does not vary considerably 
from one sample to another but LSB sliding rate variations depend of materials and seem to be correlated with binder 
rheological characteristics. The recent PhD work [9] shows that this sliding rate is well correlated with the phase angle 
of the bituminous mixes. Upon completion of a pull-out test, an examination of removed aggregates indicates that 
fracture mostly occurs within the bitumen (or mastic) film. This assessment on a laboratory test is comparable with our 
observations on sites. 
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Figure 4  Evolution in mass loss vs. number of cycles at room temperature 
 
The comparison between the results of the tangential force test on the bituminous mixes and the binder properties 
measured in direct tension tests (failure stress and failure strain) reveal that these parameters can help us to interpret the 
results obtained with this new experimental device (figure 4). It has been noted that bitumen D, with a yield stress equal 
to 3.5 MPa  and vialit cohesion of 0.22 J/cm², resists better than bitumen A, which exhibits a lower yield stress by 0.5 
MPa and higher cohesion by 1.15 J/cm². Binder E features a high yield stress. Cohesion measurements for this binder 
using the pendulum impact tester (Vialit test) were not possible due to the fracture occurring at the interface between 
the bitumen sample and the cube. 
 The binder B (bitumen modified by polymer) and the binder C (pure bitumen) give an intermediate response expressed 
in terms of mass loss with a better performance with the binder B. The results can be explained by better Vialit cohesion 
and a good value of failure strain with the binder B. 
The departure of aggregates was not observed on the sample made with the binder E (epoxy bitumen). This binder gives 
a good value of failure stress (37 MPa). This characteristic constitutes a good indication on the resistance to tangential 
forces. 
 

a) Specimen with binder C 
Mass loss = 180 g

b) Specimen with binder B 
Mass loss = 126 g

c) Specimen with binder E 
Mass loss = 0 g

Figure 5 State of the BBTM 0/10 specimens after a pull-out test (18 000 cycles) 
 
The visual observations did not reveal any modification of the surface of the sample with binder E (figure 5). With the 
binder D, the mass loss was small and progressed slowly.  Some changes were visible on the surface of the samples, 
with displacements of some aggregates. A very fast loss of aggregates was observed on the sample made with binder A 
(wear rate =10 g/m²/sec).  Binders B and C, whose penetration grade roughly equivalent, offer an intermediate evolution 
with a mass loss rate of 0.5 g/m²/sec for bitumen B and 0.7 g/m²/sec  for bitumen C(see figure 5).  
 
 
 



 
3.3. Relation between pull-out test results and binder characteristics  
 
As an initial approximation, the results from measurements derived using pull-out tests reveal that mass loss increases 
linearly with number of cycles. Figure 6 clearly shows the influence of binder type on mass loss; consequently, the 
straight line slope would seem to represent an intrinsic binder characteristic with respect to the resistance to tangential 
forces. 
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Figure 6 Prediction of the evolution in mass loss using a linear function 
 
The mechanical characteristics of the binders listed in Table 1 provide quite relevant indications on the resistance to 
tangential forces. It appears that yield stress would allow explaining the pull-out tests. According to Table 1, the direct 
tensile test seems the most pertinent, to within a single inversion between binders B and C. In contrast, the binder 
ranking based on cohesion values at 40°C is completely contradictory with the performance recorded using the pull-out 
test. 
The results constitute the first comparative elements between a performance test on an bituminous mix and a binder 
test; nonetheless, the link between certain tests introduced on binders and performance of surfacing bituminous needs 
more investigation.  
 
 
4. CONCLUSIONS AND OUTLOOK 
  
The pull-out test presented in this paper is a realistic and pertinent method for studying in the laboratory the resistance 
of road surfacing materials in service under controlled conditions. Temperature control remains essential to ensuring 
repeatability of the pull-out test and to enhancing test reliability.  
The proposed test procedures features many advantages since it enables preserving a stable loading level regardless of 
the state of the surface degradations. The experimental device requires only a single jackscrew can be adapted easily in 
classical testing machine. The pull-out phenomenon only occurs in a single direction by means of loss of aggregates. 
The study potential is tremendous and interpretation of pull-out test results will enable responding to questions raised 
over materials choices and mix design (grading curve, type of binder, compactness). The pull-out test may be used like 
a mechanical test specific to surface bituminous mixes in order to respond to questions raised over durability of road 
surfacing materials (adhesion binder/aggregate, moisture effect, aging effect, chemical products effect, etc.) 
The comparative tests presented herein have made it possible to appreciate the contribution of this test procedure 
towards assessing binders in terms of their resistance to the tangential forces induced by surfacing materials. It 
constitutes a promising tool for evaluating the surface characteristics of the bituminous materials. 
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ABSTRACT 
 
In the national top-ten of nuisances, traffic noise has for many years taken the number one spot. The 
leaders of densely populated countries, as well as the industry, have therefore made tremendous efforts 
to reduce this form of nuisance for quite a while. In principle, noise mitigation measures at source offer 
the best solution.  The development of noise reducing road surfaces is given more priority compared to 
use of noise barriers or façade isolation.  However, provision of silent roads is not in existence in all 
government regulations.  This is partly attributed to many uncertainties surrounding these silent roads 
surfaces. The uncertainties are caused not only concerning the magnitude of noise reduction itself, but 
also the lifespan and the necessary maintenance works. However, developments are fast taking place.  
More and more the market develops its boundaries for where which silent road surfaces can be applied, 
and also what the certainties and risks are.  This breaks down the barriers for its application and the 
application is receiving a strong impulse as the days passed.  These developments have lead to the 
Netherlands fulfilling the role of pioneering in the field of silent road surfaces for the main 
infrastructure as well as for inner-city application. This contribution aims to give an insight into the 
state of the art of silent road surfacing and clear some misunderstandings. 
 
Keywords: Silent Roads, Noise Reduction, Porous Asphalt, Thin Asphalt Layers 
 
 
 
1. INTRODUCTION 

 
In the past, unjustifiably so, the impression has been given that porous asphalt, and especially the two-
layered porous asphalt is the only product that provides solution to all traffic noise related problems. 
This is no longer necessarily true. Silent thin top layers have been developed and optimized 
successfully over the last few years.  
 

  Fig. 1 Two-layered porous asphalt Fig. 2 Texture thin (semi-) dense top layer  
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These recent developments has enabled to distinguish the following two types of silent road surfaces: 

 Two-layered porous asphalt 
 Thin (semi-) dense top layers 

Both have their own unique properties and specific areas of application.  
 
 
2. POROUS ASPHALT AND TWO-LAYERED POROUS ASPHALT 

 
For many years, porous asphalt and especially two-layered porous asphalt has been the product used to 
achieve high reduction of traffic noise. It cannot, however, been denied that (two-layered) porous 
asphalt has its limitations as well. 

In recent years a (too large) number of projects 
using this product have failed, particularly in the 
inner-city areas. It is possible, but not simple, to get 
a durable product. 
Various thorough studies shows that generally the 
cost effectiveness of silent road surfaces, and 
particularly that of two-layered porous asphalt, is 
very high. In other words, the investment per 
reduced decibel is much lower for such a road 
surface compared to noise barriers or façade 
isolation.  This is true even when all maintenance 
costs over a long period of time are taken into 
account. This fact only increases the political 
pressure for the application of silent road surfaces. 
In addition, there are applications known where 
two-layered porous asphalt has effectively 
functioned as noise reducing road surface to full 
satisfaction for almost ten years. In the early 
nineties, some Roads with two-layered porous 
asphalt were applied in the Netherlands. Even after 
years of application, the acoustic and civil technical 
properties still meet the expectations. Example of 
such successful application proved that its service 
life can be long enough though it is not easy.  Thus 

the advantages and disadvantages have been presented and agreed upon.  
 
 
3. THIN TOP LAYERS 

 
It is therefore understandable that a quest grows for more viable alternatives.  It is imperative that the 
alternatives considered must be able to maintain the same noise reducing capacity while 
simultaneously removing or reducing the civil and application related disadvantages of two-layered 
porous asphalt.  Over the years, a lot of initiatives and progress have been made in this respect.  The 
market offers an increasing number of new, essentially different products with specific properties in 
the area of noise reduction and civil technical properties (lit. 1). Most of these products fall under the 
category of “thin top layers”. There are, however, a number of different types of products to be 
distinguished within this category with different engineering properties.  Noise reduction appears to be 
the sole evaluation criteria used.  It unjustly appears that different constructions are regarded as equal 
with the only point of comparison being the number of decibels of noise reduction. 
Nonetheless, the civil technical properties remain unabatedly important to the road authority. It is 
therefore wise to establish the similarities and differences between the different silent road surfaces 
and to classify them accordingly. 
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Fig. 3 Structure stone skeleton thin top layer  
 
An important similarity is that thin layers are almost always made of fine granulate asphalt mixtures. 
The choice for a relative fine gradations is directly related to the magnitude of noise reduction, namely, 
a fine texture offers less bumping sound between tire and road surface than a coarser texture. In other 
words, the finer the asphalt gets, the more will be the noise reduction.  Hence, from an asphalt 
technological point of view, such fine-graded mixtures should be applied in thin layers (usually about 2 
to 3 cm). 
 
 
4. MIXTURE CLASSIFICATION 

 
So, the differences between the various silent top layer mixtures are not to be found in the acoustical 
aspect but reside elsewhere.  An important mixture property is its porosity or air void content which in 
turn influences mixture permeability.  These two properties, especially the latter, must be given due 
consideration in classifying silent top layer mixtures.  Based on the above premise, the classification 
shown in Table 1 is suggested. 
 

 
Table 1  Suggested Mixture Classification Based on Air Voids 
 
 
 

1. Dense asphalt concrete 
Mixtures in this category exhibit air voids ranging from 4 to 5%. After laying this value will 
be a little bit higher: for so far as measurable, percentages of 6 to 9% are found usually.  
These dense mixtures include fine Stone Mastic Asphalt SMA (0/6). 

2. Semi-dense asphalt concrete 
With these mixtures, the realized void content is between 9 and 16%. With the conventional, 
continuously graded mixtures (such as dense asphalt concrete) this would pose a hazard from 
a frost sensibility point of view. The equally divided voids through the dense asphalt concrete, 
a.o. in the form of micro pores creates big risks with DAB. Mixtures designed according to 
the SMA-principle create far less risks. In such a design, the mixture comprises of a crushed 
stone grading and mastic (bitumen, filler, sand and cellulose fibers) which contains only fine 
material. With these gap graded mixtures, even if it concerns a fine crushed stone, the voids 
will consist of isolated “air bubbles” in a rich bituminous mastic. This helps to eliminate the 
problem of frost sensibility. 

3. Half open top layers 
In this category of mixtures, the percentage void content lies between 16 and 19%. In such 
mixtures, the air voids are interconnected and continuous, but in general not of sufficient 
magnitude and uniform enough to enable it to conduct or dispose surface water. The civil 
technical behavior is therefore unpredictable, especially during winter. Therefore, half open 
mixtures have to be regarded as less desirable depending to the application. For instance for 
Roads in slopes, the run-off water flow can be unpredictably 

Category Mix Type Air Voids Range (%) 
1 Dense Asphalt Concrete 4 – 5 
2 Semi-Dense Asphalt Concrete 9 – 16 
3 Half Open Top Layer 16 – 19 
4 Porous Asphalt > 19 
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4. Porous top layers 
These are mixtures with air voids exceeding 19%, or, in other words, porous asphalt in its 
many forms and compositions. The channels are now, in principle, sufficiently intertwined to 
become minute interconnected drainage channels that function to dispose surface water. 

 
Remarks on Category 4 Mixtures 
In terms of the ability to reduce traffic noise, the application of porous asphalt as thin top layers 
appears to be very viable.  On the other hand, whether that is the best choice for all road categories can 
be questioned. The fine-graded porous asphalt (grading 0/6 or 0/8) provides high resistance for free 
flow of horizontal water disposal. Therefore, the layer stays wet for a considerable period of time, 
which might cause slippery situations in winter. Besides that, the finer graded porous asphalt is more 
susceptible to clogging. In order to mitigate these problems while at the same time able to reduce 
traffic noise, the two-layered porous asphalt has been developed.  In the two-layered system, the water 
disposal takes place sideways via an underlying coarser porous asphalt layer of higher air voids and 
permeability.  
Applying the fine porous asphalt mixture as a thin top layer without the coarser porous asphalt bottom 
layer appears to be an attractive option in terms of cost. In this way, all (expensive) consequences of 
water disposal will not be necessary. However, in order to keep the noise reducing capacity in the 
course of time, the construction has to keep performing optimally civil technically as well. This can not 
be guaranteed when using single layered fine porous asphalt top layers.  
Another possible risk when leaving out the sideway water disposal (which is standard when applying 
porous asphalt) is the winter behavior due to the top layer staying wet for a long period. Finally, the 
resistance to turning forces by tires and the accompanying possibilities for application in inner-city 
situations is very limited. 
 
 
5. THIN SEMI-DENSE TOP LAYERS 

 

 
 
As stated earlier, both single layer and two-layer porous asphalts are less durable compared to dense 
mixtures.  In addition, both exhibit poor resistance against forces generated by turning traffic.  
Therefore their use on highly stressed areas should be avoided.  The scenario differs with skeleton 
mixtures like Stone Mastic Asphalt. Since the disadvantages associated with mixtures with 16 to 19% 
void content, attention has been given to the use of Semi Dense Top Layers. Promising applications are 
possible for this category of mixture.  
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A condition is, however, that semi dense mixtures, as stated before, have to be designed according to 
the “pure stone skeleton principle”.  The gradation must be truly of the gap graded type. This is 
necessary to achieve the right voids structure.  
The often applied “conventional” SMA 0/6 does not fully comply with the mentioned requirement. 
The almost continuous sieve-line between the fine fraction from the crushed stone 2/6 and the coarsest 
fraction from the sand ensures that a real gap is missing: in other words the mixture is still too 
continuously graded. There will have to be serious doctoring to the mixture, especially in relation to 
the gradation of the sand, in order to optimize the acoustic properties. There are examples in the 
Netherlands with a noise reduction of 4 to 5 dB(A) at 50 km/h in relation to new laid dense asphalt 
concrete! 
A graphical presentation on the noise reductions of some characteristic road surfaces can be seen in 
Figure 4.  This graphic is composed from a large quantity of measurements on passenger cars 
according the Statistical Pass-by Method (SPB).  This method is defined in ISO-standard 11819-1 
"Method for measuring the influence of road surfaces on traffic noise - part 1: 'The Statistical Pass-by 
method'". 
The reference line (Dense Asphalt Concrete) is the average result of measurements at relatively new 
(1 to 2 years old) Dense Asphalt Concrete surfaces with a gradation 0-8 and 0-16 mm. This average 
line is reported in the national document for certification of silent roads (Lit.2). The other lines are 
also the average of several measurements at corresponding road surfaces which are reported at the 
website www.stillerverkeer.nl . At this website several types of road surfaces are published with their 
acoustical properties. 

Fig 4. Noise emission road surfaces
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This figure shows that at speeds approximately less than 50 km/h, the single layer porous asphalt gives 
not a significant noise reduction.  Hence, there is no obvious advantage of placing single layer porous 
asphalt in urban areas if the objective is noise reduction.  However, the Two-layered Porous Asphalt 
and the Semi Dense thin top layer mixtures are consistently quieter than dense mix at all speeds 
investigated.  The differences in noise levels of the two-layered porous asphalt and thin top layer is 
less.  This effects, together with the practical possibilities of application gives an  guidance on areas of 
application of this mixtures.  
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6. DEFINING THE AREA OF APPLICATION 
 

In recent years, various mixture types have been applied in various circumstances. From evaluation of 
the results, both in terms of acoustic and technical properties, the following observations and 
recommendations can be made: 
 
The two-layered porous asphalt is recommended for the main road network such as highways or 
freeways. On such facilities, traffic speed is relatively high and from noise measurements made in 
Figure 4, the noise reduction is highest. In addition, at these high speeds during rain, the action of fast 
moving vehicle tires provides the much desired self-cleansing effect that can mitigate clogging.  In 
addition, there can be requirements regarding the reduction of “Splash and Spray”. For instance in the 
Netherlands, besides the noise reduction, the reduction of “Splash and Spray” requires the application 
of porous asphalt at the national highways. 
In the context of roads in the inner-city areas, the requirements for splash and spray reduction does not 
apply. Besides, driving situations on such road surfaces is characterized by frequent braking, 
deceleration and turning activities that impose additional stresses on the road surface.  It is highly 
likely that porous surfacings may not be able to withstand such abrasive forces.   
There is also an important acoustic consideration, that is, at lower vehicle speeds in the inner-city 
areas, the acoustic advantage in relation to the semi-dense thin top-layer is favourable, and this is 
reflected in the noise measurements results shown in Figure 4. 
 
The discussion points to the following classification in terms of areas of application: 

 National highways - porous asphalt or two-layered porous asphalt 
 Inner-city roads - thin semi-dense top layers 

 
For roads that do not fall into either national highways or inner city, evaluation on noise reduction 
mixture type to be used will be made on a case-by-case basis, that is whether the character of the road 
in question is more inner-city or national highway. 
The above mentioned application classification has, in the last years, come in practice in a fast, 
dynamic way. Not in the least by the National and International stimulating Programs on noise 
reduction. As an example can be mentioned the “Innovation Program Noise” in the Netherlands (lit. 3). 
 

 

 
 
 
 

Fig. 5 National highways and inner-city roads 
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7. COSTS OF SILENT ROAD SURFACES 
 

In general it can be stated that the costs of noise reducing top-layer mixtures are higher than those of 
conventional top-layer mixtures. The following factors contributes to the escalating cost: 

 The mixture uses higher design bitumen contents 
 The requirement to use modified bitumen 
 The need to use higher quality crushed aggregates 

 
Due to the above factors, the cost of thin (semi-dense) top-layers per m2 is about 10 to 15% higher than 
that of conventional SMA 0/6, assuming equal layer thickness for both mixes. 
The cost of two-layered porous asphalt per m2 is 70 to 100% higher than those of one layer porous 
asphalt. The higher cost is attributed to the fact that the total layer used is thicker, that is, 7 cm instead 
of the usual 5 cm.  In addition, construction of this mix implicates two working cycles.  The above-
mentioned costs excludes surface water, usually rainwater, disposal provisions that may be required. 
Apart from direct costs, attention should also be paid to the aspect of cost-effectiveness. In this respect, 
the reason why the noise reducing road surface is being applied, plays an important role. If other noise 
reducing provisions can be eliminated or minimized, various studies have shown that noise reduction 
at source, namely at the pavement-tyre interface, is a very cost-effective measure. The cost of a noise 
barrier is generally many times higher than the cost of two-layered porous asphalt. The cost is also 
lower if one includes rain water disposal provisions and extra maintenance costs. 
For thin semi dense top layers only a slight increase in costs applies. In view of the still respectable 
reductions that can be achieved with these mixture type, an even higher cost-effectiveness can be 
achieved. Many local authorities are considering adding a silent variety to regular reconstructions of 
top-layers to minimize traffic noise due to political reasons. 
 
 
8. THE FUTURE OF SILENT ROAD SURFACES 

 
Within the application classification based on civil technical behaviour, as indicated before, the 
application possibilities of silent road surfaces have grown strongly in the last years. On the one hand, 
this is caused by the increase in technical possibilities: high noise reduction for civil technically well 
performing top-layers. The introduction of silent thin top-layers plays an important role in this respect. 
On the other hand, silent road surfaces have obtained their place more and more in legal regulations. A 
lot of work need to be done in this area. Several authorities don’t accept a silent road surface as a 
measures-package for making houses quieter with a too high noise level. 
Stimulating work at political level is necessary. Initiatives by local authorities (pro-active policy) in 
this field seem to stand a chance, however. This way the list seriously noise hindered can be reduced 
cost-effectively. Besides that, there are, within the frame of modernizing the Decree Noise Nuisance, 
many opportunities for local authorities to form their own policy. Noise standards to be applied in new 
to be build housing projects; procedures for the construction of new infrastructure and other planning 
developments offer many possibilities. 
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In general, it can be stated that the introduction of silent thin top-layers, with which, at a limited 
increase in cost, impact a noise reduction of 3 to 4 dB(A) at 50 km/h  can be achieved (relative to new 
Dense Asphalt Concrete), offers very interesting possibilities for local authorities politically in the 
policy towards the citizens. 
But on provincial and national level, the noise level of roads still play a key role. Reductions of 5 to 7 
dB(A) at 100 km/h, as achievable with two-layered porous asphalt offer many possibilities. An even 
distribution of benefits, revenues (savings) and risks between the various parties: (society, government 
and contractor) is of the utmost importance in this. National stimulating programs like the Dutch 
Innovation Program Noise are doing effective work. This Innovation Program Noise is a very 
ambitious – and as it already turns out to be- effective program of the Department of Traffic and Public 
Works and the Department of Housing, Regional Development and the Environment  (lit. 3). 
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ABSTRACT 
The usual type of asphalt layers for steel bridge decks in the Netherlands is Mastic Asphalt. The properties of 
this type of asphalt mixture are according the necessary flexibility and fatigue behaviour due to the large 
deflections of an orthotropic steel bridge deck.  
However, with the growing intensity and axle-loads of the traffic, the problems of rutting and cracking are rising 
more and more. Esspecially the rutting problems are related to the “overfilled” character of the bituminous-rich 
Mastic Asphalt.  
To solve this problem of non-corresponding requirements, an asphalt mix was developed according the way of 
function-separation. In this mix the high stability in vertical direction for carrying the traffic load is combined 
with the required horizontal flexibility to follow the high deflections of the bridge deck. 
The result is an asphalt mixture that can produced en laid like normal hot asphalt. This solves also the problem 
of the lack of special equipment for producing and laying Mastic Asphalt in the Netherlands. 
In this paper the developments, mechanical characteristics and experiences with the new developed asphalt-mix 
are reported and evaluated. 
 
Keywords: Steel bridge deck, Mastic Asphalt, Stone Mastic Asphalt (SMA), Flexibility, Fatigue, Rutting 
 
 
 
 
 
1.  INTRODUCTION 
 
The Netherlands is a densely populated country with 16.5 million inhabitants. In order to transport people and 
goods, the Netherlands are equipped with an extensive network of roads, waterways and railways. The crossing 
of roads and waterways is usually formed by steel and concrete bridges, but sometimes by tunnels and 
aquaducts. 
Traffic loads (traffic intensity and the use of super single tyres) are increasing more and more. And the end to 
this increase is not yet in sight. Higher axle-loads have far stretching consequences regarding requirements for 
durable, low-maintenance surface layers on steel bridge decks. 
The smaller and harder tyres lead to higher contact stresses and demand higher requirements to the stability of 
the mixture. The passage of heavy trucks will lead to high deflections on the bridge. Steel bridge decks are 
relatively light and differences in rigidity in the construction lead to wide varieties in the bending of the bridge 
decks. This can cause cracking in the surface layer. 
The paving on the steel bridge decks usually consists of one or two layers of Mastic Asphalt, sometimes with an 
added top layer of porous asphalt, if noise reduction is required. The last few years experience has been gained 
with High Strength Concrete (HSC) with the aim to make bridge decks more rigid and thus reduce deformations. 
But there have been developments as well to improve the classic Mastic Asphalt mixture, because Mastic 
Asphalt and also HSC have their limitations.  
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2.  THE PROBLEM    
At the moment a traditional Mastic Asphalt surface layer on a steel bridge has already achieved a critical stage. 
The end of lifetime can be marked by too much rutting as well as by cracking. Mastic Asphalt can be made 
sufficiently flexible to balance out the movements. However, during periods with high temperatures this 
increases the chance of rutting in the top layers. This problem of stability in relation to the desired flexibility 
could be solved by applying a more stable binder. However, this increases the chances of cracking. In other 
words, the requirements on flexibility (for the bending of the bridge deck) and on the stability (for the traffic) 
are, with the increasing traffic load, incompatible. Due to this, steel bridges need more and more maintenance. 
The lifespan of Mastic Asphalt was rather good in the past, but because of the increase in traffic load and/or 
hotter summers (increasing by climate change), damages like cracking and rutting appear sooner and sooner. 
 

       
 
 
 

Besides that a practical problem occurs. In only a few places in the Netherlands Mastic Asphalt for steel bridges 
can be produced the last few years. This often results in unwanted too long transport distances between the 
asphalt plant and the work site. Therefore Mastic Asphalt is often obtained from German contractors. 
Mastic Asphalt is not laid by a standard paver, but with a special machine. Because laying Mastic Asphalt is not 
common, it is an extra investment for Dutch contractors to keep a special machine for Mastic Asphalt in 
operation including the crew or, otherwise, to purchase this expertise. 
Summarising, the disadvantages of Mastic Asphalt are: the increasing damages by traffic loads and 
climatological influences in combination with the limited laying, the deviating production and other laying  
process compared to hot asphalt. 
 
 
3.  A NEW APPROACH 
 
A solution for the problems sketched above is the development of a more robust mixture for bridge decks, with a 
high resistance to fatigue and permanent deformation (i.c. sufficient rigidness) and which can be produced and 
processed with conventional asphalt plants and pavers. 

A modified Stone Mastic Asphalt (SMA) is seen as the most promising 
solution for the problems sketched. The resistance to permanent 
deformation in vertical direction is obtained by the grain-to-grain contact 
of the stone skeleton. Sufficient voids in the compacted layer prevent the 
mixture from becoming over-filled with mortar. 
Due to traffic loads, deformations occur in the bridge deck system. These 
repeated deformations have to be followed by the asphalt layer and are not 
supposed to lead to fatigue cracking, because being impermeable is a 
major requirement of the construction. By modifying the mortar of the 
SMA mixture in such a way that a very flexible mortar is obtained, no 
cracking will occur and a robust and stable bridge deck mixture will be 
created, which can be produced and laid with conventional means. 

 
 

 

Figure 1:  Orthotropic steel bridge deck Figure 2:  Cracks in Mastic Asphalt layer 

Figure  3:  Stone skeleton structure 
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4.  TEST SET-UP 
 
Within the described SMA-concept a mixture is developed with different characteristics in dual directions. In 
order to achieve a good transfer for the required vertical stresses the stone skeleton in the SMA-mixture is used.  
In order to absorb the bending and the horizontal movements (strain and stress) as a result of the movement in 
the steel deck, a very flexible  modified bituminous mortar has been applied. 
In this approach use has been made of the latest insights in the area of volumetric mix design according to the 
national CROW IVO SMA working group, (report is expected in 2008) and the test methods of asphalt mixtures. 
For the mechanical tests the University of Aachen, Germany, has been called in, a specialist in the field of 
Mastic Asphalt in the German market . 
 
In the Laboratory of Heijmans Infrastructure in Rosmalen (the Netherlands) the study is started with looking to 
the required binder characteristics. To take care of the needed flexibility a PMB was chosen with a high SBS 
content. Then a mortar composition has been developed from which it was to be expected that it would meet the 
high requirements regarding flexibility. Result of this work was a mortar with a high content of high modified 
binder with addition of  fibres. The fibres has to be added to prevent dripping of the binder.  
Subsequently, by means of volumetric optimisation, an asphalt mixture has been designed with this mortar, in 
which, even after heavy compacting a relatively high percentage of voids remains (design level 5,2 %). This is a 
guarantee that the stone-to-stone contact will remain and with that, the stability. 
Next, the mixture has been thoroughly tested mechanically. The testing has been executed by the Technical 
University of Aachen and the laboratory of the former Road and Hydraulic Engineering Institute (Since 1 
October 2007 Centre for Traffic and Navigation) of the Rijskwaterstaat (Department of Public Works) in Delft, 
the Netherlands. 
In table 1 an overview is given of the used materials and their most relevant properties. 
 
Stones Sandstone grading 8/11 mm Density 2730 kg/m3 PSV (Polished Stone Value) 54 
Sand Natural Sand grading: fraction 180 – 500 m: ca. 50% Density 2655 kg/m3 
Filler Limestone Filler grading:  < 63 m: 88 % Density 2580 kg/m3 Hydrated Lime: 30%, BN=61 
Bitumen SBS modified Pen 25oC: 50 –70  

Tr&b: > 90 oC  
Density 1050 kg/m3 Elastic recovery at 25oC: > 75% 

Fraass Breaking Point <  -15oC 
Ductility at 5oC: > 50 cm 

Fibres Cellulose   Density 1700 kg/m3  
 
 

In table 2 the mix composition of the Bridge deck mixture is given. 
 
Passing sieve % 
C16 100 
C11,2 96 
C8 27 
C5,6 16,5 
2mm 14 
0,063mm 5,3 
  
Bitumen (at 100%) 12,0 
Fibres (in) 0,50 

 
 

 
In table 3 a overview is given of the test carried out and the used test conditions. 
 
Test Norm 
Resistance to deformation: Triaxial test EN 12697-25 
Resistance to crack propagation: Semi Circular Bending Test prEN 12697-44 
Resistance to fatigue: Four point bending test EN 12697-24 
Stiffness: Four point bending test EN 12697-26 

 
 

The results of this research and the testing to the specifications are presented in chapter 5. 

Table 3  Test program and norms 

Table 2. Mix composition of the Bridge deck mixture 

Table 1. Materials and properties 
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5.  MECHANICAL RESULTS 
 
In the research the resistance to deformations as well as the sensitivity to cracking have been determined and 
compared to the requirements.  
 

Property Test method Test conditions Requirement 

Resistance to deformation Triaxial test 25ºC min. 1.8 m/ms 

Cracking sensitivity Semi-Circular Bending test 
(SCB) 

0ºC 
15ºC 

min. 18.8 kJ/m³ 
min. 17.2 kJ/m³ 

 
 
 

The requirements are based on Mastic Asphalt surface paving used on steel bridges for motorways by the 
Department of Public Works in the Netherlands.  
The new developed mixture met all the requirements with plenty of margin to spare. 
In addition, stability, fatigue sensitivity and the stiffness of the new type of asphalt have been tested. 
The results have been compared to the Mastic Asphalt normally used for these applications. The results are 
presented below. 
 

Test method Test specs MA 8 1 MA 112 MA 113 Bridge deck 
mix Heijmans 

Resistance to deformation 
(Triaxial test) 

fc [ m/m] 40°C 0.78 - 0.80 0.58 

 [ m/m], 5°C, 10Hz, N=104 900 550 350 5 1050 Fatigue sensitivity 
(4-point bending test)  [ m/m], 5°C, 10Hz, N=106 450 200 150 5 500 

E* [MPa], 5°C 8Hz 4 8300 16200 210005 5700 Stiffness 
(4-point bending test) E* [MPa], 20°C 8Hz 4 2100 4800 8200 5 1700 

 Wt  [kJ/m³], 0°C    40,9 Resistance to crack 
propagation 
(SCB test) Wt  [kJ/m³], 15°C    23,7 

 

 

1: SBS modified Mastic Asphalt applied at the Moerdijkbrug, a high loaded steel bridge in the Netherlands lit.[2] 
2: SBS modified Mastic Asphalt as applied  in Germany Lit.[1]. 
3: Mastic Asphalt at hard bitumen base (6.5% Bitumen 20/30) corresp. the German regulations ZTV-Asphalt-StB  
4: At little strains 
5: From literature and nomograms Lit. [2], [3], [4], [5]. 
 
The above showed results make clear that the new developed mixture has an exceptionally high fatigue 
resistance at high strain levels. It is a known fact that high strain levels occur especially above the cross girders 
on steel bridge decks. These are also the areas in which the Mastic Asphalt cracks first (see pictures). Due to the 
very flexible binder and high binder content, the new asphalt mixture will have a considerably longer lifespan 
with regard to cracking. 
From the results it can be deduced that regarding stiffness the new asphalt mixture is less rigid than Mastic 
Asphalt. This means the contribution of the asphalt layer to the rigidity of the bridge deck is less. This would 
give higher deflections in the Bridge deck. However, because of the longer life span of the new Asphalt layer the 
support of the Asphalt layer to the steel deck will exist longer. So, over the total  lifespan, the contribution of the 
new top layer to the steel deck wil have a positive effect.  
The gained result cleared the way for the first application. 
 
 

Table 4:  Requirements  for Mastic Asphalt  on steel Bridge decks  

Table 5:  Mechanical properties of the new mix, compared to several types Mastic Asphalt  
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6.  FIRST APPLICATION IN PRACTICE 
 
The new type of asphalt surface layer was proposed to be applied on the steel bridge crossing the Juliana canal 
near Roosteren (Province of Limburg) in the south of the Netherlands. The span of the Bridge is approx. 100 m, 
the width of the Deck is 13 m. The thickness of the steel deck is 10 mm.  
The Bridge forms an important element in the route of industrial traffic from Belgium, passing The Netherlands 
to Germany.  
 
6.1 Construction build-up. 
With the new asphalt mixture a construction build-up has been designed comparable to a Mastic Asphalt bridge 
deck construction. 
After removal of the existing asphalt, the bridge deck first has to be blasted and then a primer coating will be 
applied. Some strips are connected at the top of the steel deck, which give a rather big discontinuity in the 
asphalt layer thickness. 

Therefore the corners next to these strips have to be filled out / levelled with a flexible two-component mortar 
which adheres to the bituminous primer. Next a bridge deck isolation membrane will be applied over it all. This 
will protect the steel deck to (salt) water.  
Directly on this membrane the asphalt surface layer can be laid and compacted.  
At some places, mostly under the bow of the bridge, vertical columns are connected to the bridge deck. Around 
these places it is impossible to lay and compact asphalt. Therefore these places, where no traffic loads will occur, 
have to be filled with Mastic Asphalt afterwards. 
 
6.2  Test sections 
The abovementioned method of working was tested and optimized beforehand by means of the realisation of 
several test sections, partly on steel test plates. On these plates, the complete construction and the method of 
working were tested: blasting, applying primer, filling-out strips, melting the membrane and laying and 
compacting the asphalt. Especially the optimum compacting method of the asphalt has been determined in this 
way; type and weight of the rollers and the number of roller runs.  
Drilled cores out of the test construction taken afterwards showed a good bonding and melting of the membrane, 
to the steel deck, as well as to the applied asphalt top layer. 
 

Figure 5:  Melting the membrane Figure  4:  Levelling the steel strips 
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6.3  Realisation 
The results of the mechanical research and the results of the test sections gave the road administration enough 
bases for authorising the application of the new material. In the course of September 2005, the old surface layer 
was removed and the steel surface was cleaned completely and primed. Next the filling out and the isolation 
membrane were applied. On 19th September the new asphalt surface top layer was applied. Just before rolling 
fine material was spread on the new asphalt surface to take care for a good skid resistance. Both the main driving 
lane as well as the bicycle lanes next to it were laid with the new asphalt. Laying the new asphalt took 
approximately half a day. After finalizing with markings and Mastic Asphalt the edges, the bridge was opened 
for traffic after only a few days. 

In the meantime also the skid resistance of the surface has been measured; it resulted in a value of about  0.50 
(measured with test 150 conform the national Standard RAW 2005), measured after two weeks. An excellent 
value for a mixture so rich in binder. The skid resistance during lifetime must be above the value of  0.38. 
 
 
7.  CONCLUSIONS 
 
Within this research project a new type asphalt mixture is developed for application on steel bridge decks. It 
concerned a type of asphalt with very specific characteristics; very flexible in horizontal direction and less 
sensible to fatigue, yet stable especially in vertical direction. The new type of asphalt is an alternative for the 
Mastic Asphalt used so far.  
The first application has taken place in September 2005. Nowadays, after more then two years, the bridge deck is 
in excellent condition. Even, where the connecting roads to the bridge show already rutting because of the heavy 
traffic, the bridge deck itself shows no deformation at all. 
The researchers as well as the Centre for Traffic and Navigation are very satisfied about the result achieved. The 
laboratory tests herewith and the practice prove that an exceptional flexible and stable asphalt mixture can be 
produced and laid with the speed of normal asphalt. This reduction of construction time gives an extra advantage 
in relation to Mastic Asphalt. 
The result clears the way for wider applications. 

Figure 8:  Texture like SMA       Figure 9: The new paved steel bridge 

Figure  6:  Paving the asphalt at the membrane Figure  7:  Compacting like normal asphalt 
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ABSTRACT 
 
In the context of laboratory fatigue performance evaluation of bituminous materials, the bitumen type is the most 
significant parameter. Other material composition parameters, like bitumen content and asphalt void content also affect 
the performance. From a material specification point of view, the testing device is also known as an important factor 
that induces variability in standard fatigue properties evaluation.  
 
This paper presents an experimental study on stiffness and fatigue evaluation involving six asphalts with the same 
aggregate size distribution. 
 
Stiffness evaluation was done using the bending test on trapezoidal cantilever beam with a temperature and frequency 
sweep. For fatigue, two types of fatigue device are used. The uniaxial tension-compression test on cylinder has been 
chosen to obtain a homogeneous damage process since the localization of the failure zone. In the same time, the 
trapezoidal cantilever beam protocole has also been performed in reference to the European standards fatigue 
performance evaluation. 
 
Some aspects such as the influence of specimen geometry on self heating during fatigue are discussed. The effects of 
bitumen type and its void content on asphalt fatigue are clearly demonstrated using both new and classical analytical 
tools. 
 
Key words: Asphalt, Fatigue, Stiffness, bitumen effect, air void effect 
 
1. Introduction 
 
Recent studies have made significant progress on the description of fatigue of bituminous materials. A classical fatigue 
failure criterion can be defined as the number of cycles for a 50% decrease of the materials stiffness. This criterion is now 
challenged by alternative approaches. New criteria are based on dissipated energy [1]. Other studies have considered 
damage as the key parameters to best describe fatigue of bituminous materials [2]. An original model has also been 
designed to describe the accumulation of damage during fatigue tests [3].  
At the beginning of fatigue test, before thermal equilibrium is reached in the test sample, different phenomena (damage, 
heating, thixotropy) occur and their effects are superimposed within a sharp decrease of the sample stiffness. This state is 
referred to as phase I in a fatigue test [4]. It is complex and was seldom investigated. 
Moreover, even though parameters such as bitumen content, void content [5], specimen geometry [2] and bitumen 
nature [6] have been investigated in the past, they need to be addressed more closely.  
In the present study, 6 materials were characterized in stiffness and fatigue. The fatigue tests were run using 2 different 
geometries, and measurements of sample surface temperature were done during all fatigue tests. This data allowed a fine 
investigation of the influence of bitumen nature, bitumen content, void content and sample geometry on the fatigue 
behavior of the asphalt. Phase I of the different fatigue tests was studied with particular attention, and thermal effects were 
quantitatively evaluated and accounted for. 
 
2. EXPERIMENTAL 
 

2.1. Tested materials 
 
Three different bitumen were considered in this study: 

- Bitumen 1: classical 35/50pen neat bitumen 
- Bitumen 2: semi-blown special bitumen 
- Bitumen 3: cross linked SB modified bitumen 
 

Asphalt concretes were made using these different bitumen. The bitumen content is defined as the ratio: weight of the 
bitumen / weight of the aggregates. All characteristics of the tested materials are given in table 1. 
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Bitumen characteristics Asphalt characteristics Asphalt 

reference Bitumen 
nature 

Penetration 
(dmm) 

Ring&Ball softening 
point (°C) 

Bitumen content 
 (% of agg. weight)  

Void content 
(%) 

F10 6.85 3.3 
F11 Bitumen 1 38 53 5.35 6.5 
F20 6.35 3.4 
F21 Bitumen 2 35 62.8 5.35 6.8 
F30 6.85 3.5 
F31 Bitumen 3 36 63.4 5.35 5.7 

 
Table 1: Material characteristics 

 
The studied materials are made of a 0/6 mm dense asphalt concrete. The granular distribution is kept constant for all 
these materials and is shown on the figure 1 below: 

 
Figure 1: Granular distribution of studied materials 
 
This figure presents the theoretical distribution and the measured values of 9 samples over the 36 slabs 
manufactured. 
 

2.2. Complex modulus tests 
 
The rheological property of each asphalt concrete has been investigated. The complex modulus tests have been 
performed in bending mode in the small strain linear regime (strain < 50 m/m). Trapezoidal cantilever specimens (4 
per material) have been tested according the European standard [7]. Dynamic modulus is investigated for 6 frequencies 
(1, 3, 10, 25 30 40 Hz) and 8 temperatures (-10, 0, 10, 15, 20, 30, 40, 50°C). 
 
The complex modulus E* can be expressed using the following quantities: 

 Modulus | E*| and phase angle Phi (°) 
 Storage modulus E1 =Re(E*) and loss modulus E2 =Im(E*) 

 
2.3. Fatigue tests 

 
Two test geometries have been used to evaluate the fatigue behaviour of asphalt (Figure 2 (a - b)): tension compression 
tests on cylinders and two point bending tests on trapezoidal samples [8]. 
 
Tension-compression (TC) fatigue test: 
 
The principle of this test has been formerly used and described [9]. The test is performed on a cylindrical sample (height 
160mm, diameter 80mm). The solicitation is sinusoidal in controlled-strain mode. Before a macro crack is formed due 
to damage build-up in the sample, the stress and strain field distribution can be considered as homogeneous throughout 
the sample. This homogeneity is a major asset of this test because it allows to simply obtain the damage law directly 
from stress and strain states which are identical at micro and macro levels. 
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Axial strains are measured by three strain gages (figure 2(a)) glued at 120 °C around the surface of the tested specimen. 
In strain-controlled tests, the control signal is given by the average of the three individual strain signals. 
 
Temperature at the surface of the sample was also monitored during fatigue tests at three different places around the 
sample. At the beginning of the test, the temperature was recorded every 5 seconds for a fine capture of the transient 
thermal state within the sample. Once quasi thermal equilibrium and the thermal rate decreases are reached, temperature 
measurements were done every 400 seconds. 
 
Two point bending fatigue test: 
 
This test method is based on the European standard [8]. A trapezoidal cantilever specimen (height 250 mm thickness 
25 mm large based 56 mm, small base 25 mm) is clamped at its large based (figure 2(b)). The loading in controlled 
strain mode is a sinusoidal displacement at constant amplitude. During the tests the strain field is not homogeneous 
throughout the specimen. The test is performed until failure when a macro crack propagates across the specimen in the 
neighborhood of the maximal loaded zone around 5cm from the large base. Force and displacement transducers are 
placed at the top of the specimen and their signals are used to calculate the stiffness of the sample using simple beam 
theory. 
 

 

 

 

 

  
(a) (b) 

Figure 2: Experimental implement: (a) Tension compression fatigue tests (b) bending test 
 
All fatigue tests were performed at the same temperature (10°C) and the same frequency (10Hz).  An average of 12 
samples among 3 strain levels are tested to obtain the fatigue line for each procedure is given for each material. 
 
3. ANALYSIS 
 

3.1. Complex modulus and rheological model   
 
Dynamic modulus data are presented (figure 3) in both Cole-Cole and Black plots presenting respectively the imaginary 
part vs. the real part, and the stiffness modulus vs. the phase angle of the complex modulus. 

 
 

(a) (b) 
Figure 3: Complex modulus data (a) Cole-Cole diagram (b) Black diagram 
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Materials F10, F11, F30 and F31 are very similar in the considered range of temperature. Materials F20 and F21 appear 
less stiff due to the change of bitumen. The Black diagram exhibits a lower thermal dependency on these two mixes. 
 
In order to predict the thermal increase coupled to the thermal dependency during fatigue tests, we fit a rheological 
model on laboratory data.  The viscoelastic behaviour and thermal dependence of the E* value are described by the 
Huet and Sayegh model proposed in 1963 and modified by Sayegh for asphalt behavior [10] [11]. It has been found to 
give a very accurate description of asphalt complex modulus over a large range of temperatures and frequencies, as 
given by the following equation: 
 

kh ii
EE

EE
))(()(1

, 0
0  

E0 and E are respectively the limit of the complex modulus when tends to 0 and infinity. For fatigue tests, the 
pulsation  is fixed and the complex modulus is a function of the temperature  and h and k are exponents such as 1 > 
h > k > 0. is a dimensionless constant. The function )( is the characteristic time. It is a function of temperature 
and introduces the well-known "equivalence principle" between frequency and temperature using the WLF equation: 
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aT  is temperature shift factor; C1 and C2 are two constants depending on material;  and ref  are temperatures in °K. 
 
The rheological model as been fitted using a Matlab based program developed at LCPC [12]. Parameters fitted for the 
six materials are gathered in table 1. 
 
Material E0 E   k h Tref C1 C2 
 [MPa] [MPa]       
F10 31.42 30918 2.37  0.637  2.39 0.27 22.91 148.31 
F11 34.97 30353 2.13 0.19 0.61 0.45 23.95 155.78 
F20 0.07 50374 2.78 0.10 0.41 7.10-3 24.64 161.66 
F21 0.53 51037 2.71 0.08 0.40 9.10-3 21.74 157.26 
F30 17.83 30976 0.07 0.58 0.19 3.10-3 26.52 174.84 
F31 43.55 31425 2.50 0.21 0.62 0.66 25.13 166.00 
 
Table 2: Huet Sayegh model parameters 
 
In this table the differences in terms of E  remains extrapolated values of the model because no experimental data in 
that range of temperature have been tested as shown figure 3(a). On figure 3(b) on the y log axis the extrapolation to a 
phase angle  equal to zero indicated qualitatively similar E  values.  
These Huet Sayegh parameters are used to model the decrease of the stiffness due to the sample temperature increase 
during fatigue tests (§  3.3).  
 

3.2. Fatigue failure analysis 
 
The classical fatigue analysis for bituminous materials is based on a criterion defining failure of the test samples. The 
standards mention classically a failure criterion linked with the number of cycle NF needed to reach a stiffness decrease 
of 50%. Samples are tested at different loading levels. In order to fit the two parameters fatigue line, a linear regression 
is done in the log-log diagram: number of cycle at failure (NF) vs. the loading level ( a). The equation of this regression 
is given by the following equation: 

p

a
FN

%50
10%50

6

6  

In this equation p is the slope of the fatigue line and  6 (50%) the loading level leading to a fatigue life of one million 
loadings for a 50% failure criterion.  
 
The tension compression fatigue tests are stopped when the strain is no longer homogeneous in the specimen. It might 
happen before the stiffness decrease reaches the 50% criterion as shown on Figure 7. In this case, the 50% fatigue 
criterion is never reached, and the fatigue line cannot be defined. To avoid this disadvantage, a 30% failure criterion for 
tension compression test had been chosen to allow a rigorous interpretation of these tests [13].  
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3.3. Thermal correction 

 
Another step of the analysis is to take into account the effect of the self-heating of the specimen during cyclic tests due 
to the viscoelastic dissipation and the thermal dependency of the material. This effect is not directly related to fatigue. It 
influences the stiffness decrease and leads to a bias in fatigue life determination. Therefore a thermal correction of 
tension compression tests fatigue data have been developed [14] and is briefly recorded below. 
 
The thermal correction is based on a numerical estimation of the stiffness decrease due to thermal dissipation. The 
thermomecanical framework had been implemented in the multi purpose finite element code Cast3M. For a fatigue test 
at a given loading level, it allows to evaluate the thermal increase in the specimen by solving the heat equation in the 
transient regime. Calculations are validated by comparison of the increase of temperature at the surface of the specimen 
with the thermo-mechanical simulation. 
 
Fatigue data are then corrected assuming that the thermal effect is not coupled to fatigue damage as explained in 
detailed in [14]. The figure 4 below shows an example of the material F20 tested on tension compression at 150 [ m/m] 
strain amplitude. 
 

Figure 4: (a) comparison of the corrected and non corrected data (b) the increase of the surface temperature at 
the beginning of the test (TC test: F20, a=150 [ m/m]) 
 
We can notice that the thermal increase reaches a permanent state at its maximal value. The stiffness decrease follows 
the same kind of rate changes. Starting from its maximal value at the beginning of the test, the stiffness decreases to 
reach a permanent state.  
 
For the two point bending fatigue tests, thermal effect is less important. Simulations of thermal effects have been 
estimated showing that it remains below 10%. It is then neglected in the approach because fatigue lives are not 
significantly affected by this small thermal effect. 
 
4. RESULTS 
 

4.1. Fatigue data 
 

4.1.1. Two point bending 
 

The fatigue lines obtained for all two point bending tested materials and for a failure criterion of 50% are plotted in 
figure 5. 

  
(a) (b) 
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Figure 5: 2PB fatigue lines  

 
One can notice that the 6 values for the materials F20 (obtained with special bitumen) and F30 (obtained with modified 
bitumen), is larger than the 6 

value measured for the material F10. The 6 value is lower when the bitumen content is 
less in the asphalt.  
 
Moreover, 6 values are higher for asphalt concretes with higher bitumen content (materials F10, F20, F30) as compared 
to asphalt concrete with lower bitumen content (material F11, F21, F31 respectively). This tendency was expected, as 
higher bitumen content are known to increase asphalt fatigue resistance. 
 
It should also be noted that the decrease of the stiffness due to the thermal effect is less than 10% for all tested 
materials, at all tested strain levels.  
 

4.1.2. Tension compression 
 
We plot on figure 6 the fatigue lines obtained for all tested materials and for a failure criterion of 30% without thermal 
correction. 
 

 
 
Figure 6 : Tension compression  fatigue lines without thermal correction 
 
We observe that the 6 value measured on tension compression test, for the material F20 and F30 is lower than the 6 
value measured for the material F10. Therefore, the tension compression and the two point bending test results do not 
lead to the same ranking of the different materials.  
In order to explain this difference in ranking, fatigue test results for different materials (F10, F20 and F30) under the 
same solicitation were plotted together on figure 7. 
On the figure 7(a), the result do not account for thermal correction. For all three materials a sharp decrease in modulus 
can be observed during phase I. This initial decrease represents approximately 25 to 30% of the initial for the three 
materials.  
 



7 

  
(a) (b) 

  
Figure 7: Comparison between the TC stiffness decrease for asphalts with the 3 different bitumen (same bitumen 
content) at the same strain amplitude ( a=150 [ m/m]): (a) Non corrected data (b) corrected data 
 
As a consequence, at the failure criterion of 30%, the number of cycles is more or less the same for the three materials, 
whereas the total number of cycles for materials F20 and F30 is much larger than for the material F10. The 30% failure 
criterion is no longer representative of the material fatigue behavior, but is rather related to the initial modulus drop in 
phase I. This matter of fact explains the difference of raking between bending and tension-compression fatigue tests. 
As phase I is reportedly due to temperature increase within the sample, the thermal correction of the data should 
improve the relevance of the 30% failure criterion.   
 
 The table 3 shows the decrease of the stiffness due to the thermal effect for all tension compression tests. 
 
 

 

 
Table 3: Thermal effects for all tension compression tests 
 
One can observe that the thermal effect for the highest strain amplitude (350 [ m/m] for material F20) is about 45%. 
This effect is far from negligible and consequently it is important to take it into account by correcting the experimental 
data. 
 
As mentioned above, the thermal effects on bending fatigue tests are much lower. Therefore thermal correction is not 
mandatory for analysis of this type of fatigue test. 
 

Material a Thermal effect 
 [ m/m] % 
F10 100 6.21 
F10 125 9.70 
F10 150 13.96 
F11 80 4.16 
F11 100 6.87 
F11 150 15.00 
F20 150 7.69 
F20 225 16.60 
F20 250 20.06 
F20 300 27.37 
F21 80 2.2 
F21 120 4.96 
F21 160 8.82 
F30 150 9.62 
F30 200 16.96 
F30 250 25.90 
F30 300 35.61 
F30 350 45.92 
F31 180 15.37 
F31 200 18.88 
F31 220 22.79 
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The figure 8 shows the fatigue lines obtained with corrected data, for all the studied materials. 

 
Figure 8: Corrected TC fatigue lines with thermal correction 
 
One can observe now that 6 value of the material F30 is very large compared to the 6 value of F10. The figure 7(b) 
gives a good illustration of the effect of the thermal correction. As a matter of fact, after correcting the experimental 
data, the number of cycle obtained at the 30% failure criterion for F30 is much larger than for F10, which seems a more 
relevant analysis of the fatigue test result. 
However the 6 value of the material F20 remains similar to the 6 value of F10 even after thermal correction, as shown 
in figure 7(b). In the case of material F20, thermal correction insufficient to improve the relevance of the 30% failure 
criterion to describe the material fatigue resistance. This indicates that phenomena other than sample self-heating 
influence material stiffness during the phase I of a fatigue test.  
 

4.2. Influence of the failure criterion on 6 values 
 

For bending tests, the failure criterion has not so much influence because it is captured in the phase of important 
stiffness decrease.  A change of criterion does not affect so much the measured fatigue lifes. 
 
The evolution of the 6 values as function of the failure criterion (only tension compression tests) is presented in figures 
9 (a) and (b). 
 

  
(a) (b) 

Figure 9: Influence of the criterion on 6 values (TC): (a) non corrected data (b) corrected data 
 
One can observe that in the figure 9(b), many points are eliminated due to the thermal correction. Moreover, the 6 value 
for F20 and F30 is much larger for the criterion 50% than for the criterion 30%. 
Two different considerations should be taken when choosing a failure criterion for analysing fatigue data: 

- Failure criteria based on low stiffness decrease (below 25%) are not related to fatigue, but only to phase I. 
They should be avoided. 

- Failure criteria based on high stiffness decrease (above 40%) are hard to achieve. Most samples break 
before reaching these levels of stiffness reduction.  
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5. CONCLUSION 
 
As expected the bending tests exhibit less thermal effect and the interpretation is less hedged by this effect. As a matter 
of fact, for bending tests, the entire sample is not loaded at the maximum value of the strain level.  
 
On the other hand, for the tension compression the entire specimen is reloaded at the test strain level, which induces 
more non linearity. Consequently, the thermal effects in the tension compression tests can be very important and the 
correction of this effect improves the analysis of the fatigue results though classical failure criteria. 
 
With the thermal correction, the ranking of materials is more consistent. Nevertheless, other phenomena not related to 
the fatigue damage may appear during phase I. Such phenomena could be thixotropy, destructuration of the bitumen and 
molecular rearrangements under sinusoidal loading. These effects depend on solicitation (frequency, temperature,…) 
and particularly on the strain amplitude.   
 
Fatigue performance of asphalt was found deeply bitumen dependant. For instance, modified and semi-blown bitumen 
have better fatigue performance than pure bitumen. As expected, asphalt with higher bitumen content were found more 
resistant to fatigue. 
 
A better understanding and evaluation of these non linear effects occurring in phase I is necessary in order to have an 
intrinsic characterisation of the real fatigue behaviour of asphalt materials. 
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SYNOPSIS 
 
Since 1996 when the first properly-engineered equipment was unveiled, foamed bitumen treatment has 
seen a remarkable increase in usage, worldwide.  However, twelve years later, there is much ignorance 
as to what a foamed bitumen treated material actually is, what it is not and, most importantly, the 
performance characteristics of such a material. 
 
The way the bitumen disperses amongst the aggregate particles when treated at ambient temperatures 
dictates that these materials are different from other forms of bitumen treatment, especially hot-mixed 
asphalt.  Particle coating is confined to only the smallest fraction leaving the larger ones untouched.  A 
pavement layer constructed from such compacted material therefore behaves differently under load. 
 
The results of research carried out over the past decade, coupled with long-term pavement performance 
data are drawn on to highlight the in-service behavioural characteristics of these materials and their 
failure mode.  The development of design methodology (mix design and pavement design) is reviewed 
along with current research initiatives to obtain more reliable indicators of performance. 
 
Conclusions are drawn and proposals made as to a revised method of classification based on the 
characteristics of the pre-treated material, the inclusion of an active filler and the type / application rate 
of bitumen used in the foaming process. 
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1. INTRODUCTION 
 
Cold moist granular materials have been successfully treated with bitumen emulsion for over thirty 
years in South Africa.  Bitumen treatment was shown to be a cost-effective way of improving the 
strength of a material as well as reducing the detrimental effects of water.  In addition, a pavement 
layer constructed from a bitumen treated material is relatively flexible compared to the same material 
treated with cement and does not suffer from the shrinkage cracking phenomenon associated with 
cement treatment.  Treating with a combination of bitumen and cement has proved to be highly 
beneficial and several such pavements in South Africa with bitumen treated base course layers have 
out-performed their 20 year service life, and are still performing well today.  These pavements have 
proved to be remarkably durable and appear to resist water ingress, even under saturated conditions. 
 
The amount of residual bitumen that is added determines whether the treatment is classified as a 
“modification” process (< 1.5% by mass) or a “stabilisation” process (> 1.5% by mass).  Modification 
is normally confined to treating good quality graded crushed stone material whilst stabilisation is 
applicable to a wide range of materials, including the so-called marginal materials that would not 
normally be utilised for base course construction (CBR < 60%). 
 
One problem often experienced when stabilising with bitumen emulsion at higher application rates is 
material saturation during construction.  Although most bitumen emulsions have 60% by volume 
consisting of bitumen droplets suspended in a 40% water phase, they are 100% fluid.  If 3% by mass of 
residual bitumen is required for stabilisation, this implies that 5% by mass of fluid (bitumen emulsion) 
must be added to the material.  Such addition of fluid to in situ pavement materials (typically 
encountered when pavements are rehabilitated by recycling) is often sufficient to cause saturation.  
Saturated materials cannot be compacted; pore pressures develop when compaction energy is applied, 
causing the well-known heaving phenomenon and making it impossible to construct a pavement layer.  
This phenomenon tends to limit the use of bitumen emulsions for stabilisation. 
 
In the mid-1990s, foamed bitumen was identified as a possible alternative stabilising agent; the primary 
attraction being the absence of water.  Foamed bitumen and bitumen emulsion have one common 
characteristic: both reduce the viscosity of the bitumen and allow it to be mixed with cold moist 
materials that are encountered when recycling an existing pavement.  Early laboratory test results 
indicated that foamed bitumen offered similar performance benefits as those achieved with bitumen 
emulsion, but without the compulsory addition of unwanted fluid.  An additional attraction was the 
lower cost of stabilisation.  Unlike bitumen emulsion that is manufactured under factory conditions 
using expensive chemicals (emulsifiers), foamed bitumen is produced by injecting a small amount of 
water into ordinary Penetration-grade bitumen at elevated temperatures (> 160°C).  Since the foaming 
state is short lived, the foamed bitumen has to be produced on site in a purpose-built spraybar 
immediately before stabilising. 
 
This paper focuses on foamed bitumen stabilisation.  The foaming process is briefly described along 
with the way bitumen disperses when mixed with aggregate at ambient temperatures.  This dispersion 
phenomenon results in a material that is very different from an asphalt concrete, a fact that was not 
initially appreciated by industry.  The development of relevant technology is described along with a 
review of current practice for the design and use of bitumen stabilised materials.  Not included in this 
paper is the application of foamed bitumen to heated aggregates; the so-called “half-warm mixes”. 
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2. FOAMED BITUMEN TREATMENT 
 
A foaming mass of thin bitumen films encapsulating steam is created when a small quantity of 
atomised water (typically 2% by mass) is injected under pressure into a dispersed stream of hot 
bitumen.  This process is normally carried out in a special-purpose expansion chamber with bitumen 
being pre-heated to a temperature in excess of 160°C.    Whilst foaming (a temporary state of low 
viscosity), bitumen can be added to and mixed with aggregates at ambient temperatures and in-situ 
moisture contents.  This process can be likened to beating the white of an egg into a foamed state of 
low viscosity in order to mix it with flour, a fine-grained material.  This beating process introduces air 
into the viscous egg white, creating air-filled bubbles of thin films that occupy a far bigger volume.  In 
this state, it is possible to distribute the egg-white throughout the flour and achieve a consistent mix. 
 
Bitumen foams as a result of the water changing state from liquid to vapour.  When water particles 
come into contact with hot bitumen, heat energy from the bitumen is transferred to the water.  As soon 
as the water reaches boiling point, it changes state and, in doing so, expands some 1400 times its 
original liquid volume at normal atmospheric pressures.  Expanding water particles take the viscous 
bitumen with them, creating thin-filmed bubbles of steam. 
 
The potential for using foamed bitumen as a stabilising agent was first demonstrated by Prof. Ladis 
Csanyi at the Engineering Experiment Station of the Iowa State University in 1956.  The concept was 
later refined by the Mobil Oil organisation that developed the first expansion chamber for mixing water 
with bitumen to make foam.  This system was further developed by Wirtgen in the mid-1990’s to inject 
both air and water into the bitumen in an expansion chamber, as shown in Figure 1. 

 
 
 
 
Figure 1.  Wirtgen’s expansion chamber 
 
Bitumen input temperature: 160°C to 185°C 
Operating pressures: > 5MPa (bitumen, water and air) 
Water / bitumen ratio:  Normally 2 parts / 98 parts 
Foam temperature:  ± 100°C 
 
 
 
 

Foamed bitumen can be used to stabilise a variety of materials ranging from recycled asphalt pavement 
(RAP) materials and crushed stone aggregates to marginal gravels.  The main advantages of stabilising 
with foamed bitumen compared to bitumen emulsion are: 
 
- a reduction in binder and transportation costs since foamed bitumen is made from a standard 

penetration-grade bitumen and only a small amount of water.  There are no manufacturing costs 
other than the initial investment in specialised equipment; 

- foamed bitumen treated material can be placed, compacted and opened to traffic soon after mixing; 
- foamed bitumen treated material remains workable for extended periods and can be stockpiled in 

adverse weather conditions without the bitumen being washed out of the aggregate; and, 
- the foamed bitumen process can be used to treat in situ materials with relatively high field moisture 

contents because the binder is added without any extra water. 

HOT   BITUMEN

AIR

FOAM

H2O
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Unlike hot-mix asphalt, material stabilised with foamed bitumen is not black in appearance.  This is 
because the larger aggregate particles are not coated with bitumen.  Foamed bitumen bubbles burst 
when they come into contact with aggregate, creating millions of tiny bitumen droplets that seek out 
and adhere to the finest particles, namely the fraction smaller than 0.075mm when the temperature of 
the aggregate is at normal summer temperatures (15°C to 25°C).  The reason for this phenomenon is 
simple physics; the bitumen droplets have only sufficient heat energy to warm tiny aggregate particles 
sufficiently to permit adhesion.  The resulting mix sees the bitumen confined to the fines fraction, or 
the mortar between coarse particles, as shown in Figure 2.  There is therefore only a slight darkening in 
the colour of the material after treatment. 
 
Figure 2.  Foamed bitumen treated material (magnified) 
 
Notes:    1.  The black spots throughout the mortar surrounding the 

coarse particles are the small bitumen droplets. 
              2. Larger black “blobs” (known as “stringers”) are 

accumulations of fines encapsulated in bitumen droplets. 
   3.  Coarser particles are free of bitumen 
 
 
The amount of fines (< 0.075mm fraction) in a material is therefore important for bitumen dispersion.   
Research undertaken by Mobil during the 1980s led to the “minimum 5%” standard guideline being 
adopted (i.e. more than 5% by mass of the aggregate must pass through the 0.075mm sieve).  Materials 
with less than 5% tend to produce poor mixes with many stringers, indicating a shortage of fines for 
accommodating all the bitumen droplets.  As the fraction smaller than 0.075mm increases, so does the 
amount of bitumen that can be accommodated, provided the fines are non-plastic (clayey fines are 
cohesive and tend to aggregate, making individual particles unavailable for bitumen droplets).   The 
minimum 5% value is, however, a guideline and some materials with only 2% smaller than 0.075mm 
(e.g. RAP materials) can be successfully stabilised with foamed bitumen. 
 
Similar to stabilising with bitumen emulsion, small amounts of cement or lime are normally added in 
conjunction with foamed bitumen.  In addition to improving the retained strength under saturated 
conditions, such active filler material assists in dispersing the bitumen by increasing the fines fraction.  
However, limited research has shown that active fillers (and in particular, cement) do not simply 
supplement the natural filler.  It has been suggested that the pozzolanic action of an active filler particle 
creates a small irregularity on the surface of a coarse particle, providing a home for bitumen droplets. 
 
3. DEVELOPMENT OF FOAMED BITUMEN TECHNOLOGY 
 
Although the usefulness of foamed bitumen was first discovered in the 1950s, few projects were 
undertaken using this technology and these were confined to trials on short sections of road 
accompanied by limited research effort.  The early systems incorporating expansion chambers were 
simplistic and suffered from blockages in both bitumen and water supply lines, making them unreliable 
and producing dubious results. 
 
A foamed bitumen treated material was considered to be a “poor asphalt”.  Mix design procedures and 
material characterisation were based on standard Marshall stability and flow tests carried out on 
100mm diameter briquette specimens, similar to hot-mix asphalt technology.  This situation persisted 
until the mid-1990s when Wirtgen introduced their “new generation” foaming system that proved to be 
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remarkably reliable, and successful.  The global market was quick to respond and, although their first 
systems were all attached to in-situ recyclers, it was not long before Wirtgen had sold hundreds of 
systems worldwide, fitted to both in-place and in-plant recycling machines. 
 
The interest shown in this technology was due largely to the cost advantage that accrued from 
substituting a bitumen stabilised material (mostly recycled) for conventional hot mixed asphalt (HMA) 
in base layers on rehabilitation projects.  Designs were formulated on “equivalency” theories that 
related the anticipated performance of a foamed bitumen treated material with those of HMA, based 
solely on the results of Marshall stability / flow tests.  Towards the end of the 1990s, this practice came 
under the spotlight as realisation dawned that these two materials behaved differently. 
 
As a consequence, the Indirect Tensile Strength (ITS) test was introduced to replace Marshall testing.  
Standard test procedures were modified to determine the ITSDRY and ITSSOAKED values, primarily to 
establish the “optimal” binder content for foamed bitumen addition.  This method of determining the 
optimal binder content endures to today.  In addition, these results were also used to predict 
performance; the Tensile Strength Ratio (TSR), determined from the quotient of the ITSSOAKED value 
divided by the ITSDRY value (expressed as a percentage), was adopted as a “shift factor” to estimate the 
reduction in performance predicted between a conventional HMA base material and that for the foamed 
bitumen treated material.  Such a shift factor was applied to structural capacity estimates emanating 
from mechanistic design procedures using a relevant transfer function for HMA base material. 
 
In spite of the adoption of such a makeshift method, most pavements that were designed in this way 
(and constructed properly) have performed beyond expectation.  For example, during 2000, this method 
was used to design the rehabilitation of a 16km section of State Highway 20 in Northern California.  
Structural capacity requirements were based on a 5 year design period.  Construction work was carried 
out during July 2001 by a local contracting company working under the close supervision of 
experienced engineers and the resulting pavement was carefully monitored for the following five years.  
At the end of the 5 year design life (July 2006), few defects could be found.  Deflection surveys 
showed that no degradation had occurred within the pavement structure and, of significance, no cracks 
were observed in the wheel paths.  Rut depth measurements taken in the outer wheel path showed that, 
on average, less than 5mm permanent deformation had occurred (maximum measurement was 11mm).  
Close inspection showed that such deformation had taken place in the bitumen stabilised base, not the 
overlying asphalt surfacing. 
 
During 2000, spurred on by the increasing number of pavements being rehabilitated by recycling with 
foamed bitumen, road authorities and research practitioners in South Africa recognised that a proper 
design method was needed.  As a result, a Heavy Vehicle Simulator (HVS) trial was carried out near 
Johannesburg on a pavement that had been recycled with a combination of cement and foamed 
bitumen.  The results formed the basis of a guideline document that was subsequently published in the 
latter half of 2002 by the Asphalt Academy, entitled "TG2: Interim Technical Guideline: The Design 
and Use of Foamed Bitumen Treated Materials" (Asphalt Academy, 2002).  This publication included 
design recommendations together with transfer functions for estimating the structural capacity of 
pavements constructed from recycled material stabilised with foamed bitumen.  As stated in the title, 
the document was "interim" since it was based on very limited research and the intention was to update 
it as the results of further research initiatives became available. 
 
Fortunately, or unfortunately, depending on which perspective is adopted, this never happened.  In 
2004, in recognition of the inadequacy of the first publication, it was withdrawn.  Funded by both 
private enterprise and public road authorities, a large research programme was initiated to revisit 
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bitumen stabilisation and come up with a set of comprehensive “design and use” guidelines 
incorporating both bitumen emulsion and foamed bitumen treatment.  This was fortunate because it 
heralded an end to the confusion sown by the TG2 publication.  However, it was also unfortunate since 
it withdrew the only publication for guiding pavement engineers in designing pavements with bitumen 
stabilised materials.  Furthermore, in light of the amount of research work involved, it was unlikely that 
the new document would be published before mid-2008. 
 
Recognising this hiatus, Wirtgen responded by commissioning a team of experts to rewrite their Cold 
Recycling Manual with a focus on updating the sections concerning bitumen stabilisation with the 
latest research findings.  The “2nd Edition” of this 250-page manual was published in English during 
November 2004 and, responding to demand, was subsequently translated into twelve different 
languages, including Chinese.  By the end of 2006, two years after its release, some 10,000 copies of 
this manual had been printed and distributed worldwide and it was estimated that a similar number of 
electronic copies had been downloaded from the Wirtgen GmbH website, free of charge.  One reason 
given for the popularity of this publication was the inclusion of detailed guidelines for the design of 
bitumen stabilised layers, both with bitumen emulsion and foamed bitumen.  Mix design procedures 
were covered in one appendix with another dedicated to pavement design. 
 
Incorporated in these guidelines was a completely new approach to designing bitumen stabilised 
materials based on their shear properties.  In addition, the concept of limiting the “deviator stress ratio” 
was adopted for designing pavement layers.  The results of extensive laboratory testing programmes 
coupled with further HVS trials carried out in South Africa, The Netherlands and California were 
drawn on in formulating the new design methods.  These have been now been applied to many 
thousands of kilometres of rehabilitation projects worldwide, including the primary 6-lane highway 
linking the cities of Athens and Corinth in Greece.  No premature failures were experienced on that 
highway (AADT > 150,000 vehicles with a legal axle load limit of 13 tons) and the results of 
continuous monitoring exercises indicate that the pavement is behaving beyond expectation (permanent 
deformation in the wheel paths is well below predicted levels). 
 
In spite of such successes, limitations with the application of these design methods have been 
recognised and are currently being addressed in the research initiatives that will culminate in the new 
“Bitumen Stabilised Materials” publication.  These initiatives are described in the following sections. 
 
4. CURRENT RESEARCH INITIATIVES 
 
Hot Mix Asphalt (HMA) has taken almost a century to reach the level of technology that prevails 
today, which is far from perfect. By comparison, Bitumen Stabilised Materials BSMs (foamed and 
emulsified binders) are new kids on the block. Although BSMs have only half of the history of HMA, 
they have really only enjoyed about a decade of intensive research. In addition, the BSMs are complex 
materials with an additional component i.e. water, variable distribution of the binder and often variable 
aggregates, some of which may be coated with old bitumen. It is not surprising therefore that many 
aspects of BSMs need to be researched further. 
 
Before characterisation of the BSMs can commence through research, three key areas that define the 
condition of the material to be tested, need to be addressed. These areas, which set BSMs significantly 
apart from HMA and granular material, are: material composition and preparation, compaction and 
curing, as outlined below. 
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4.1 Material composition and preparation 

Research has shown that the composition of BSMs, using both bitumen emulsions and foamed bitumen 
binders, has a significant influence on the behaviour of the mix. This holds true for most materials. 
However, the issues that need to be addressed with BSMs include: 
 
 Grading of recycled material: The grading that is tested should be representative of that which will 

be generated by a recycling/stabilising machine for in-place recycling, and a milling machine for 
in-plant stabilisations. For this purpose, each layer of an investigation test-pit needs to be sampled 
separately using a milling machine for later reconstitution in laboratory mix design. 

 Blending of RAP and granular materials: The percentage of RAP in a mix, has a significant 
influence on the behaviour of the BSM. Ratios of blending of RAP and granular materials from 
different layers must be representative of the proportions that will be encountered for the proposed 
depth of treatment designed for. 

 Particle size to diameter ratio: The nature of recycling results in particle sizes in excess of 25mm 
being commonly encountered in the layers. As such, the testing of specimens with a diameter of 
100mm is inadequate and for this reason 150mm diameter specimens should used for mix design 
testing for reliable results.  In the last decade 150mm diameter specimens have been preferred. 

 

4.2 Compaction 

 
Initially, the methods used for compaction of BSM’s were based on HMA compaction methods. 
Europe and the USA, perceived BSM’s to be cold asphalt and therefore adopted Marshall compaction.. 
In the developing countries such as South Africa and Australia, the BSM’s were perceived as 
“modified, slightly bituminous granular materials” and a shift to Modified AASHTO compaction was 
adopted, as outlined in the TG2 Guideline (Asphalt Academy, 2002). 
 
Problems encountered with the Marshall and Modified AASHTO compaction methods when used on 
BSM’s in Southern Africa included, amongst others: 
 
 Lack of simulation of the kneading effect of rollers and particle orientation achieved in the layers in 

the field. Especially Marshall compaction resulted in specimens with coarse outside texture due to 
the vertical hammering action not allowing reorientation of large particles nor remoulding of mortar 
to occupy the voids between large aggregate on the annulus. 

 Variability in target densities achieved on site for quality control purposes. This is due to variation 
in material type and grading along the length of a rehabilitation project. 

 Delamination of specimens produced using Mod AASHTO compaction. The individual layers of 
BSM split during ITS tests, for example, yielding unrepresentative results. 

 
During recent years various institutions in South Africa have used other forms of compaction such as 
vibratory and gyratory compaction for BSM’s. However, these methods have intrinsic disadvantages 
for commercial application in mix designs, such as cost, moisture damage to equipment (gyratory) and 
variability of results (gyratory).  
 
Considering that the vibratory compaction can be achieved using a Kango HammerTM, refusal density 
compaction is now considered to be method of laboratory compaction identified as having great 



 8

potential for BSM’s. Refusal density compaction has been effectively used for HMA in the UK and 
other countries and also for BSM’s (British Standards, 2004). 
 
Currently a research project at Stellenbosch University is exploring ways to use the Kango HammerTM 
in a standard mounting frame, to produce representative BSM specimens of 150mm diameter and 
300mm high in a split-mould for tri-axial testing as part of mix design (see example in Figure 2). Some 
of the variables under consideration for vibratory compaction include compaction time, temperature, 
surcharge weight and moisture content. Correlation with other compaction procedures is being 
checked, and this new procedure is likely to be presented to industry in 2008. 

 
 

Figure 2 : Refusal density compaction with Kango HammerTM 
 

4.3 Curing 

Jenkins (2000) reported that: “Curing of cold bituminous mixes, whether emulsion or foam, is the 
process whereby the mixed and compacted material discharges water through evaporation, particle 
charge repulsion or pore-pressure induced flow paths. The reduction in moisture content leads to the 
increase in strength of the mix (both tensile and compressive) as well as stiffness”, the latter being a 
key performance parameter of BSM’s.  
 
A plethora of different curing procedures have been developed globally and locally for accelerated 
laboratory conditioning after compaction of specimens (Ebels and Jenkins, 2007b). As shortcomings 
were recognised, adjustments were made and so the protocols evolved. Currently research is underway 
at the Stellenbosch University to track the in situ moisture and stiffness trends of BSM’s incorporating 
bitumen emulsion or foamed bitumen binders. Parallel to this, laboratory testing is carried out to 
identify a representative and yet simple (if possible) accelerated curing protocol that simulates field 
trends realistically. This is shown conceptually in Figure 3. The research includes consideration for the 
influence of active fillers.  
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Figure 3 : Conceptual change in material properties through curing 

4.4 Critical Material Properties for Mix Design 

Material assessment for mix design of BSM’s has historically focussed on strength testing e.g. UCS, 
ITS and Marshall Stability, with few countries using stiffness or shear properties as criteria. Although 
the BSM’s generally have lower binder contents than HMA, and significant less viscous behaviour 
(Ebels and Jenkins, 2007b), mix designers have persisted in an asphaltic modelling philosophy. 
Experience has shown that the majority of BSM’s exhibit more granular-type behaviour, with repeated-
load, accumulated permanent deformation being the dominant mechanism of failure. Research has 
shown that the shear properties of a BSM can be effectively modelled with triaxial testing and used in 
the materials design process. Extensive research has been done into the flexural and fatigue properties 
of BSM’s (Ebels and Jenkins, 2006), and although under extended repeated loading, a fatigue type 
phenomenon is noted, the low binder contents used in BSM’s in many countries (<3% bitumen) and the 
increase in stiffness with time measured in the pavement, militates against fatigue being considered as a 
failure mechanism for design.  This section focuses on the shear properties of the material, therefore. 
 
 Monotonic Triaxial Testing 
 
Three different types of triaxial testing are used to characterise BSM materials. The most “simple” test, 
which provides vital information for subsequent more sophisticated triaxial tests, is the monotonic 
triaxial. This test aids in determining the shear strength ( ), which is characterised by two parameters, 
i.e. cohesion (C) and friction angle ( ). These two parameters describe a failure envelope in the so-
called Mohr-Coulomb space (i.e. shear stress versus normal stress). Untreated granular materials 
should have no true cohesion. However, some materials show an apparent cohesion as a result of 
capillary suction. Stabilisation with foamed bitumen or emulsified bitumen significantly increases the 
cohesion.  
 
Table 1: Shear properties as a function of aggregate and binder type 

Binder Type Aggregate Type (GCR = graded crushed rock, C = cement) Shear Parameters 
BC = 2.2% – 3% GCR+25% RAP GCR+75%RAP+1%C GCR+75%RAP 
Foam Bitumen 180 390 125 Cohesion (kPa) 
Emulsion 130-150 390-400 195-205 
Foam 41.5 30 34 Friction Angle 

( ) Emulsion 38 – 43.5 30 - 34 32 - 34 

Mr (MPa) 

MC (%) 

Time 

 Property 

EMC Seasonal variation 
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Research has shown, see Table 1, that the cohesion of a BSM is not as much a function of the binder 
type, as the active filler type and content (Ebels and Jenkins, 2007a). The addition of 1% cement 
significantly increases the cohesion of a mix. Friction angle, on the other hand is notably reduced by 
the addition of cement and by an increase in the percentage of RAP in a mix.  
 

Dynamic Stiffness Triaxial Testing 
 
Stiffness of BSM’s is a collective “loose” term for monotonically measured Young’s Modulus, as well 
as dynamically measured Resilient Modulus (Mr). Research currently underway at Stellenbosch 
University has shown that stiffness is a key material property for mix design (Ebels and Jenkins, 
2007b) and pavement design (Long and Jooste, 2007) of BSM’s. Although correlations have been 
found between monotonic and dynamic stiffness, between compressive and bending stiffness (see 
Table 2), several points should be noted:  
 

 Sophisticated equipment is required to accurately and repeatably determine dynamic stiffness, 
including LVDT’s, making Mr an unsuitable parameter to expect commercial laboratories in 
developing countries to measure reliably. 

 Flexural stiffness measured using bending-beam geometry is highly dependent on beam 
preparation, curing and testing protocols making reproducibility a rare commodity.  

 As with cohesion measurements, active filler (especially cement) has a significant influence on 
stiffness (Twagira et al., 2006). 

 
Table 2 : Typical bending and compressive stiffness values of BSM (Ebels and Jenkins, 2007b) 

Bending1 Compression2 BSM 
Emulsion Foam Emulsion Foam 

0% cement, 25% RAP 1101 1143 500 – 1100 700 – 1000 
1% cement, 25% RAP 1693 1064 800 – 1600 1200 – 1800 
0% cement, 75% RAP 929 880 900 – 1400 800 – 1200 

    Note: 1) Bending stiffness determined in 4PB test with an applied strain level of 70 
microstrain at 2 Hz and 25ºC 

 2) Compression stiffness determined in tri-axial test at 2 Hz and 25ºC and over a 
range of applied stress levels. 

 
Ebels and Jenkins (2007a) showed that stiffness can also be derived from monotonic triaxial tests. They 
found that the tangent modulus (in the linear elastic part of the stress-strain curve) has the potential to 
be a qualitative indicator of the stiffness of BSM. Although the absolute values of the tangent stiffness 
is a factor 10 lower than the stiffness values shown in Table 2, the trends between different mixes 
(varying cement content, type of binder and percentage of RAP) are similar to those of dynamic 
stiffness determination. These trends also correspond with the trends in the bedding-in stiffness during 
the permanent deformation tri-axial test. 
 

Repeated Load Permanent Deformation Triaxial Testing 
 
Repeated load dynamic triaxial tests can be used to track the accumulated permanent deformation in a 
material and thus develop “rutting” performance functions. Typically, the permanent deformation 
accumulates in three distinct phases viz. bedding in, stabilised deformation and tertiary flow.  
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The stress ratio, which is the ratio of applied deviator stress to the maximum deviator stress (at failure) 
from monotonic triaxial tests (Ebels and Jenkins, 2006), is a definitive measure of the rate of 
accumulated permanent deformation. Research has shown that the critical stress ratios for 10mm 
rutting in a 250mm layer, are comparable for foamed and emulsion stabilisation. Although mixes with 
higher percentages of RAP can sustain slightly higher stress ratios for an equivalent life, it should be 
noted that the shear properties of these mixes are of a lower magnitude. Mixes with <25% RAP, with 
or without cement, yielded similar critical stress ratios through research (with some allowance for 
variability). 
 
Table 3: Typical Critical Stress Ratios ( d/ d,f) for 4% Permanent Axial Strain 

Mixes with <25% RAP Mixes with >50% RAP BSM 
Emulsion Foam Emulsion Foam 

>1 x 106 repetitions to 4% v <50% <50% <50% <50% 
>1 x 107 repetitions to 4% v <40% <40% <45% <45% 

 
 
5. THE “BITUMEN STABILISED MATERIALS” PUBLICATION 
 
The latest South African design guideline on bitumen emulsion stabilised materials was published in 
1999. The only South African guideline on the design of foamed bitumen stabilised materials was 
published in 2002. Subsequent to their publication, certain shortcomings have been identified as well as 
the need for a unified mix design procedure for bitumen emulsion and foamed bitumen. 
 
As outlined above, shortcomings have been encountered with the compaction methods when used to 
produce BSM test specimens, the curing procedures and the test methods for mix design. These aspects 
of BSM behaviour are all currently being researched further in South Africa. The research is aimed at 
culminating in a revised mix design method for foamed bitumen and emulsion stabilised materials in 
mid-2008. In addition, the document is envisaged to incorporate the new “knowledge based” pavement 
design method developed by Long and Jooste (2007). 
 
 
6. CONCLUSIONS 
 
BSM’s do not behave like HMA type materials. Failure due to fatigue cracking is also not believed to 
be a dominant mechanism for BSM’s. The authors believe that stiffness reduction as a failure 
mechanism of BSM’s is currently over-emphasised. Long term pavement performance sections in 
various countries have shown that BSM’s used as base layers have increased in effective stiffness (as 
measured by FWD or Benkelman Beam) over a period of up to 48 months of traffic loading, due to 
curing, rather decreased in effective stiffness due to fatigue. Countries that use emulsion applications 
with higher binder contents e.g. >4% residual bitumen, should be considered as exceptions and may 
therefore find fatigue as an important failure mechanism. 
 
The design of BSM should focus more on permanent deformation. The critical material properties to be 
considered in mix design are therefore the shear properties, which can be measured using triaxial 
testing, and the rate of accumulation of permanent strain under repeated loading. This applies to both 
emulsion treated and foamed bitumen stabilised materials. 
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The mix design of BSM’s should take cognisance of the compositions of the aggregate; in particular, 
the percentage of RAP in the mix has a significant influence on mix behaviour. In addition, the 
influence of active filler, should be kept in mind. Cement application is typically limited to 1% (or 
1.5% in special cases) in order to retain flexibility in the pursuit of strength and stiffness of the mix. 
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402-116 EFFECTIVENESS OF GEOGRIDS REINFORCEMENT OF SELECTED 
ASPHALT PAVEMENTS IN POLAND 
 
M. Pszczola 
Gdansk University of Technology, Narutowicza St. 11/12, 80-952 Gdansk, POLAND 
 
ABSTRACT 
 
The paper presents the results of investigation of asphalt pavements reinforced with geogrids and composites. There 
were 33 test sections selected throughout Poland. The investigation covered: pavement design documentation, visual 
evaluation of the state of pavement which included: transverse and longitudinal cracking, fatigue cracking, surface 
deterioration and analysis of results. It was found that out of 33 test sections 26 were in good or moderate condition 
and 7 were in poor condition. For those test sections with pavement in poor condition additional field and laboratory 
tests were conducted. The tests included drilling of cores through the pavement structure, establishing the thicknesses of 
the respective courses, evaluation of the pavement condition at the locations of cracks and bonding of layers. The 
quality of asphalt mixtures was also evaluated. Finally, the conclusions and recommendations are presented. 
 
Keywords: geosynthetics, geogrids, composites, reinforcement of asphalt pavements 
 
1. INTRODUCTION 
 
In Poland we observe a growing popularity of geosynthetics as a road construction material. They are used both for 
improvement of weak subgrades and for reinforcing asphalt layers. The growing number of applications, in particular as 
reinforcement of asphalt pavements has not been accompanied by development of appropriate performance evaluation 
methods. Noticeably, geosynthetic reinforcement incorporated in asphalt has a positive effect on the fatigue life of 
pavement only when properly designed and constructed. Otherwise it may be responsible for development of early 
distress. Sometimes, such distress is attributed to poor quality of asphalt mixture rather than to incorporation of 
geosynthetic reinforcement. 
In this report we present the outcome of research carried out by the Gdansk University of Technology on selected 
pavements, which had been reinforced with Tensar geosynthetics. The materials which had been installed in the 
analysed pavements included polypropylene geogrids with rigid junctions, their composites on non-woven fabric base 
and composites of fiberglass geogrids on polypropylene paving fabric. The tests were carried out in the period from 
2005 to 2007. It is one of the first investigations of that kind in Poland, carried out to evaluate the performance of 
geosynthetics used for reinforcing asphalt layers. 
 
2. TEST SECTIONS 
 
The research covered 33 selected road sections. Selection was based on the input assumption that the age of analysed 
section, counting from the last heavy maintenance must not be shorter than 2 years. A shorter period of trafficking 
would not provide a reliable basis for such performance evaluation. Moreover, the selection of test sections was based 
on the information obtained from road operators and from the supplier of geosynthetics. Availability of design 
documentation used at the time of heavy maintenance was also taken into account. 
 
Below is a summary of test sections in geographical breakdown: 
 North part of Poland – 23 test sections with the total length of 42.3 km, 
 Central part of Poland – 6 test sections with the total length of 19.3 km, 
 South part of Poland - 4 test sections with the total length of 5.9 km. 

These total 68 km in length. 
 
Upon review of the design documentation and the information obtained from the road operators and the contractors we 
have established that the following types of geosynthetics have been used on the analysed sections: 
 Polypropylene geogrid with rigid junctions: 8 sections with the total length of 29.8 km, 
 Composite consisting of polypropylene geogrid with rigid junctions bonded to non-woven paving fabric: 15 

sections with the total length of 12.3 km, 
 Composite consisting of fiberglass geogrid and polypropylene paving fabric: 10 sections with the total length of 

25.4 km. 
 
The general characteristics of products mentioned above are presented in Tables 1 to 3. 
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Properties Longitudinal 

strength 
Transverse 

strength 
Strength, kN/m 20.0 20.0 

Load at 2% strain, kN/m 7.0 8.0 
Load at 5% strain, kN/m 14.0 15.0 
Approx peak strain, % 10.0 12.0 
Junction strength, % 95 95 

Maximum shrinkage, % 4.0 4.0 
 
Table 1:  The general specification of the geogrid with integral (rigid) junctions 
 

Properties Geogrid component 
Strength, kN/m 20.0 

Load at 2% strain, kN/m 7.0 
Approx peak strain, % 12.0 
Junction strength, % 95 

Maximum shrinkage, % 4.0 
 Paving fabric component 

Tensile strength LD/TD, kN/m 3.5/3.0 
Max elongation LD/TD, % 15/50 

Maximum shrinkage LD/TD, % 2/1 
Material thickness without load, mm 1.0 

 
Table 2: The general specification of the composite of geogrid with integral (rigid) junctions bonded to 

non-woven paving fabric 
 

Properties Fiberglass geogrid 
component P50 

Fiberglass geogrid 
component P100 

Index strength, kN/m  50.0 100.0 
Glass filament mesh pitch, mm 40x40 
Maximum strain at failure, % 3.0 

 Paving fabric properties 
Grab tensile strength, N 450.0 

Approx strain at failure, % 50.0 
Asphalt retention, l/m2 1.1 

 
Table 3: The general specification of the composite of fiberglass geogrid and polypropylene paving fabric 
 
3. METHODOLOGY OF TESTING 
 
The research was carried out in two stages. The first stage of research (stage 1) started in 2005 and consisted in 
evaluation of the condition of pavement on the selected sections on the basis of distress survey, photo report and the 
available traffic data. Moreover, the design documentation was reviewed and the information from the relevant road 
operator and the contractor was analysed. The purpose of stage 1 was to provide an initial performance evaluation for 
Tensar geogrids used for reinforcing asphalt layers. The second stage of research (stage 2) took place at the turn of 
2006/2007. The aim of stage 2 was to establish the causes of pavement distress on the sections rated to be in poor 
condition during testing of 2005. It consisted of: 
 Field testing of the sections, including coring, measuring of course thicknesses, condition evaluation of pavement 

structure at cracking locations, checking for the presence of bond between the layers, 
 Laboratory tests required to assess the quality of material incorporated on the selected sections, including 

determination of the composition of asphalt mixtures, testing of resilient modulus, Leutner shear test to assess the 
bond condition. 

 
3.1 Testing methodology applied in the first stage of research (stage 1) 
 
In stage 1 the data concerning the test sections were grouped as follows: 

 General information: location, importance in the road network, traffic volume, 
 Data obtained from the design documentation: design traffic, type and severity of problem, purpose of geosynthetic, 

repair method, 
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 Condition survey data, including severity evaluation for the types of distress noted on a given section: for 
transverse cracks – cracking index; for longitudinal cracks – total cracking length per 100 m roadway length; for 
interconnected cracks – total surface area of cracking per 100 m roadway length, for rutting – rut depth (if any). 

 
The cracking index (CI) is defined as follows: 

 
CI = S1 + 0.5S1/2 + 0.25S1/4      (1) 

 
where: 
CI - cracking index – number of transverse cracks per 100 m length, 
S1 - number of transverse cracks per roadway width, per 100 m length, 
S1/2 - number of transverse cracks per half of roadway width, per 100 m length, 
S1/4 - number of transverse cracks per quarter of roadway width, per 100 m length. 
 
Table 4 presents the condition rating system, based on the frequency of transverse cracks. 
 

Condition rating Cracking index CI (No. of  transverse 
cracks per 100 m roadway length) 

Good <1 
Moderate 1 CI 3 

Poor >3 
 
Table 4:  Pavement condition rating system based on the value of cracking index 
 
Table 5 presents the condition rating system, based on the rutting depth. 
 

Condition rating Rutting depth RD [mm] 
Good <10 

Moderate 10 RD 30 
Poor >30 

 
Table 5:  Pavement condition rating system based on the rutting depth 
 
3.2 Testing methodology applied in the second stage of research (stage 2) 
 
The scope of field and laboratory tests carried out on the samples taken from a given section depended on the type of 
distress. The following tests and evaluations have been carried out, as part of field research: 
 Drilling of cores through the pavement, 
 Evaluation of distress at crack location (e.g., crack propagation), 
 Establishing of course thicknesses, 
 Checking for the presence of bond between the layers. 

 
The laboratory testing included: 
 Determination of the mixture composition, 
 Determination of the resilient modulus and strength by indirect tensile test, 
 Evaluation of the bond condition with Leutner shear test. 

Methodology for determining the composition of asphalt mixtures 

The asphalt mixtures composition was checked where the condition of the asphalt courses indicated poor quality of the 
material used for their construction. The testing of samples taken from the analysed pavements consisted in extraction 
of bitumen and determination of the bitumen content and the aggregate grading curve (grain size distribution). 

Methodology for determining the resilient modulus 

The resilient modulus was measured to check for excessive stiffness of asphalt courses, which could be responsible for 
early cracking. The indirect tensile test was carried out in the Nottingham Asphalt Tester (NAT) according to the British 
requirements of BSI DD 231:1993 to determine the value of resilient modulus. Stress level was controlled in the test. 
The specimens, 100 mm in diameter and varying height, depending on the course thickness were subjected to five 
dynamic loading cycles and the resulting displacement was measured along the horizontal axis. A constant horizontal 
stress was applied for 0.124 sec. of the 3 sec. total cycle time. The temperature was kept at 20ºC. 
 



 4

 
 
Fig. 1:  Test scheme for determining the resilient modulus by indirect tensile test 

 
The resilient modulus S was calculated with the following equation: 
 

l
PS

H

)2732,0(        (2) 

where: 
S – resilient modulus [MPa], 
P – vertical force [MN], 

 – Poisson coefficient, 
H – horizontal displacement [m], 

l – specimen height [m]. 
 
The value of resilient modulus was determined automatically by the test apparatus. Each specimen was tested twice, the 
second time after it had been rotated by 90°. The average of the two results was taken as the representative value. 
 
Methodology for determining the indirect tensile strength 
 
The tests for indirect tensile strength were carried out with a compression tester at 50 mm/min platen speed. Load was 
applied until failure of the specimen. During the test the loading force was monitored. The temperature was kept at 
20ºC. 
 

 
 
Fig. 2:  Test scheme for determining the indirect tensile strength  
 
The value of indirect tensile strength was calculated with the following equation: 
 

Dl
PR 2        (3) 

where: 
R – indirect tensile strength [MPa], 
P – breaking force [MN], 
D – specimen diameter [m], 
l – specimen height [m]. 
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Interlayer bond according to Leutner – description of the testing methodology 
 
The bond condition was evaluated in two stages. In the first stage, during coring, the cores were inspected for existence 
of bond between the courses. Then the samples which passed the first stage of bond evaluation were taken to the 
laboratory for determining the bond condition according to Leutner shear test. 
The laboratory tests were carried out at 20ºC using the apparatus for Leutner shear test. The samples of 150 mm in 
diameter were subjected to shear loading with the pressure applied directly along the interface between the courses at 
test speed of 50 mm/min. The tested parameters were maximum shear force and maximum shear stress.  
 

 
 
Fig. 3:  Test scheme for determining the bond condition according to Leutner shear test 
 
The maximum shear stress was calculated with the following equation: 

     
A

Pmax        (4) 

where: 
 - maximum shear stress [MPa], 

Pmax – maximum shear force [MN], 
A – shear surface area [m2]. 
 
4. CONDITION RATING OF THE ANALYSED SECTIONS 
 
Twenty sections (group 1 constituting over 60% of all the sections under review) were only slightly deteriorated, if at 
all. Thus, reinforcement of asphalt courses with geosynthetic was fully effective there. The operation time, counting 
from the last rehabilitation varies across this group, reaching up to 11 years, 4.5 years being the average. On most 
sections geosynthetic was overlain with at least two layers of asphalt.  
Six sections (group 2 - ca. 18%) were rated as moderately deteriorated. The operation period in this group ranged from 
3 to 11 years, averaging somewhat below 7 years. The deterioration of pavement varied between sections. The 
prevailing type of distress were transverse cracks - 2 per 100 m length, interconnected cracks – up to 2.6 m2/100 m, 
longitudinal cracks - totalling 16.5 m per 100 m roadway length. Rutting damage was found locally, with rut depth 
reaching up to 25 mm. In most cases the geosynthetic was overlain with two layers of asphalt with the total thickness of 
10 cm on average.  
The next group consists of 7 heavily deteriorated sections (group 3 – ca. 21%). Various types of distress were noted in 
each of these sections. The prevailing type of distress were transverse cracks - 5 per 100 m length, longitudinal cracks - 
totalling 76 m per 100 m roadway length interconnected cracks – up to 32 m2/100 m, as well as ruts reaching 16 mm in 
depth. Moreover, numerous repair patches were noted. The average operation period, counting from the heavy 
maintenance involving geosynthetic instalation was almost 6 years. This group includes 2 sections on which 
reinforcement layer was overlain with a single asphalt layer of 3-5 cm in thickness. On the other hand, in one case the 
thickness of asphalt overlying the geosynthetic was 16 cm.  
Table 6 summarises classification of the evaluated sections into the respective groups, depending on the condition of 
pavement. 
 

Condition: GOOD 
(none or only slight 

deterioration) 

Condition: MODERATE 
(moderate deterioration) 

Condition: POOR 
(heavy deterioration) 

(group 1) (group 2) (group 3) 
20 sections 6 sections 7 sections 

61% 18% 21% 
 

Table 6: Classification of sections into the respective groups depending on the severity of deterioration 
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5. EVALUATION OF REINFORCEMENT PERFORMANCE UPON TESTS DONE IN STAGE 1 OF 
RESEARCH 

 
For the purpose of initial evaluation of the geosynthetic performance a question was posed: has the geosynthetic 
performed well? Therefore, as the first step the specific purpose of geosynthetic installation had to be determined, using 
the information obtained from the design and from other sources, including road operator. Then the information was 
compared against the actual condition of pavement for each section respectively. In this way the following answers 
were given to the above question, which were used for initial classification: 

 DEFINITELY YES – geosynthetic has performed well, 
 GENERALLY YES – the geosynthetic has performed well, except that on a part of the section was not fully 

effective, 
 NO – geosynthetic was ineffective, 
 UNCERTAIN.  

 
Table 7 presents an initial classification of sections on the basis of the geosynthetic performance. 
 

Has the geosynthetic done its job? 
DEFINITELY YES GENERALLY YES NO UNCERTAIN 

21 sections 7 sections 2 sections 3 sections 
64% 21% 6% 9% 

 
Table 7:  Classification of sections on the basis of the geosynthetic performance 
 
Thus we have established that on 21 sections (64%) the designed reinforcement of asphalt layers has been successful 
and the geosynthetic has done its job. On 7 sections (21%) it has been partly effective: locally ineffective, as the noted 
distress may indicate, and effective elsewhere. On 2 sections (6%) the geosynthetic reinforcement was totally 
ineffective. In both cases this was probably due to an insufficient thickness of the overlying asphalt layers. The last 
group consists of 3 uncertain sections (9%), for which a definite answer to the above question could not be given. 
 
6. TESTING OF SECTIONS IN POOR CONDITION IDENTIFIED FOR FURTHER TESTING IN STAGE 2 

OF THE RESEARCH 
 
The sections identified for further testing to determine the causes of distress on the basis of poor condition rating are 
listed in Table 8. 
 

Section Ref. Section length Type of geosynthetic used Province 
No. 1 1250 m Composite: geogrid with rigid junctions bonded to 

non-woven paving fabric 
Mazowieckie 

No. 2 1657 m Composite: geogrid with rigid junctions bonded to 
non-woven paving fabric 

Warminsko-
Mazurskie 

No. 3 230 m Composite: fiberglass geogrid on polypropylene 
paving fabric 

Pomorskie 

No. 4 710 m Composite: fiberglass geogrid on polypropylene 
paving fabric 

Zachodnio-
Pomorskie 

No. 5 1000 m out of 18 
km 

Geogrid with rigid junctions Pomorskie 

No. 6 2070 m Geogrid with rigid junctions Pomorskie 
 
Table 8:  List of sections identified for testing 
 
Section No. 1 
Section No. 1 is located on the national road No. 7 within the limits of Radom, Mazowieckie province. Section length: 
1250 m. In 2001 heavy maintenance was carried out, which included: 
 Full-depth milling of the existing asphalt,  
 Regulating course of at least 2 cm in thickness,  
 Installation of polypropylene grid with rigid junctions bonded to non-woven paving fabric all over the repaired 

surface, 
 10 cm asphalt concrete binder course, 
 4 cm SMA wearing course. 
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The asphalt courses were reinforced with composite primarily to control propagation of reflective cracks from cement-
treated base course and to allow reduction of the thickness of new asphalt layers, as necessary due to gradeline 
constraints. In the condition survey of 2005 the condition of pavement was rated as poor. The following types of 
pavement distress were noted: 
 Loss of particles from the wearing surface (ravelling), 
 Interconnected cracks of high severity, 
 Longitudinal and transverse cracks, 
 Numerous repair patches. 

The cores taken from the pavement show high brittleness of the SMA wearing course. In most cases the top-down 
cracks reached only to the top of the asphalt concrete binder course. In one case cracking extended throughout the entire 
thickness of asphalt courses.  
 
As a summary of field and laboratory tests  of the pavement of Section 1 we conclude that: 
1. The thickness of asphalt courses does not significantly differ from the design values. 
2. At each coring location the composite was overlain with two layers of asphalt with the total average thickness of 

12 cm. 
3. Bond condition was assessed as part of the testing and a relatively poor bond has been found at the interface of the 

layers separated by the composite. In 1 out of the total number of 6 samples complete debonding was noted at the 
interface with the composite layer. Leutner shear test was carried at the laboratory and the values of shear stresses 
on the interfaces with composite (average of 0.12 MPa) were lower than at wearing course/ binder course interface 
without composite (average of 0.51 MPa). 

4. The values of resilient modulus obtained in the indirect tensile test show much higher stiffness of the SMA 
wearing course, as compared to the binder course made of asphalt concrete. 

5. The SMA wearing course composition was determined and a low bitumen content was established. Already at the 
design stage the mixture composition was taken incorrectly, with 5.5% bitumen content, which is too low. The 
composition of the asphalt concrete binder course is in compliance with the standard requirements. 

6. The primary cause of pavement distress on the analysed section was excessive stiffness and brittleness of the SMA 
wearing course. This in turn had been caused by unacceptably low content of bitumen, both in the design and in the 
actually produced mixture. Insufficient coating of grains has resulted in ravelling and cracking. Probably cracking 
was not related to the installation of geosynthetic. 

 
Section No. 2 
Section No. 2 is located on the national road No. 58 in Warminsko-Mazurskie province. Section length: 1657 m. In 
2002 heavy maintenance was carried out, which included: 
 Placing of natural aggregate base course for widenings on both sides of the roadway, 
 Placing of regulating course, average thickness of 2 cm, 
 Installation of polypropylene grid with rigid junctions bonded to non-woven paving fabric on the constructed 

widenings: 1.27 m on the left-hand side, and 2.53 m on the right-hand side, viewing to Mr gowo 
 5 cm asphalt concrete binder course, 
 Slurry seal wearing course. 

According to the information obtained from the contractor, the actual thicknesses of pavement courses could be less 
than specified above, in particular for the asphalt concrete overlying the composite. The purpose of composite 
reinforcement on the widenings on both sides of the roadway was to control longitudinal reflective cracking at the 
interface between the old and new pavement. 

The distress on the analysed section of the national road No. 58 is more severe on the widenings constructed in 2002. 
The following types of pavement distress were noted: 
 Longitudinal cracks, 
 Minor interconnected cracks, 
 Local wearing course ravelling, limited to the widenings. 

 
Having analysed the results of the field tests carried out on the analysed section of the national road No. 58 we conclude 
that: 
1. The thickness of asphalt placed over the composite layer, ranging from 3.0 to 6.5 cm has proven to be insufficient. 

This could have been the reason of unsuccessful performance of the reinforcement and emergence of 
interconnected cracks, especially when the thickness of asphalt approached the lower limit. 

2. Longitudinal cracks have occurred at the composite limit located at ca. 0.5 m from the roadway edge. The area of 
cracking coincides with the right wheel track. The overlying asphalt, due to insufficient thickness, failed to restrain 
the composite and consequently cracking could have occurred at the composite limit. 



 8

3. The aim of composite reinforcement has not been attained due to the insufficient thickness of the overlying asphalt 
layers. Moreover, longitudinal cracks have developed at the verge of composite.  

Section No. 3 
Section No. 3 is located in Gdynia, Pomorskie province. Section length: ca. 220 m. In 2002 heavy maintenance was 
carried out, which included: 
 Full-depth milling of the existing asphalt,  
 6 cm binder course laid on cobblestone base,  
 Fiberglass geogrid on polypropylene paving fabric installed all over the repaired surface, 
 4 cm asphalt concrete wearing course. 

 
Presumably the purpose of reinforcing the asphalt courses with composite was to control propagation of reflective 
cracking from the cobblestone base. The prevailing type of distress found on the analysed section are severe 
interconnected cracks. 

As a summary of field and laboratory tests of the pavement of section No. 3 we conclude that: 
1. Contrary to the information obtained from the road operator, composite reinforcement was not installed all over the 

surface, but only in places. The field tests of the analysed section have shown cracking beyond the extent of the 
installed composite reinforcement. 

2. A relatively good bond, but still below the IBDiM requirement [4] has been found at the interface between the 
reinforcement and the surrounding layers. 

3. The composition of asphalt concrete used for the wearing course was determined and a high value of filler-to-
bitumen ratio was found, which could result in higher stiffness and brittleness of the course and increased 
susceptibility to cracking. 

4. The tests carried out on the section No. 3 have confirmed effectiveness of composite reinforcement as a measure to 
control cracking, as evidenced by the lack of cracks within the limits of reinforcement. Cracks have occurred in the 
areas where reinforcement had not been installed. 

Section No. 4 
The analysed street section is located in Koszalin, Zachodniopomorskie province. Section length: 714 m. In 2000 heavy 
maintenance was carried out, which included: 
 Full-depth milling of the existing asphalt,  
 At least 3 cm asphalt concrete regulating course,  
 Fiberglass geogrid on polypropylene paving fabric installed all over the repaired surface, 
 7 cm asphalt concrete binder course, 
 4 cm SMA wearing course.  

The main purpose of composite reinforcement was to control propagation of reflective cracking from the base built of 
small-size concrete elements.  

The following types of pavement distress were noted: 
 Loss of particles from the wearing surface (ravelling), 
 Interconnected cracks, mainly within the wheel tracks, 
 Longitudinal cracks, 
 Repair patches. 

As a summary of field and laboratory tests carried out on section No. 4 we conclude that: 
1. The cracks which have occurred on the analysed section are limited to the wearing course only or to the wearing 

and binder courses and are not reflected from the base course.  
2. The actual content of bitumen in the SMA wearing course in the range from 5.2% to 5.7% is relatively low. This 

could be responsible for its susceptibility to cracking.  
3. During field testing lack of bond in the layer incorporating composite was found in 1 out of the total number of 3 

cores. For the remaining 2 cores the shear stresses were much lower than 1.3 MPa, which is the minimum required 
(Ref. IBDiM, [4]). 

4. The reason of cracking and ravelling could be high brittleness and low cohesion of the SMA wearing course 
attributed to insufficient content of bitumen. 

Section No. 5 
Section No. 5 is located on the national road No. 1 in Pomorskie province, between Subkowy and Gniew. The length of 
the section covered by the 2005 survey [1] was 18 km. Transverse cracking of various severity was one of the 
prevailing types of distress. In 1996 heavy maintenance was carried out on the section with the purpose to make good 
the reflective transverse cracks, which had propagated from the cement-treated base. The repair included additional 
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milling of asphalt on the existing cracks in 1 m strips to 2.5 cm depth. Then polypropylene grid with rigid junctions was 
laid in 0.95 m strips, overlain with 2.5 cm fine-grain asphalt concrete. The construction was topped with new asphalt 
layers of ca. 10 cm in thickness.  

For the purpose of investigating the cause of cracking a shorter section of 1 km in length was selected out of the total 
length of 18 km where the cracks were most severe. Transverse cracks were investigated at 10 locations to evaluate the 
effectiveness of geogrid reinforcement. 

The purpose of geogrid reinforcement was to repair reflective transverse cracks propagated from the cement-treated 
base. The purpose of the maintenance was to counteract further propagation of reflective cracks to the surface of the 
new asphalt layers. 

As a summary of the field tests carried out on the analysed section of the national road No. 1 we conclude that: 
1. The transverse cracks are of reflective character and have propagated from the base of lean concrete and natural 

stone cubes.  
2. No geosynthetic was found at the coring locations through transverse cracks.  
3. The current transverse cracks could have not been visible on the surface of asphalt during the heavy maintenance 

of 1996. As a result, geogrid reinforcement was not provided there and the hidden cracks could have propagated to 
the surface of new asphalt courses after 1996. 

Section No. 6 
Section No. 6 is located in Gdynia, Pomorskie province. The section length is 2070 m. The prevailing type of pavement 
distress on the analysed section are transverse cracks. In 1998 heavy maintenance was carried out on the section with 
the purpose to make good the reflective transverse cracks propagated from the cement-treated base. The repair included 
additional milling of asphalt on the existing cracks in 1 m strips to 2.5 cm depth. Then polypropylene grid with rigid 
junctions was laid in 0.95 m strips over the milled area, overlain with 2.5 cm fine-grain asphalt concrete. Finally, 
asphalt concrete layers were laid, including at least 2 cm regulating course, 6 cm binder course and 5 cm wearing course.  

On the basis of the field tests carried out on section No. 6 we conclude that: 
1. The transverse cracks are of reflective character and have propagated from the cement-treated base. 
2. Geogrid reinforcement was found in 3 out of the total number of 6 cores drilled through transverse cracks. This 

could indicate limited success of pavement repair. In the remaining 3 cores reinforcement was not found at all. 
Therefore, some of the current transverse cracks could have not been visible on the surface of asphalt during the 
maintenance of 1998. 

3. The unsuccessful performance of geogrid could be due to extensive movement of the cracking edges in the vertical 
direction. 

 
7. CONCLUSIONS 
 
The above-described research yielded the following conclusions: 
1. The sections were analysed for severity of distress and on 20 out of the total number of  33 test sections (61%) only 

slight distress was noted, if any. There the geosynthetic was fully effective as a reinforcement of asphalt layers. The 
trafficking period counting from the last heavy maintenance varied between sections, reaching up to 11 years. On 
most sections geosynthetic was overlain with at least two layers of asphalt. On 6 sections  (ca. 18%) deterioration 
has been rated as moderate and 7 sections (21%) were in poor condition (heavily deteriorated). 

2. In 4 out of 6 heavily deteriorated sections under analysis the main cause of distress was poor quality of asphalt 
mixtures used in construction, which in particular concerns the wearing course material. Insufficient content of 
bitumen resulted in excessive stiffness and brittleness of produced pavement material. In the remaining 2 cases 
(sections No. 2 and No. 6) the incorrect installation method was responsible for unsuccessful performance of 
geosynthetic. 

3. The method used for repair of transverse cracks reflected from the cement-treated base course, whereby strips of 
geosynthetic were placed over the cracking area (identified just before the planned maintenance) has been only 
partly effective. Transverse cracks were found both in the areas repaired as part of heavy maintenance (section No. 
6) and more often in other places. Hence, installation of geosynthetic over the entire roadway width would have 
been more effective, yet at the same time more expensive method to control cracking. 

4. On heavily deteriorated sections in most cases poor bond was established at the geosynthetic interface. Shear stress 
values, established in the laboratory test were in all cases below 1.3 MPa (the minimum requirement of IBDiM [4]). 
In a few cases complete debonding was observed at the interface with reinforcement and the samples fell apart 
during coring operation. Thus, work management and appropriate conditions during installation are a key to 
successful performance of geosynthetic. 
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ABSTRACT 
 
The Mechanistic-Empirical Pavement Design Guide (MEPDG), developed by the NCHRP 1-37A project, provides a 
state-of-the-practice tool for the design of new pavement and restoration of existing  ones. 
The design inputs consist of site conditions (traffic, climate, subgrade, existing pavement condition for rehabilitation) 
and material proprieties. The trial pavement structure is then evaluated for adequacy through the prediction of terminal 
IRI, Surface Down Cracking (Longitudinal Cracking), Bottom Up Cracking (Alligator Cracking), Permanent 
Deformation, Thermal Fracture (Transverse Cracking). 
The designer has the flexibility to consider different design features and materials proprieties for the prevailing site 
conditions. This approach makes it possible to optimize the design and to more fully insure that specific distress types 
will not be developed.  
This paper presents an implementation of new AASHTO procedure considering typical National conditions for traffic 
loads, climatic factors and material characteristics. 
Considering reference conditions for traffic, climate and subgrade a sensitivity analysis on the variability of asphalt 
concrete (AC) mix proprieties and bituminous binder characteristics has been developed. 
Chancing the AC characteristics within the ranges usually defined in pavement construction specifications for AC 
quality control, the results show that air voids and binder content in the AC mix and binder softening point are the 
parameters mainly influencing the predicted performance of pavement. 
 
Keywords: design of pavement, mechanical properties, quality assurance 
 
1. INTRODUCTION 
 
In the pavement design, a transition is occurring from empirical methods based on in field pavement performance 
observations to methods of mechanistic estimation of cracking and deflexion. Nowadays, the state of the art is 
essentially based on mechanistic-empirical methods; these methods unify the rational estimations of strains and stresses 
based on traffic loads, climate factors and materials’ mechanics, with the predictive models of decay based on lab tests 
and performances observations. 
An important contribution towards this approach was provided by the NCHRP 1-37a design named: “Development of 
the 2002 Guide for the Design of New and Rehabilitated Pavement Structures” [1]. The procedure of estimation applies 
mechanistic-empirical model to analyse the stresses in pavement layers and to evaluate the level of damages at the end 
of the design’s period. That procedure can be applied using a software (MEPDG) [1] which is suitable for projects of 
flexible and rigid pavements, either new or existing. Performance previsions estimate the level of the final damage and 
the reliability of the design as regards the reference levels [2, 3]. 
Estimated damage for the flexible pavements are the longitudinal, transverse and alligator cracking, thermal fractures 
and permanent deformation. 
Within the 2002 Guide, the design can be put into practice through three different investigation levels, depending on the 
relevance of the project and on the detailed knowledge of the input data: 

1st LEVEL: advanced level (specific data on roads’ traffic and climatic factors, a detailed appraisal of the material 
characteristics); 

2nd LEVEL: intermediate level (regional data on roads’ traffic and climatic factors, an appraisal of the material 
characteristic through reference values or empirical correlations); 

3rd LEVEL: pre-intermediate level (default data concerning roads’ traffic, climatic factors and material properties). 
The pavement design - executed according to the 2002 Guide - has been applied in this paper on two solutions of 
flexible pavements subjected to the same climatic factors, but varying both the material characteristics and the traffic 
loads. In the paper all units are reported in the USA Standard Units according to the MEPDG [1] software input and 
output. Moreover, SI-units are reported in round brackets for a better understanding. 
The input data concerning the materials have been particularly investigated; it has been valued the materials influence 
on the pavements performance through an attentive analysis about  the degree of sensitivity of the main material 
parameters [4]. 
Moreover, this paper would provide a contribution to the use of the design method in typical Italian conditions which 
present specific features as far as typology and quality of data are concerned. 
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2. ADJUSTMENT’S CRITERIA TO THE ITALIAN CONDITIONS 
 
The approach of the input data definition has made essential some criteria to adjust the different typology and quality of 
data available on both traffic and climatic factors in comparison with the USA ones. [5]. 
In particular, the traffic and climate factors have been defined according to the specific data of the 1st Level; as far as 
the material characteristic data, in this investigation stage, a reference is made to general data of the 2nd Level. 
 
2.1 Input of traffic data 
 
As far as the TRAFFIC VOLUME is concerned, inserted data are the traditional data of the average annual daily truck 
traffic (Average Annual Daily Truck Traffic, AADTT), of the rate of the heavy vehicles along the loading lane and of 
the operating speed. 
With regard to the Monthly Adjustment (MAFi) - supposing a decrease of the traffic during summer - it has been 
predicted a seasonal distribution of the design traffic. 
With regards to the rate of overall traffic AADTT for each hour of the day  (Hourly Distribution Factors: HDF), the 
standard distribution provided by the Guide has been left unchanged, in absence of specific information. 
In conclusion, as the Traffic Growth Factors are concerned, the Guide software uses three different functions to 
evaluate the growth factor of traffic during the years (No Growth, Linear Growth, Compound Growth). 
The Axle Load Distribution Factors represent the rate on the overall axle load distribution for each specific axle type 
(single, tandem, tridem and quad) and for each vehicle class. 
This one has been the mostly simplified input, because of the remarkable difference between the quality and the 
quantity of available data. On that account, in absence of WIM (Weight-in-Motion) data, a unique reference load value 
for each type of vehicle has been inserted (full load condition).  
Moreover, because of the occasional correspondence of axles typology between one classification (CNR) and the other 
(FHWA), some axles have been adjusted through  appropriate equivalence factors deduced from the ESAL’ s estimation 
procedure. 
Table 1 illustrates the distribution of load axles as a result of fore mentioned changes. 
 

class Single Axle [lb] (kN) Tandem Axle [lbf] (kN) Tridem Axle [lb] (kN) 

4 50% 
11,000-18,000 (49-80) - - 

5 
16.67% 

3,000-4,000-9,000-11,000-18,000-25,000 
(13 – 18 – 40 – 49 - 80 – 111) 

- - 

6 50% 
9,000-13,000 (40 – 58) 

50% 
18,000-22,000 (80 - 98) - 

7 - - - 
8 - - - 

9 50% 
9,000-13,000 (40 – 58) 

50% 
18,000 (80) 

25% 
20,000-22,000 (89 – 98) 

- 

10 33.33% 
9,000-11,000-13,000 (40 – 58) 

33.33% 
42,000-46,000-50,000 

(187 – 205 – 222) 

33.33% 
18,000-21,000-30,000 

(80 – 93 – 133) 

11 

12.5% 
9,000-13,000-20,000 (40–58–89) 

25% 
18,000 (80) 

37.5% 
22,000 (98) 

- - 

12 - - - 
13 - - - 

 
Table 1:  Axle Load Distribution 
 
 
The last category of traffic inputs is the GENERAL TRAFFIC INPUTS. As for the Number axles/truck, that is the 
average number of axles for each vehicles class (4  13), the reference values are shown in table 2. 
Table 3 illustrates reference data to define the Axle Configuration and  Wheelbase. 
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 Single Tandem Tridem Quad 
Class 4 2 0 0 0 
Class 5 2 0 0 0 
Class 6 1 1 0 0 
Class 7 1 0 1 0 
Class 8 3 0 0 0 
Class 9 1 2 0 0 

Class 10 1 1 1 0 
Class 11 5 0 0 0 
Class 12 4 1 0 0 
Class 13 3 2 0 0 

 
Table 2:  Number axles/truck 
 
 

Average axle-width [ft] (m) 8.5 ft (2.6) 
Dual Tire Spacing [inch](m) 12 inch (3.7) 
Axle Spacing [inch] (m) 51.6 inch (15.7) for tandem axle; 49.2 inch (15.0) for tridem e quad. axles

Wheelbase  
Average axle spacing [ft] (m) 12 ft (3.7) (short); 15 ft (4.6) (medium);18 ft (5.5) (long). 
Percent of trucks with the short, 
medium and long axle spacing (%) 

 
33% , 33% , 33% 

 
Table 3:  General Traffic Inputs 
 
 
2.2 Input of climatic data 
 
As far as the input of climatic data is concerned, the software allows to bring in a previously created data base, or to 
create a new one from a specific climatic station.  
Information about the weather conditions are mainly obtained from climatic stations placed in the neighbourhood of the 
design site. These stations should contain from 60 to 66 months of climatic data required by EICM software. 
In the software, information about climatic factors are obtained from the data bank  of the many American climatic 
stations. Other information, instead, are directly inserted by the user himself. 
For application purposes, a climatic file has been created to show the average seasonal factors in southern Italy [6]; this 
file has been used as a reference point for the writing of the Pavements’ Catalogue [C.N.R., 1994] (table 4). The hourly-
based values have been obtained through an hypothesis of a sinusoidal variation for the temperature and the relative 
humidity.  
 

 Season Winter Spring Summer Autumn 
Tag [°C] 9-11 14-16 24-26 18-20 
Ag [°C] 6-8 9-11 10-12 8-10 

I [Kcal/gg m2] 3223 6120 6739 4097 

 
Southern and   
Insular Italy 

 Vv [Km/h] 16-24 15-22 12-20 12-21 
 
Table 4:  Italian climatic data 
 
 
In regard to precipitation values, the seasonal data (table 5) [7] have been converted from monthly-based to hourly-
based data.  
The wind force has been hypothised constant during the day. 
As far as the solar radiation is concerned, a rate course has been used with highest values during the hottest hours of the 
day and lowest values during the coldest ones. 
 

month 1 2 3 4 5 6 7 8 9 10 11 12 
mm 75 53 46 35 19 6 5 9 45 106 62 86 

 
Table 5:  Italian average precipitation (Southern Italy) 
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2.3 Input of material data 
 
As far as insertion of the material data is concerned, it’s necessary to define the structure of the pavement. The data 
required by the software are the following: 
Material typology, Layers thickness, Material properties. 
It’s necessary to define the characteristics of the “asphalt mix”, of the “asphalt binder” and of the “asphalt general”. 
 
As for the asphalt mix, the following values need to be defined: 
· Cumulative % Retained 3/4” inch sieve 
· Cumulative % Retained 3/8” inch sieve 
· Cumulative % Retained # 4 sieve 
· % passing # 200 sieve 
 
The asphalt binder requires the insertion of the softening point and the penetration value of the examined sample. 
Finally, the asphalt general requires the insertion of the mix’s general characteristics: 
· General : Reference Temperature (°F); 
· Volumetric Properties : Effective Binder Content (%), Air Voids (%), Total Unit, Weight (pcf) 
· Thermal Properties: Thermal Conductivity Asphalt (BTU//hr-ft-°F), Heat Capacity Asphalt (BTU/lb-F°) 
· Poisson’s Ratio 
For the no-bituminous layers, the characteristics required by the software are: 
· Strength Properties: Coefficient of lateral pressure k0, Poisson’s Ratio, Modulus (psi) 
· ICM requires the insertion of values to define the sub grade characteristics: Plasticity Index (PI), passing # 4 sieve 

(%),passing # 200 sieve (%),the diameter of the sieve in mm at which 60 percent of the soil material passes, D60. 
 
3. DEFINITION OF THE INPUT DATA 
 
The investigation has been accomplished through the analysis on two pavements subject to the same climatic factors; 
these pavements were constituted by three layers of asphalt concrete, a subbase course (crushed gravel) and a subgrade 
type A2-4 ,  subjected to two different traffic conditions (table 6). 
 

Test Mr [psi] (N/mm2) Geographical Area Traffic (Heavy vehicles) 
Test Road 1 14,500 (100) Sud 12,000,000 
Test Road 2 14,500 (100) Sud 45,000,000 

 
Table 6:  Test Road examine 
 
 
It has to be considered that the traffic spectra have been conveniently adjusted to the input data of AASHTO Guide 
according to the criteria previously illustrated (5); For the climate, the climatic files created in order to represent the 
conditions of Southern Italy (table 4) have been used. 
In table 7 the inputs of the transverse section are reported. 
 

Test Mean wheel location 
[inch] (m) 

Traffic wander standard deviation 
[inch] (m) 

Design lane width 
[inch] (m) 

Test Road 1, 2 17.7 (0.45) 9.8 (0.25) 147.6 (3.75) 
 
Table 7:  Cross Section Inputs 
 
 
As regard to the inputs for pavement materials (2nd Level), tables 8, 9 and 10 illustrate the input parameters which have 
been used. Table 10 illustrates the characteristics of the asphalt concrete referred to the “0” investigation. 
 

Layer 4 (subbase course: crushed gravel) 
Poisson’s Ratio 0.35 
Coefficient of lateral pressure k0 0.5 
Mr [psi] (N/mm2) 15,950 (110) 
Plasticity Index 0 
passing # 200 sieve (%) 6 
passing # 4 sieve (%) 30 
the diameter of the sieve in mm at which 60 percent of the soil material passes, D60 [mm] 16 

 
Table 8:  Inputs parameters: subbase course 
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Layer 5 (A2-4) 

Poisson’s Ratio 0.45 
Coefficient of lateral pressure k0 0.5 
Mr (psi) (N/mm2) 14,500 (100) 
Plasticity Index (%) 5 
passing # 200 sieve (%) 6 
passing # 4 sieve (%) 42 
the diameter of the sieve in mm at which 60 percent of the soil material passes, D60. (mm) 14 

 
Table 9:  Inputs parameters: subgrade 
 
 

  Layer1 
surface c. 

Layer2 
binder 

Layer3 
base c.  

Cumulative % Retained ¾ inch sieve 0 13 31 
Cumulative % Retained 3/8inch sieve 20 35 53 
Cumulative % Retained # 4 sieve 53 55 63 

 
Aggregates 
 

passing # 200 sieve [%] 8 6 6 
Softening Point [°F] 124 124 124 Asphalt 

Binder Penetration [dmm] 60 60 60 
Reference Temperature [°F] 70 70 70 
Effective Binder Content [%] 5.7 5.2 4.7 
Air Voids [%] 4 4 4 
Total Unit Weight [pcf] (Kg/m3) 147 (2,355) 147 (2,355) 147 (2,355) 
Thermal Conductivity Asphalt [BTU/hr-ft-F°] 0.67 0.67 0.67 
Heat Capacity Asphalt [BTU/lb-F°] 0.23 0.23 0.23 

 
 

Asphalt 
Concrete 

Poisson’s Ratio 0.4 0.4 0.4 
 
Table 10: Inputs parameters: Asphalt Concrete, Test Road 1-2 
 
 
The selection of the material characteristics to be used in the “basic solution” (0 investigation), was carried out from the 
mean values of range generally required from the Quality Assurance Specifications [8] for each parameter 
characterizing the materials (Test Road 1 and 2) (Table 11). 
In table 12 the defined values for the performance criteria are reported. 
 

  range 
surface course 

range 
binder 

range 
base course 

Cumulative % Retained ¾ inch sieve 0 18-8 43-18 
Cumulative % Retained 3/8inch sieve 30-10 45-25 65-40 
Cumulative % Retained # 4 sieve 60-45 65-45 75-50 

 
Aggregates 

passing # 200 sieve [%] 6-10 4-8 4-8 
Softening Point [°F] 115-133 115-133 115-133 Asphalt Binder 
Penetration [dmm] 50-70 50-70 50-70 
Effective Binder Content [%] 5-6.5 4.5-6 4-5.5 Asphalt Concrete 
Air Voids [%] 3-5 3-5 3-5 

 
Table 11: Acceptance range 
 
 

 Principal Rural Road 
Reliability [%] 90 
IRI [in/mi] 180 (2.8) 
AC Surface Down Cracking [ft/500 ft] (m/500m) 500 (500) 
AC Botton up cracking [%] 15 
Permanent Deformation Total [in] (cm) 0.5 (1.3) 
Permanent Deformation (AC only) [in] (cm) 0.35 (0.9) 
 
Table 12: Performance Criteria 
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The basic solution concerning the selected layer thickness was carried out from the examination accomplished with 
MEPDG, until the “optimum” solution has been found out, that is to say the minimum thickness being able to satisfy 
the performance criteria set as threshold (tables 13, 14 e 15). 
 

Test Thickness Layer [inch] (cm) 
Test Road 1 2.4 (6.0) (surface course), 2.8 (7.0) (binder), 7.0 (18) (Base course), 5.9 (15) (Subbase course) 
Test Road 2 2.4 (6.0) (surface course), 2.8 (7.0) (binder), 12.6 (32) (Base course), 5.9 (15) (Subbase course)

 
Table 13: Layer Thickness 
 
 

Performance Criteria Distress 
Target 

Reliability 
Target 

Distress 
Predicted 

Reliability 
Predicted Accept 

AC Surface Down Crack. [ft/500 ft] 500 90 0.5 94.38 Pass 
AC Bottom Up Crack. [%] 15 90 0.9 99.999 Pass 
Permanent Deformation (AC only) [in] (cm) 0.35 (0.9) 90 0.13 (0.33) 99.96 Pass 
Permanent Deformation [in] (cm) 0.5 (1.3) 90 0.33 (0.84) 96.94 Pass 

 
Table 14: Results Investigation “0”, Test Road 1 
 
 

Performance Criteria Distress 
Target 

Reliability 
Target 

Distress 
Predicted 

Reliability 
Predicted Accept 

AC Surface Down Crack. [ft/500 ft] 500 90 0 99.07 Pass 
AC Bottom Up Crack. [%] 15 90 0.4 99.999 Pass 
Permanent Deformation (AC only) [in] (cm) 0.35 (0.9) 90 0.21 (0.53) 96.52 Pass 
Permanent Deformation (Total) [in] (cm) 0.5 (1.3) 90 0.37 (0.94) 90.46 Pass 

 
Table 15: Results Investigation “0”, Test Road 2 
 
 
4. SENSITIVITY ANALYSIS 
 
The local sensitivity analysis has been carried out on a number of input variables of MEPDG flexible pavement design. 
This kind of analysis has got a local impact on the factors examined, since it analyses each time a single factor whereas 
it leaves constant the rest of them. 
During the sensitivity analysis, the following material characteristics in the asphalt concrete layers have been varied: 
Aggregate gradation, Softening Point, Penetration, Effective Binder Content, Air Voids. 
Moreover, three factors have been specifically considered:  

3 Aggregate gradations: 
the curve in centre of the representative aggregate gradations (basic condition: 0) 
the curve in the upper end of the shaft (condition +) 
the curve in the lower end of the shaft (condition -) 
3 Softening Point’s values: 
centre range value (basic condition: 0) 
range maximum value presented by the relative Tender (condition +) 
range minimum value presented by the relative Tender (condition -) 
3 Penetration’s values: 
centre range value (basic condition: 0) 
range maximum value presented by the relative Tender (condition +) 
range minimum value presented by the relative Tender (condition -) 
3 Effective Binder Content’s values: 
centre range value (basic condition: 0) 
range maximum value presented by the Catalogue (condition +) 
range minimum value presented by the Catalogue (condition -) 
3  Air Voids’ values: 
centre range value (basic condition: 0) 
range maximum value presented by the Catalogue (condition +) 
range minimum value presented by the Catalogue (condition +) 
On that account, 28 investigations have been accomplished for each analysed pavements (table 16) 
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Investigation Aggregate gradation Softening Point Penetration Effective binder 
content. Air voids 

0 0 0 0 0 0 
1 0 - 0 0 0 
2 0 + 0 0 0 
3 0 0 - 0 0 
4 0 0 + 0 0 
5 0 0 0 - 0 
6 0 0 0 + 0 
7 0 0 0 0 - 
8 0 0 0 0 + 
9 + 0 0 0 0 

10 + - 0 0 0 
11 + + 0 0 0 
12 + 0 - 0 0 
13 + 0 + 0 0 
14 + 0 0 - 0 
15 + 0 0 + 0 
16 + 0 0 0 - 
17 + 0 0 0 + 
18 - 0 0 0 0 
19 - - 0 0 0 
20 - + 0 0 0 
21 - 0 - 0 0 
22 - 0 + 0 0 
23 - 0 0 - 0 
24 - 0 0 + 0 
25 - 0 0 0 - 
26 - 0 0 0 + 
27 + + + + + 
28 - - - - - 

 
Table 16: Design scenario 
 
 
4.1 Analysis of result 
 
The analysis of the results has been accomplished through a comparison between the various decay levels and the 
corresponding reliability obtained from different solutions considered; the value of the basic solution (0 investigation) 
and the control limits for the acceptability of the pavement design have been taken into account (table 12). 
From the results it can be noted that: 
- Surface Down cracking on light traffic pavements (Test Road 1), is mostly influenced by the softening point (1, 10 

and 19 investigations) and by the increase of air voids (8, 17 e 26 investigations); it presents cases of no-conformity 
with the last parameter. Variations on high traffic pavements aren’t significant (Test Road 1) (figures 1 and 2). 

- In Test Road 2, permanent deformations in bituminous layers increase simultaneously with  the increment of the 
asphalt binder content (6 and 15 investigations) and with a noticeable reduction of the softening point (1, 10 and 19 
investigations); this reduction may create no-conformity cases. On the other hand, variations on light traffic pavement 
aren’t significant (Test Road 1) (figures 3 and 4). 

- Finally, total and permanent deformations increase with a reduction of the softening point in both analysed 
pavements; nevertheless, high traffic pavements (Test Road 2) present a considerable number of no-conformity cases 
with a reduction of the softening point (1 and 10 investigations), with the increment of the asphalt binder’s rate (15 
and 24 investigations), with the variation of both the “penetration” parameter (4, 12, 13 and 22 investigations) and the 
“air voids” parameter (8, 16, 17 and 26 investigations) (figures 5 and 6). 
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Figure 1: Reliability AC Surface Down Cracking, Road Test 1 
 

 
 
Figure 2: Reliability AC Surface Down Cracking, Road Test 2 
 

 
 
Figure 3: Reliability Permanent Deformation (AC only), Road Test 1 
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Figure 4: Reliability Permanent Deformation (AC only), Road Test 2 
 

 
 
Figure 5: Reliability Permanent Deformation (Total Pavement), Road Test 1 
 

 
 
Figure 6: Reliability Permanent Deformation (Total Pavement), Road Test 2 
 
5. CONCLUSIONS 
 
The paper presents a study to evaluate the influence of Quality Assurance (QA) specifications for Asphalt Concrete 
characteristics on pavement design and performance. Binder, Aggregates and AC proprieties were changed taking into 
account the acceptance ranges generally required by QA. The sensitivity analysis has pointed out that Surface Down 
cracking is mostly influenced by the reduction of the binder softening point and by the increase of the mix air voids. 
Permanent deformations in bituminous layers increase simultaneously with the increment of the asphalt binder content, 
of the mix air voids and with a noticeable reduction of the binder softening point. Finally, total and permanent 
deformations increase with a reduction of the binder softening point, with the increment of both penetration values, 
asphalt binder content and mix air voids. 
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Moreover, although the fore mentioned variations in the AC parameters have been maintained within the acceptance 
ranges usually defined in the Quality Assurance specifications, the deterioration of the pavement performance can go 
beyond the acceptability limits of permanent deformation and cracking.  
Finally, the use of AASHTO 2002 procedure for pavement design has allowed to define both detailed traffic inputs and 
climatic factors applicable to an European Country (Italy). This new procedure has pointed out that traffic inputs require 
data not easily available in the absence of a survey through WIM not currently in use in Italy. Furthermore, FHWA 
vehicle classification provided by the Guide can not be fully adapted to the Italian vehicle typologies. In a similar way, 
as far as climatic data are concerned, they need to be defined in relation to the actual climatic areas. 
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ABSTRACT 
 
The objective of this study was to analyze the dynamic modulus (E*) test parameters for different paving materials to 
assess the mix’s tire/pavement noise characteristics. The hypothesis was that an elastic material would produce more 
noise than a viscous one. Theoretical and statistical analyses were performed on laboratory E* test results for 
conventional dense graded asphalt mixtures, asphalt rubber mixtures, and Portland cement concrete. The differences in 
phase angles with respect to temperature among the mixtures were compared with known noise characteristics of the 
pavements in the field, to assess if the phase angle was indicative of tire/pavement noise.  E* components: the storage 
(elastic) modulus E’ and the loss (viscous) modulus E” were also analyzed for the same purpose. The phase angle was 
shown to potentially be a noise discriminator factor between the different pavement materials. It was also shown that 
for tire/pavement noise reduction, the most desired mix behavior is to have the E’ and E” as equal as possible. In 
addition, the average peak phase angles calculated for each mix type correlated well to the field sound intensity 
measurements for four different surface types. It was concluded that the viscoelastic properties of the mix measured in 
the laboratory with the E* test can potentially explain the noise reduction observed in the field.  
 
Keywords: Dynamic modulus, storage and loss moduli, phase angle, tire/pavement noise 
 
1. INTRODUCTION 
 
Road traffic noise has become a major problem in several metropolitan areas. Automotive technology advancement has 
decreased the average noise per automobile by about six decibels (dB) in the last 25 years. One way to reduce highway 
noise affecting the adjacent residential areas is by constructing sound barriers (walls) along the city freeways. Typical 
noise barrier walls cost around 2 million US Dollars per 1.6 kilometer [1] [2]. The public has brought up so much 
attention to the noise problem that transportation agencies, academic institutions and private entities are looking for 
innovative ways to address the problem. In Europe and the U.S., several successful highway projects have been 
reported with the use of open graded or porous friction course pavements. The success has been mainly contributed to 
the high air voids content of these asphalt mixtures [3]. However, problems like clogging of pavement air voids were 
reported to possibly degrade the dampening acoustic effects of these porous pavements [4]. 
The Portland Cement Concrete (PCC) pavements are generally known to have higher tire/pavement noise. The noise 
difference compared to Asphalt Concrete (AC) pavements was reported to be as high as 8 to 10 dB [5] [6]. Research on 
admixtures and PCC pavement surface texturing techniques is being conducted (e.g. adding recycled plastics, rubbers, 
or wood by-products), to increase the viscous dampening effect of the mix but without decreasing the structural quality 
[7]. 
In Arizona, the Asphalt Rubber open-graded friction course (ARFC) mixtures have become the number one public 
demand item. Residents have been asking their transportation officials to place Asphalt Rubber (AR) overlays on 
highways nearby their neighborhoods because of the great noise reduction they provide. In fact, legislation has been 
passed to overlay 185 kilometers of the freeways and highways in the Phoenix metropolitan area with AR mixtures 
because of the significant noise reduction produced by these mixes [8]. The Arizona Department of Transportation 
(ADOT) compiled field noise measurements for many different pavement surface types, and a summary is shown in 
Table 1 [9] [10]. The least noisy surface shown is the ARFC, which is an open graded mixture. In addition, research 
and field experience with these mixes have shown that AR mixes have great resistance to rutting, fatigue and thermal 
cracking [11].  

Surface Type Sound Intensity, dB(A) 
Asphalt-Rubber-Open Graded 96-97 
Asphalt-Rubber-Gap Graded 98-99 

HMA Dense Graded 100-102 
Chip Seal 105-107 

Portland Cement Concrete 101-109 
Table 1: Comparison of the Sound Intensity Measurement (near the tire) Tire/Pavement Noise for Different 
Surfaces [9] [10] 
The construction of sound barriers or walls to address highway noise is expensive for many agencies and public 
communities. One practiced solution for this noise problem is to overlay existing PCC pavements with an asphalt 
pavement. Determining the appropriate asphalt mix type depends on the understanding why some asphalt mixtures 
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reduce traffic noise better than others. Therefore, it is of great interest to appropriately characterize the asphalt mix, and 
identify if any of its fundamental properties can help determine its noise reduction capability in the field. 
In recent development, the Dynamic Modulus (E*) laboratory test has become one of the most important material 
properties for asphalt mixtures. It is has been recommended as a Simple Performance Test (SPT) to compliment this 
mixture design process under the National Cooperative Highway Research Program (NCHRP) Project 9-19 [12] [13]. 
The SPT is intended to provide reliable indication on the performance of the asphalt mixture during the volumetric 
mixture design, and to play a key role in the quality control and acceptance of asphalt mixtures. The E* is also an 
important input property in the Mechanistic Empirical Pavement Design Guide (MEPDG). In the MEPDG, E* is the 
only asphalt characterization parameter, along with the binder and volumetric properties of the HMA mix. Because of 
its importance, a considerable amount of E* tests have been performed by many researchers on many conventional and 
non-conventional asphalt mixtures. The Arizona State University (ASU) has the largest database on E* tests conducted 
on asphalt mixtures from national and international test sites, including asphalt rubber mixtures. This paper investigates 
if any of the E* test parameters can distinguish between the different asphalt mixes in terms of their noise 
characteristics. 
 
2. OBJECTIVE 
 
The objective of this paper was to analyze the E* laboratory test parameters for asphalt mixtures to assess if they can 
provide understanding to the pavements’ field noise characteristics. Analyses were performed on available laboratory 
E* test results. One test parameter of interest was the phase angle, which indicates the elastic and viscous properties of 
an asphalt mixture. The hypothesis was that if a mix was more on the viscous behavior side, then it would provide more 
noise dampening effect, leading to a less noisy road. The differences in phase angles among the mixtures were 
compared to the differences in known noise characteristics of the pavements in the field, to assess if the phase angle 
was an appropriate noise field performance parameter. 
 
3. TIRE / PAVEMENT NOISE SOURCES 
 
Highway traffic noise is generated by three sub-sources: engine noise, exhaust noise, and tire / pavement interaction 
noise. It has been found that tire / pavement interaction is the dominant source at speeds of 40 km/h and higher. Figure 
1 presents the tire / pavement noise dominant factors. These factors include: air pumping, compression of tread block, 
friction, porosity, acoustic absorption, aggregate texture, thickness, age of the pavement and temperature. These factors 
are discussed in detail in the literature [14] [15] [16].  
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Figure 1: Tire / Pavement Noise Dominant Factors 
 
Speed studies (70-145 km/h) have indicated that air pumping is caused due to the pushing of the air in between the 
passages of tire tread blocks. Noise is caused by tread blocks hitting the roadway at the leading edge of the tire plus a 
sort of inverse impact as tread blocks leave the roadway surface at the trailing edge. Friction is a property of the tire / 
pavement interaction that is derived from a number of basic tire and road surface characteristics such as megatexture, 
macrotexture, microtexture and molecular interaction. It has been found that the higher the friction the lower is the 
noise, and in turn, the better the grip of the road and tire.  
It is well understood that porous pavements tend to be quieter than non-porous pavements. This is because porous 
pavements are more acoustically absorptive and reduce the effects of air pumping. Important porosity parameters 
include the percent voids (higher is better), the size of the voids (smaller is better), and peak frequency parameters such 
as the layer thickness, the air flow resistance, and the shape factor or tortuosity. Increased absorption is one of the key 
effects of a porous pavement. Pavements that are acoustically absorptive will reduce the effective source strength by 
reducing the reverberant buildup in the under-vehicle area and will result in attenuation as the sound propagates across 
the pavement. Aggregate texture refers to all unevenness in the pavement surface. The greater the texture, the lower is 
the noise from air pumping. 
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Some other studies have shown that noise is influenced by pavement thickness. But, it is still dependent on various 
other factors such as air voids, binder type and driving conditions.  However, when air voids and thickness of 
pavements are combined, there is a good relation between noise and equivalent air thickness. There is some amount of 
degradation in the pavement structure over time. After a certain period of time, a saturation noise level is reached even 
though the pavement has lasted long enough. Temperature relationships between material temperature and sound level 
have been found to be a nearly linear relationship. The higher the temperature, the more viscous the material and less is 
the pavement noise. There is a saturation level after which the temperature is dominated by other effects such as 
aggregates.  
There are different views among experts on which are the dominant factors or mechanism causing tire/pavement noise. 
The authors believe that ARFC mixes reduce tire/pavement noise because they act as an acoustic absorber due to the 
viscoelastic nature of the asphalt mix, and because air escapes (pushed) through the layer voids avoiding the air 
compression under the tire. Furthermore, the smooth riding surface characteristics and small top size aggregate 
contribute to less tire deformation with travel and less squeezing of air between the tire and pavement. 
The viscoelastic characteristics of an ARFC come from much higher bitumen content (9-10%) and inclusions of crumb 
rubber (20% by weight of the binder). Potentially, there is reason to believe that rubber particles in the ARFC 
contribute to less noise.   
 
4. DYNAMIC MODULUS E* TEST 
 
For linear viscoelastic materials such as asphalt mixes, the stress-strain relationship under a continuous sinusoidal 
loading is defined by a complex number called the complex modulus E* [12]. The E* has a real and imaginary part that 
defines the elastic and viscous behavior of the linear viscoelastic material. These components are:  

E* = E’ + iE’’        (1) 
With  

E’ = ) cos        (2) 
and 

E’’ = ) sin        (3) 
Where: 

 = peak dynamic stress amplitude (kPa). 
 = peak recoverable strain (mm/mm). 

 = phase lag or angle (degrees). 
 
The E’ value is generally referred to as the storage (elastic) modulus component of the complex modulus, while E” is 
referred to as the loss (viscous) modulus. The loss tangent (tan ) is the ratio of the energy lost to the energy stored in a 
cyclic deformation and is equal to: 

tan  = E” / E’        (4) 
The absolute value of the complex modulus E* , is defined as the dynamic modulus. Mathematically, the dynamic 
modulus is defined as the maximum (peak) dynamic stress ( ) divided by the recoverable axial strain ( ): 

E*  = )        (5) 
By current practice, dynamic modulus testing of asphalt materials is conducted on unconfined cylindrical specimens 
having a height to diameter ratio equal to 1.5 and uses a uniaxially applied sinusoidal load [12]. Under such conditions, 
the sinusoidal stress at any given time t, is given as: 

t =  sin ( t)        (6) 
Where: 

 = angular frequency in radian per second. 
t = time (sec). 
The subsequent dynamic strain at any given time is given by: 

t = sin ( t - )        (7) 
The phase angle is simply the angle at which the  lags , and is an indicator of the viscous (or elastic) properties of 
the material being evaluated. Mathematically this is expressed as: 

 = (ti / tp) x (360)       (8) 
Where: 
ti = time lag between a cycle of stress and strain (sec). 
tp = time for a stress cycle (sec). 
For a pure elastic material,  = 0 and for a pure viscous material,  = 90o. Figure 2 shows the relationship between the 
stress and strain of an asphalt mixture under given sinusoidal load. The E* test is performed in the laboratory at 
different temperatures and frequencies combination within the linear viscoelastic range.  
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0 < < 5o, Elastic, Noise

5o < < 45o, Viscoelastic, Less Noise

45o 90o, Viscous, Least Noise

0 < < 5o, Elastic, Noise

5o < < 45o, Viscoelastic, Less Noise

45o 90o, Viscous, Least Noise

 
Figure 2: Asphalt Mixture Stress-Strain Responses under Sinusoidal Load for Different Viscoelastic Behaviors 
 
4.1 Phase Angle   
The phase angle, , is obtained (calculated) simultaneously with the E* test. As stated before, this parameter determines 
the elastic or viscous properties of an asphalt mix. In this study it was the main parameter of interest to evaluate the 
noise characteristics in the field. Figure 2 presents three different viscoelastic responses and anticipated noise 
characteristics: dominantly elastic with phase angles below 5o, viscoelastic behavior with phase angles between 5 and 
45o, typical of asphalt mixtures, and dominantly viscous behavior with phase angles greater than 45o. 
 
5. MIXTURE PROPERTIES 
 
Data for 82 dense-graded conventional mixtures were extracted from ASU database [17] [18] [19 [20] [21] [22] [23] 
[24]. Two or three samples were used per mix, yielding more than 200 tests with air voids range between 4 and 8%. In 
addition, data for 30 asphalt rubber open and gap graded mixes (ARFC and ARAC) were also extracted from the 
database [21] [22] [23] [24]. The air voids were in the range of 8 to 11% for the gap-graded mixes, and about 18% for 
the open graded mix. Three samples per mix were used, yielding a total of 96 data points. All results included data for 
five temperatures and six loading frequencies as per the standard E* test protocol.  
 
6. PHASE ANGLE RELATIONSHIPS 
 
Figure 3 shows a typical plot between E* and the corresponding phase angle for a conventional dense graded mix and 
an ARFC mix. The plots represent the variation of the phase angle as the mix stiffness goes from high (cold 
temperature) to low (hot temperature).  

CONVENTIONAL DENSE GRADED
y = 13.054x3 - 241.53x2 + 1461x - 2868.8

R2 = 0.9825

ASPHALT RUBBER OPEN GRADED
y = 3.4571x3 - 60.496x2 + 328.23x - 525.77

R2 = 0.9522
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Figure 3: Typical Log |E*| vs. Phase Angle Relationships of a Dense-Graded Conventional Mix – ADOT Burro 
Creek Section and an Asphalt Rubber Open Graded Mix – I-40 Buffalo Range Section 
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Historically, conventional dense-graded mixtures have phase angles in the range of 2-5o at low temperatures, and 35-
45o at high temperatures. An example is shown in Figure 3. The highest E* values correspond to the lowest temperature 
and highest frequency test (-10 oC and 25 Hz); the corresponding phase angle is the lowest during the entire test. As the 
frequency decreases and the temperature increases, the phase angle increases (departs from the elastic limit) until it 
reaches a peak normally at E* test temperature of 37.8 oC (  = 35 to 45o). After that, the phase angle starts decreasing. 
This trend is rational and due to the fact that at cold conditions, the asphalt binder mainly governs the mix behavior, 
typical of an elastic material. As the temperature starts increasing, the viscous property of the binder increases and 
starts playing a role in increasing the phase angle of the mix. At high temperature conditions, the binder effectiveness 
diminishes and the aggregates become dominant for the mix behavior (37.8 and 54.4 oC); reflected by a drop in phase 
angle values or more elastic behavior. 
On the other hand, for the AR mixtures, it was observed that after the peak phase angle value about a test temperature 
of 37.8 oC, the decrease was barely noticeable. The phase angle data remained in a constant range between 35 and 45o, 
and did not decline in value for the test temperatures and frequencies mentioned earlier. This was especially true for 
mixes that had higher air void levels. Figure 3 also shows an example of such non-conventional relationship for the 
asphalt rubber mixture. This non-declining trend for the phase angle was surmised to be due to the crumb rubber 
influence with high binder content. As the asphalt binder effectiveness diminishes at higher temperatures, the 
modification provided by crumb rubber continues to play a role in the mix behavior. This modification keeps the 
material behavior closer to a viscous one, and thus the phase angle does not decrease.  
These graphical observations lead to initial conclusions that the phase angle / E* test may provide an indication if a mix 
could be more noise-suppressant than another. The higher the phase angle, and thus the more viscous the material, 
would mean the tendency of the mix to be noise dampening. Table 2 provides summary of the average peak phase 
angles for all mixtures under this evaluation. The table also includes average peak phase angle for a conventional 
Portland cement concrete mixture. The values shown are the average of the samples tested for each mix.  

Mix Conventional 
Dense Graded 

AR-Open 
Graded (ARFC) 

AR-Gap Graded 
(ARAC) 

Portland Cement 
Concrete 

Total No. of Mixes 82 15 15 1 
Air Voids (%) 4 to 8 ~18 8 to 11 <1 

Bitumen Content (%) 3 to 5 ~9 7 to 8 N/A 
Average Peak  (degrees) 29 40 36 5 

Std. Dev.  (degrees) 5 15 8 N/A 
Minimum  (degrees) 15 15 15 N/A 
Maximum (degrees) 45 79 48 N/A 

Table 2: Summary of Phase Angle Test Data for All Tested Mixtures 
 
A statistical hypothesis, two-population test (Ho: 1 = 2) was conducted using a t-distribution. The assumed hypothesis 
was that the average values of the phase angle for any two mixtures are statistically equal. The critical assumptions of 
the analysis were that the variances and standard deviations of the two samples were unknown and unequal. In addition, 
a confidence interval of 95% was assumed. The acceptance criterion for a given hypothesis was when t  t . The 
summary of the hypothesis testing results is presented in Table 3. The results of the hypothesis testing indicated that 
there is a statistical significant difference of phase angles between asphalt rubber (ARFC and ARAC) and conventional 
mixes. The difference between phase angles was statistically insignificant between ARAC and ARFC; however, it was 
noted that ARFC mixtures had higher average phase angle compared to the ARAC mixtures in the dataset. Overall, it 
was concluded that the results of the phase angles from the asphalt rubber mixtures are generally comparable to the 
conventional mixtures. 

Mix ARAC ARFC ARAC CONV ARFC CONV 
Mean,  36.50 39.86 36.50 29.00 39.86 29.00 

Std Dev,  8.19 14.61 8.19 5.41 14.61 5.41 
Variance,  67.04 213.52 67.04 29.26 213.52 29.26 

Peak Phase Angle, 
degrees 

Sample Size, n 15 15 82 82 15 82 
Degrees of Freedom,  22 15 16 
Level of Confidence, % 95 95 95 

t /2,  -0.7781 2.8436 3.4126 
t 2.0739 2.1314 2.1199 

Statistics 

P-value 0.4447 0.0123 0.0035 
Statistical Difference Between Sample Means INSIGNIFICANT SIGNIFICANT SIGNIFICANT 

Table 3: Summary of the Phase Angle Statistical Hypothesis Testing 
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7. PHASE ANGLE ANALYSIS BY TEMPERATURE 
 
Figure 4 shows phase angle values of different pavement types with respect to temperature. It also shows the Pass-By 
noise levels for the different pavement types, also with respect to temperature. These Pass-By noise levels were 
calculated as presented in the next section. It is observed that the AR mixes have consistently higher phase angles than  
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Figure 4: Relationships between Temperature and (a) Phase Angle and (b) Pass-By Noise Level Field Measured 
 
conventional mixes. The figure also shows that even at cold temperatures, asphalt rubber mixes have higher phase 
angles and lower field measured noise. Note that the figure also includes test results for the Portland cement concrete 
specimen that was subjected to E* testing; it had the lowest average phase angle and highest Pass-By noise levels.   
At low temperature conditions, it is hypothesized that the aggregate gradation and air void content may be the major 
discriminatory factors affecting noise reduction. In comparison, at high temperature conditions, a combination of the 
viscoelastic properties, aggregate gradation, and air void content all together play the major role in tire/pavement noise 
reduction. This may explain why AR mixtures have performed very well in reducing noise in the Phoenix climate.  
 
7.1 Noise variation with air and road surface temperatures 
The current understanding of the temperature-noise problem is that tire/pavement noise emission decreases when the 
outdoor temperature increases, with a variation that can exceed -0.1 dB(A)/oC [14]. Anfosso-Lédée and Pichaud [25] 
found linear relationships between: 

 sound level measured at 90 km/h and air temperature given by: 
o LA90(T) = air (Tair-20) + LA90(20)       (9) 

 sound level measured at 90 km/h and road surface temperature given by: 
o LA90(T) = road (Troad-20) + LA90(20)       (10) 

 
Where air and road are the air and road surface temperature coefficients respectively; LA90(20) being the acoustic 
performance of the road surface at the reference speed 90 km/h; the reference air temperature at 20 oC.  The 
temperature coefficient road explains the acoustic behavior of the road surface with temperature. The temperature 
coefficients air and road for three types of pavements are as shown in Table 4. 

Mix air [dB(A)/oC] road [dB(A)/oC]
Conventional Dense Graded Asphalt -0.1 -0.06 

Porous Asphalt -0.06 -0.04 
Portland Cement Concrete -0.03 -0.01 

Table 4: Air and Road Surface Temperature Coefficients for Three Different Paving Materials 
 
Estimation of Pass-By noise levels were conducted for five E* testing temperatures (-10, 4.4, 21.1, 37.8, and 54.4 oC) 
using equation 10 and corresponding road surface temperature coefficients for conventional dense graded, asphalt 
rubber and Portland cement concrete pavements. The results are shown in Figure 4. It is noted that temperature 
coefficients of porous asphalt were used for AR mixes since both mixtures have similar aggregate structures, air voids 
and asphalt contents. Again, from Figure 4, it is observed that there is a decrease in the noise level with increasing 
temperature. At the same time, phase angle values increased with increasing temperatures. The asphalt rubber mixes are 
clearly more noise dampening than conventional mixes in terms of both higher phase angle values and lower Pass-By 
noise levels (Equation 10). The difference between phase angle values for the Portland cement concrete mix with 
increasing temperature was very small; the same trend is observed for Pass-By noise levels with increasing 
temperature.  
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8. STORAGE – LOSS MODULI RELATIONSHIPS 
 
Another way to look at the data from the E* test is by using the storage and loss moduli relationships. Figure 5 shows a 
schematic for such relationship. In this plot, the E* value is decomposed in its two components: the storage (elastic) 
modulus E’ and the loss (viscous) modulus E”. The most right portion of the plot represents a pure material (elastic or 
viscous), represented by the triangular points on the 45o-line and on the E’- E” = 0 location. This point theoretically 
should be obtained at any temperature / frequency combination. 
 
 

 
Figure 5: E* versus E’ - E’’ Schematic Relationship 
 
As the tested material shows viscoelastic properties, the E* should start decreasing with increasing temperatures. While 
decreasing, the E’ and E” have different interpretations. Recall that E’ = E* cos  and E” = E* sin . Thus, as the 
material departs from elastic dominated region, the phase angle starts increasing. The cos  starts decreasing from cos 0 
= 1, and thus the E’ elastic line gets lower than the equality line; it decreases further as the phase angle keeps 
increasing. The initial point is around 5 to 10o. This starts the first portion of the plot. This portion also ends at the point 
where the phase angle reaches a peak (this generally occur at the T = 37.8 oC). At this point the phase angle value is in 
the range of 35 to 45o, representing the point where E’ and E” could have similar values or even equal (sin 45 = cos 
45). From this point, the asphalt binder in conventional mixtures gradually loses its influence, and the mix behavior 
start to depart from being viscous toward elastic influenced more by the aggregate skeleton. Therefore, the E’ vs. E* 
and the E” vs. E* lines start departing from each other again. The more the departure, the more elastic behavior 
dominates the material, and the less dampening of the tire / pavement noise as a result. Therefore what it is desired for 
noise-reduction purposes is to have the E’ and E” as close as possible. Based on this analysis, the E* vs. E’-E” plots 
were compared for both the conventional and asphalt rubber mixtures. Figures 6 (a) and (b) show typical E* vs. E’-E” 
relationships for conventional and ARFC mixtures, respectively.  
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Figure 6: Typical Examples of E* vs. E’ - E’’ Relationships for: (a) Typical Conventional Mixture - ADOT PG 
76-16 and (b) Typical Asphalt Rubber Mixture - I-40 AR Open Graded 
 
From Figure 6 (a), that is, for conventional dense graded mixes, it is clear that at low E* values (hot conditions and low 
frequencies) the mix behavior is more elastic. But, for asphalt rubber mixes as illustrated in Figure 6 (b), the E’ and E” 
at hot temperature conditions overlap with not much difference between them, an indication (in support of the 
hypothesis) of a noise dampening response. This is another way to look at the data in the previous sections; it is directly 
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related to the modulus properties of the mix. For noise reduction purposes, the most desired behavior is to have the E’ 
and E” values to be as close as possible or having the E” even higher. For instance, if E’ and E” are equal, the value of 
the phase angle is 45o. If the phase angle is greater than 45o, the material is more viscous and noise dampening. 
 
9. PHASE ANGLE – HIGHWAY NOISE RELATIONSHIP 
 
The average phase angles shown in Table 2 for each mixture type were plotted against highway noise represented by 
the sound intensity (using Sound Intensity measurement technique) data that was reported by other researchers in Table 
1. The results are shown in Figure 7. Figure 7 shows a plot correlating the average peak phase angles measured for 
different pavement types to the sound intensity noise measurements in the field. While such correlation is still under 
development, there is a clear non-linear trend describing the relationship between the phase angle measured in the 
laboratory and the sound intensity measured in the field. The higher the phase angle, the lower the sound intensity. 
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Figure 7: Relationship between Highway Sound Intensity Measured by the Sound Intensity Method and the 
Average Peak Phase Angle of the Mixture Measured in the Dynamic Modulus Test (E*) 
 
10. SUMMARY AND CONCLUSIONS 
 
This study focused on analyzing test parameters obtained from the Dynamic Modulus E* test for different types of 
paving materials. Of specific interest was the evaluation of the phase angle (  test parameter to assess if it can provide 
understanding of tire/pavement noise field characteristics. The phase angle is the parameter that describes the elastic 
and viscous properties of the material. If  = 0, the material is purely elastic; on the other hand if  = 90o, the material is 
purely viscous. 
The hypothesis was that an elastic material would produce more noise than a viscous one. Theoretical and statistical 
analyses were performed on available laboratory E* test results and the associated phase angles for the different types 
of paving materials.  Based on the findings, the following conclusions are made: 

 The phase angle of asphalt mixtures was shown to be potentially a noise discriminatory factor between the 
different types of mixtures. The phase angles were shown to be higher for asphalt rubber mixes than 
conventional mixes.   

 The analysis of field noise measurements showed a decrease in the noise level with increasing temperature; 
similarly, the analysis of the phase angle showed an increase in phase angle with increasing temperatures. 
Asphalt rubber mixes were shown to be more noise dampening than conventional mixes in terms of both 
higher phase angle values and lower field noise measurements. 

 The average peak phase angles calculated for each mix type correlated well with the sound intensity measured 
for each pavement surface type. While such correlation is still under development, there was a promising non-
linear trend describing the relationship between the phase angle measured in the laboratory and the sound 
intensity measured in the field. The higher the phase angle, the lower the sound intensity. 

This paper presented some knowledge on the use of the viscoelastic properties of different pavement materials to 
understand the tire/pavement noise characteristics. The study demonstrated that the phase angle (  property of the 
pavement materials captured in the laboratory using the E* dynamic modulus test can be indicative of the tire/pavement 
noise measured in the field.  
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ABSTRACT 
 
Ninevah is one of the Iraqi provinces 400 km north Baghdad capital and having an industrial company for sulfur 
production. This company produces nearly 20-25% of the total production as waste materials. Municipality of Ninevah 
province funded a research program to investigate ways of recycling the sulfur waste in solving the higher cost 
problem coming from import of waterproofing materials.  
This research presents information on the program and laboratory test data. Materials used in test program included 
40/50 asphalt cement, Alkylbenzene sulfonate and sulfur waste. Five sulfur waste contents 0, 1, 3, 5 and 7% in terms of 
asphalt cement by weight were used. Tests including physical properties, compatibility, storage stability, aging 
properties, temperature susceptibility and water permeability were carried out in accordance with the ASTM 
procedure.  
The test results revealed that sulfur waste is a reliable material for asphalt cement and being readily available can be 
widely used in water proofing construction materials, and this offers profound engineering and economic advantages.  

 
Keywords: sulfur waste, alkylbenzene sulfonate, asphalt, modifier, water proofing material.  

 
1. INTRODUCTION 

  
Sulfur waste is a potential material for water proofing and being readily available is much cheaper than polymers such 
as polyethylene, styrene, butidiene-styrene, SBS . . . etc.  
No work on sulfur waste as a modifier has been reported by other researchers so for.  
The present study concentrated on investigating the use of sulfur waste with asphalt cement to manufacture an 
economically water proofing and damp proofing asphalt cement.  
Waterproofing and damp proofing asphalt cement is regarded as one of the important primary materials used in the 
field of civil engineering work. Their selection must always be a matter of compromise between price and performance. 
Their economic importance is demonstrated by the fact that there are slightly more than 10 waterproofing and damp 
proofing asphalt cement producers worldwide. For example Lama Seal Company in Jordan produces many types of 
asphalt cement used as a waterproofing material, and one of these possesses a price of $240 per ton and is expected to 
have a growth rate of 4-5% per year.  
Among the reasons for the popularity of manufacture of sulfur waste asphalt cement as waterproofing materials are the 
wide range of the useful physical properties, the low cost and the ease of processing.  
From a technological stand point, the typical specifications for water proofing and damp proofing asphalt cement 
include:  

� The ability to prevent the surface of various shapes and types from water leakage.  
� Economical aspects, and 
� Ease of use.  

 
Besides investigating the development of water proofing asphalt cement, the experimental work aimed at achieving one 
or both of the following objectives:  

1. The use of sulfur waste as a modifier with 40/50 paving asphalt in the manufacture of waterproofing 
asphalt cement,  

2. Raising waterproofing asphalt cement performance to sustain Iraqi continental climate,  
3. Diminishing costs by applying cheap raw materials.  

 
2. MATERIALS AND METHODS 
 
2.1 Materials 
  
2.1.1 Sulfur waste  
 
The sulfur waste (SW) (blow down) is a residual material of sulfur production unit. It was obtained from Al-Meshrak 
state company (30 km north of Mosul). The chemical and physical properties of these materials are shown in Table 1.  
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Element % wt. 

Sulfur 88-90 

Carbon 10-12 

Ash 0.1 

sp. gr. 2.03 

 
Table 1:      Physical and chemical properties of sulfur waste (blow down) 

 
2.1.2 Asphalt Cement  

 
The asphalt cement used was (40-50) penetration grade taken from Baiji refinery (200 km north Baghdad capital). The 
results of the physical properties of the asphalt used are shown in Table 2. The results indicated that this asphalt 
complies with ASTM[1]and SCRB[(2] specifications for penetration graded asphalt cement. 
  

Property ASTM designation 
no. 

Test condition and 
unit Result SCRB 

limits ASTM limits 

Penetration D-5 25 �C, 100g, 5 sec, 0.1 
mm 

42 40-50 40-50 

Softening point D-36 Ring & ball �C 54 51-62 50-58 
Ductility D-113 25 �C, 5 min/cm 150+ >100 >100 
Sp. gr. D-70 25 �C/ 25 �C 1.053 - 1.01-1.06 

Flash point D-92 COC �C 263 - >240 
Loss of heat D-1754 5hrs, 163 �C, % 0.25 - 0.2 max. 

 
Table 2:     Physical properties of asphalt cement. 
 
2.1.3 Alkylbenzene sulphonate 
  
The alkylbenzene (ABS) was brought from al-Kornesh market in Mosul city. The price of this material was 200 ID/kg. 
The results of the physical and chemical properties of ABS are shown in Table (3).  
 

Property Test result Unit 
Color white - 

Chemical unit  
 
 
 

- 

Price 0.14 $/kg 

 
Table 3:      Physical and chemical properties of ABS. 

 
2.2 Laboratory testing 

 
A series of tests were carried out on modified binders according to ASTM[1] methods to characterize the mixes 
designed for different percentage of SW as additive. The tests were conducted include the following:  

� physical tests such as penetration, ductility, softening point . . . etc.  
� temperature susceptibility.  
� short term aging using thin film oven test (TFOT). 
� compatibility test. 
� permeability test.  

 

SO3
-Na+

(CH3)9
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2.3 Sulfur Waste – asphalt formulation  
 

The asphalt of (40-50) penetration grade was mixed with different percentage of SW(1, 3, 5, and 7%) by weight and 
1% ABS according to the following procedure: asphalt was heated to the desired temperature 140�C in a four neck 
flask fitted with stirrer and contact thermometer. The temperature was held constant by an automatic control while 
stirring intensively. The asphalt was treated with different weight percentages of SW as mentioned above and 1% by 
weight ABS as catalyst.  

 
3 RESULTS AND DISCUSSION  
 
3.1 Physical tests  
 
The rheological properties of (SW/A) binders where evaluated and the results are presented in Table 4. The results 
indicate that SW is effective in improving the rheological properties of asphalt cement.  
Examining Table 4, it can be seen that SW is keeping the ductility values of (100+) up to (3%) and raised the softening 
point of virgin asphalt by 19% at 3% by weight of SW.  

 

%SW Penetration Ductility Flash point 
�C 

Softening 
point �C P.I. % Loss of 

heat 
0 42 150+ 263 54 -0.644 0.25 
1 39 127 259 58 +0.0404 0.291 
3 31.8 102 241 64 +0.7307 0.307 
5 24.6 87 219 69.2 +1.068 0.353 
7 19 69 202 78 +1.847 0.401 

ASTM D312 25-50 10 min 232 min 63-77 - - 
ASTM limits 40-50 100+ >240 50-58 - 0.2 max 

SCRB 40-50 100+ - 51.62 - - 
 

Table 4:      The main properties of SW/ asphalt mix. 
 

3.2 Temperature susceptibility  
 

The penetration index relationship was used to investigate the influence of addition SW on temperate susceptibility of 
asphalt cement using the following equation mentioned by Yang[3]: 

 

Penetration index (P.I.) = 
A501

A50020
�
�

 

A = 
B&RTT

800log)T@.penlog(
�

�
 

where:  
T = testing temperature  
TR&B = Ring and Ball softening point.  
 

Figure1illustrate the relationship between the P.I. and SW contents. It can be seen that all modified binder are less 
susceptible to temperature changes than virgin asphalt cement.  

 
3.3 Aging susceptibility of SW binders 
  
Figures 2 and 3 show the ductility and softening point properties of aged SW-asphalt binders.  
From these figures, it can be seen that ductility decreases, while softening point increases. Moreover the values of 
ductility remain (100+) up to 1% SW content. Figure 4 shows that the percent loss of SW binders increases as the SW 
content increases. This is related to that SW occupied much of the volume of the total mixture, which leads to increase 
in loss by dehydrogenation and oxidation of asphalt in the mixture.  
The hardening of modified binders was determined by the penetration of residue after exposure to heat and air as 
shown in Figure 5 .Aging was measured by aging index using the following equation:  

 
Aging index = Residue penetration after aging at 25�C/ original penetration at 25�C [1]. 
 
It can be seen from Figure 6 that aging index increases slightly at 3% SW content due to the increase in bonds between 
SW and asphalt resulting in the prevention of the brittleness of the resultant binder.  
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3.4 Sulfur waste-Asphalt compatibility  
 

After curing the modified asphalt with sulfur waste into a glass tube in an oven at 140�C for 48 hours, then taken out, 
and cooled to room temperature. 5-10 mg modified asphalt was then heated and slowly pressed between two glass 
slides. The sample morphology (compatibility) was observed using an optical microscope with a hot plate. Morphology 
was monitored at a magnification of 400X at 140�C and as shown in Figure7. The photomicrographs demonstrates that 
SW is well dissolved in asphalt matrix and temperature of 140�C up to 3%.  
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                              and P.I. 
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                 and aged softening point               
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Figure 8: Difference in density measurements. 

a b

c

Figure7: The photomicrographs of sulfur waste modified asphalt 
                ( a = 0.0%, b= 3% & c=5%) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.5Permeability test  

 
Permeability test was conducted on 30 x 30 cm concrete slabs. The slabs were covered with a 3mm of asphalt modified 
with different sulfur waste contents, then these slabs were placed in a controlled water bath at 70�C for 12 hours. These 
conditions were designed to simulate typical summer temperatures in Iraq and then the slabs were removed from water 
bath for density measurements.  
Figure 8 illustrate the difference in density measurements. From this figure it can be seen that no leakage was 
pronounced up to 3% SW contents which indicates that SW was completely dissolved in asphalt. Recrystalization of 
SW was pronounced after this certain content and as a result water leakage occurred.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. CONCLUSIONS  
 
Based on the testing and analysis presented, the results of the study warrant the following conclusions:  
(a) The physical properties of modified asphalt of 3% SW including softening point, penetration, flash point and 
ductility are complies with the ASTM D312[4] specifications for asphalt used in dampproofing and waterproofing 
type II.  
(b) The morphology observation confirms that the compatibility and storage stability of SW-modified asphalt can 
be improved in the presence of ABS through physical mixing.  
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© The engineering properties of modified asphalt at 3% SW and 1% ABS including softening point, penetration 
and ductility complies with ASTM specification for paving materials.  
(d) Penetration index values indicated that SW reduced the temperature susceptibility of virgin asphalt.  
(e) The result indicated that modified asphalt with SW can be used as a water proofing and damp proofing material 
and it is much cheaper than the imported one (see table 5).  
 

Material type Cost/ ton (I.D.) ($) 
Asphalt 40/50 50000 (33.4) 

SW 10000 (6.7) 
ABS 200000(133.4) 

Mixing and caping 5000 (3.4) 
Total cost of waterproofing asphalt 37.0 /ton 

Cost of imported asphalt from Lama seal/ Jordan 240$ /ton 
Difference in cost 240-37 = 203 $/ton 

 
Table 5:      Cost of the materials that introduce in the production of water proofing and damp proofing asphalt. 
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ABSTRACT  
 
 
                The purpose of this paper is to present the study of mixing coarse and fine slate waste mass product to Hot 
Mix Asphalt compound that is being currently carried out, and also has successfully been trialed on heavy load traffic 
roadway construction. Such waste material comes from the slate extraction process from the matrix rocks for 
decorative tiling applications in the civil construction over the years. It is based on 28 kilometers paved of the Brazilian 
Road named BR-040. The current traffic is about 5 thousand vehicles a day. 
 There is a plenty of such material in the central area of the State of Minas Gerais, in Brazil, where the major 
quarries and industries are concentrated. 
                The overgrowing accumulation of this industrial waste material, which has not been used so far, has become 
an environmental problem due to the lack of disposal facilities. 
                In addition, the exploitation of virgin quarries, of other suitable materials represents a substantial impact to 
the environment, and for such reason they have become scarce for road construction supplies as they require 
disforestation and soil remove. 
                In spite of the unsuitability of the lamellar form (flat and elongated - 30%) of the aggregate produced by 
recycling this reject, and the unwillingness of some technicians related to its use  for roadway paving, a low Los 
Angeles abrasion value product was attained as to meet the ecological and technical requirements. This is also a matter 
of international concern, specially in the United Kingdom where such problem led the authorities to tax the matrix rock 
and the waste disposal facilities not designed for recycling such a waste. 
                Although recent, our experience was based on observing a hot mix compound applied about 40 years ago 
with the material obtained directly from the matrix rock, that is, not from slate waste, which values our work even more 
from the ecological point of view.  
 
 
Key words: Slate, Hot Mix Asphalt (HMA), Industrial Waste, Environment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Utilization of waste slate in HMA (Hot Mix Asphalt)  
 
INTRODUCTION: 
 
 

 The objective of this work is to present laboratory studies and experiments and, mainly the follow-up 
of a experimental track that applied waste slate, an industrial reject, as its compounds. Slate is a metamorphic rock 
characterized by its fine grained, little shine, low crystallization, slating cleavage originated from mudstones. 

Analysis gives a composition of silica, alumina and iron, with amounts of MgO, Na2O and K2O. In thin section 
individual grains are difficult to determine due to their fine micro-crystalline size. Muscovite and chlorite formed within 
the matrix during low-grade metamorphism. 

The result of this mineralogical composition is a hard, durable material that is effectively inert and will not 
change its engineering life, according Dr. D. Woodward.         

This rock has been explored for at least 400 years in the North Wales. Slate has been known for centuries and 
has currently resurged mainly as an ornamental stone. One of the first application of slate for roofs may be seen at the 
Saxon Chapel in Stratford-On-Avon, William Shakespeare’s birth city in England. There is also acknowledgment of 
roof tiles found in the Archaeological Park of Xanten in Germany, used by the time of the Roman Empire. In the 
Central-West of the state of Minas Gerais, where the research was carried out, the slate has been explored for about 50 
years. 

In this region, it is located the world’s largest slate bed, which corresponds to 90.0% of the whole national 
production according to the Professor Herman Mansur of UFMG (Federal University of Minas Gerais) who has been 
coordinating the studies on utilization of rejects. 

His studies found that the reject may replace the ceramic for brick and pipe manufacturing. This will help to 
eliminate one more environmental problem as the ceramic is a product of an extremely polluting activity, the clay and 
the pug formed by it. 

As a consequence of its exploitation and processing, there is a huge quantity of rejects. 
In the United Kingdom, the government has been taxing the industrial waste disposal facilities, which has led 

the industries to recycle this material in order to reduce the quantity of dejects accumulated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Photo 1 – Reject Accumulation 

 
However, such recycling has not been directed to producing Bituminous Concrete like in our study, but it has 

been used on paving lower layers as subbase and base, etc.  
At a recent Recycling International Symposium that took place in Brazil, the professor D. Woodward from the 

University of Ulster, North Ireland, according to his work, came to the conclusion that slightly lamellar shape of the 



slate crushed rock affects positively its performance as an aggregate, specially for its compaction, deformation and 
mechanical properties for subbase making. 

The outcomes of the tests carried out for standard road axis concluded that the slate aggregates had the same 
performance, or even better, as the use of basalt in the North Ireland, in terms of strength to permanent deformation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Photo 2 – Piled aggregate produced by the reject crushing. 
 
 
 
 
 
 
 
 

 RESEARCH – LABORATORY STUDIES – TRACK CONSTRUCTION 
 
Thus, aiming to the environment degradation reduction represented by huge reject disposal areas, which have 

been deforested, or are sometimes improper, giving a technical and economic destination to this industrial waste, we 
carried out a laboratory research and constructed an experimental track with positive results. 

We passed the material through the primary impact mandibular crusher and the secondary cone crusher as to 
obtain the sorted crushed rock for a bituminous mixture. 
We carefully adjusted the rock crushers to get the aggregates as cubic shaped as possible since this kind of material is 
mostly likely to come out as lamellar product. In fact, our final product after crushing, is composed by 30% of flat and 
elongated particles. 

By the way, this characteristic is the one that has brought about some reluctance by experienced technicians for 
making use of it. 

However, after the final results, we come to the conclusion that the less cubic shape will not negatively affect 
the behaviour of the aggregate in the mixture. 

Nevertheless some doubts related to the slate aggregate usage may arise because its lamelliform shape: 
- Compaction  
- breaking down 
- Deformation by shearing (rutting susceptibility) 
 
However, our tests have not shown these defects, and by taking into account the outcomes of the laboratory 

trials and the observation of the samples extracted by rotatory probes, and although the traffic overburden to which the 
layer was submitted, exceeding the suited loads established by the time of the paving design. There has not been found 
any crack, gaps, segregation, and neither dislocation by shearing. 



 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Photo 3 – In the test specimen extracted from the track, it may be noticed the good aggregate distribution in the 
mixture, remarking its integrity with no cracks, or ruptures. 

 
 
 
 
We listed the tests carried out, pointing out the Los Angels of 17%, and the degradation index of < 5%and 8%, 

respectively for samples with and without bitumen. 
 

 
Trials Unit Specification Result 

Marshall stability N > 8000 11660 
Flow mm 2 - 3,5 3.0 
Indirect tensile Strength ( Dry ) Kg/cm² 7,0 - 12,0 7,3 
Indirect tensile Strength (  Wet ) Kg/cm²         5,4 

 
Wet – Dry relationship percent % > 70,0 74,0 

Voids  % 3 to 5 4,5 
Los Angeles abrasion  % < 50 17 
Degradation index with bitumen  % < 5,0 2,49  
Degradation index without bitumen % < 8,0 3,45 

    Table 1                   
 
 
 
The heating temperature of the aggregate must be watched out. Usually, it is about 170°C and bitumen 160°C 

depending on the relation between viscosity-temperature. Specifically for slate, we limit the temperature up to 170°C 
due to its likeliness to exfoliation at temperatures above 180°C as we observed during the tests. A temperature above 
this value is then unnecessary and costly. 



CONSTRUCTIVE METHODOLOGY: 
 
The material comes from a processing plant comprised by a primary impact mandibular crusher and a 

secondary cone crusher, and mixed with bitumen at an 80 ton/hour gravimetric asphalt plant. From there, the mixture is 
transported to the track where it is spread by a vibrating finisher, and compacted with pneumatic tire rolls and steel 
wheel rolls to a final thickness of 5.0 cm. 

 
 

 
 

Graphic 1- Granulometric composition according to a coherent conformation with maximum density curve that 
indicates a good continuous distribution of the aggregates. 

 
 
For compactation, we used two tire rolls. Pneumatic tire roller in breakdown or initial position behind the paver. It is 
kept as close the paver as reasonably possible.  The first one with pressure from 80 psi, for initial and  ascendent 
pressure, wich starts the compactation immediately after the finisher, up to 100 psi. The second tire roll with pressure of 
120 psi comes next for finishing. 
Finally, it is used a double drum vibratory steel wheel roll, initially with static passes and after the vibratory ones. 



The key to compacting the mixture is to roll the material while it is hot as possible. 
Keeping the rollers – in any combination – as close to the paver as possible is extremely important with the correct 
aggregate such as crushed count and gradation, the mix must be rolled while the viscosity of the binder material is low 
when temperature is high – in order to be able to reorient the aggregate particles under the applied compactive effort 
and to densify the mix, specially because of this kind of aggregate (flat and elongated shape) needs this treatment to be 
well accomodated.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Graphic 2 – Degradation index without bitumen 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Graphic 3 – Degradation index with bitumen 
 
 

Note – Degradation index is the average of the difference between the % in each sieve, before (original granulometry of 
the aggregate mix) and after compaction in Marshall Mould, without and with binder.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
Table 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

Graphic 4 
Gmm – Maximum specific gravity 
Gmb - Bulk specific gravity 
BVR – Bitumen – Voids Ratio 
VMA – Voids of Mineral Aggregates 
VFA – Voids Filled with Asphalt 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Photo 4 – Finished surface, taking into account its nonskidding surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 05 – BR – 040 paved with Hot Mix Asphalt with crushed waste slate aggregate – 5000 vehicles a day 



CONCLUSIONS 
 
 
Therefore, we present a work focused on the utilization of a material that has not been used so far, and that 

may be found in great quantities, but has been wasted, and it is responsible for silting up the rivers, undue alluviation 
that, if it were employed well applied, would highly contribute for the preservation of the environment, making the slate 
industry a more profitable and rational economic activity as it would significantly reduce the so undesirable 
environmental liability of many companies involved in the exploration and commerce of slate and, in our specific case, 
the construction of roads that require deforestation for slate waste deposits. 

In addition to the ecological advantages, nowadays highly valued because its actual importance, we conclude 
that the main factor that arise out of this mixture has been the excellent result of it to make Bituminous Concrete, which 
quality is the same, or even better than other types of mixtures with aggregates supposedly better such as basalt, granite, 
gneiss, etc. 

We noticed that the results of this mixture on the experimental track, which has been subjected to an intense 
and heavy traffic, that the results we found in the laboratory corresponded to the ones actually found in terms of 
stability, flow, voids, etc, as shown in the trial graphics above, which nullify all the behavioural negative tendencies of 
this compound so confirming the excellent performance of adding slate to the paving mix. 
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ABSTRACT 
 
The performance characteristics of natural rubber modified bitumen mix and surfacing are investigated. The 
rutting behavior of different types of mixes viz. Dense and Semi dense bituminous concrete containing natural 
rubber modified bitumen (NRMB) is studied by Cooper’s   Wheel Tacking Test at 45º C. Results indicate that 
NRMB is potential modified binder for mitigation of deformation and rutting in different types of bituminous 
surfacing.  The full    scale performance study is carried out under different traffic and climatic condition and time 
series performance data is collected. The data comprise International Roughness Index (IRI), Pavement Condition 
Index (PCI) and deflection. The analyses of data indicate that serviceability of bituminous pavements can be 
extended by use of NRMB in place of VG grade conventional bituminous binders. The progression of roughness is 
reduced in case of sections having NRMB as binder in wearing course   compared to sections with conventional 
VG grade binders. The findings of laboratory study correlate well with field performance under different climatic 
condition  
 
Keywords: Natural Rubber Modified Bitumen, Rutting, IRI, Deflection, Pavement Condition Index. 
 
1. INTRODUCTION  
 
Flexible Pavements with bituminous surfacing are widely used pavement type in India, which are some times 
prone to early development of distress due to overloading and significant variations in daily and seasonal 
temperature of the pavement. Many a times premature failures occur due to poor resistance to adhesion between 
binder and aggregates. Research studies [1-5] in India and countries abroad have revealed that performance of 
bituminous layers  in wearing coat as well as structure of pavement get improved using modified bitumen. Indian 
Road Congress (IRC) Guidelines “ IRC:SP53-2002’’ specified use of various types of additives including natural 
rubber for manufacture of modified bitumen. Three grades of modified binders are recommended for use in 
bituminous  pavement construction.  
 
India produces fairly large quantity of natural rubber latex.   The modification  by natural rubber latex is well 
acceptable in India and accounts for 20% in the total production of modified bitumen.  The public sector company, 
M/s Bharat Petroleum Corporation Ltd. through the refinery,  M/s. Kochi Refineries Ltd. produces only natural 
rubber modified bitumen (NRMB) to meet the demand of southern states of India.   It is a commonly asked 
question that whether  the water present in latex would make it practically difficult to employ latex in bitumen 
modification.   It is reported from the manufacturers of NRMB  that concentrated latex is used for modification of 
bitumen in special blending columns, where height of column is kept long enough to accommodate raise of 
material due to frothing because of water present  in latex.   Special precautions are taken in design of blending 
columns for easy evaporation of water during blending.   Since, only 5% latex is added the quantity of water to be 
evaporated is not very high.   The small dose of compatilisers and anti frothing agent  is added for easy blending of 
natural rubber latex latex with bitumen in specially designed column at blending plants.   The natural rubber latex 
is blended at 160-1700 C with slow and gradual  addition  of  concentrated  latex  in  melted  bitumen  to  prevent  
excessive  frothing in  column.    Hence, modification of bitumen with natural rubber is viable and a commercial 
feasibility in India. 
 
A number of laboratory studies [6-10] have been conducted using Natural Rubber Modified Bitumen (NRMB) in 
road construction in past but full scale performance study under different traffic and climatic conditions are not yet 
conducted. Fernando and Coworkers [7] reported that NRMB is lesser susceptible to temperature and NRMB 
modified mixes are more resistant to rutting. Jain and coworkers (8) conducted in depth laboratory study using 
natural rubber latex available in India as eco friendly  and found that fatigue life of mixes get enhanced 10 times 
upon adding about 10% natural rubber latex in bitumen. Recently, Kamaraj and Coworkers (9) investigated 
performance characteristics of Stone Matrix Asphalt (SMA) mixes using Natural Rubber Modified Bitumen 
prepared by adding natural rubber in powder form for modification of bitumen. Jain and Kamaraj [10] also 
reported findings of field study, where NRMB is used in bituminous structural layers of Flexible Pavement of 
Airport-Seaport Road in hot and humid climate area, reporting superior performance of NRMB as binder. A full 
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scale pilot study comprising laboratory and field performance study under different  traffic and climatic conditions 
of India was therefore  undertaken to generate data for acceptance of this eco-friendly binder for large scale usage 
as India produces fairly large amount of natural rubber latex in its various southern and North Eastern states. The 
natural rubber is mainly harvested in India from plant named as Hevea and is made up of poly cis-1, 4- poly 
isoprene molecules. In view of its favorable molecular structure and fair compatibility with bitumen, this modifier 
is expected to be a cost effective additive for bitumen modification. The key objective of this study is to produce 
eco friendly low cost high performance bituminous mixes. A pilot study of full scale performance trials is also 
undertaken in different traffic and climatic conditions to develop performance data base and build up of 
confidence among highway profession. 
  
2.    EXPERIMENTAL 
 
2.1 Experimental Approach:  
 
The resistance to deformation behavior of bituminous mixes using NRMB-70 in Semi Dense Bituminous Concrete 
(SDBC) and Bituminous Concrete (BC) is investigated by the study of Marshall Coefficient, Stiffness Modulus 
and Rutting by Wheel Tracking System. For comparison, identical tests were conducted on mixes using VG-10 
grade bitumen conforming to IS:73. A pilot study is also taken up by monitoring performance of sections with 
NRMB in wearing coat under different traffic and climatic conditions prevailing in India. For full scale pilot study, 
time series performance data are  collected from selected test sections in different climatic conditions, where 
NRMB – 70 conforming to IRC Guidelines IRC:SP:53-2002  and VG- 10 bitumen conforming  to IS: 73  been 
used as binder. The data collected includes deflection, roughness and distress (Pavement Condition Index on 100 
Point Scale) in three different climatic conditions viz high rainfall area with moderate temperature (Meghalya), 
moderate rainfall area with high temperature (Kerala) and low rainfall area with low and very high temperature 
conditions (Delhi). The periodic performance has been monitored for three years. The performance of sections 
with NRMB-70 is compared with sections of conventional bitumen (VG10) having identical specifications of mix 
at majority of locations. The change in serviceability of surface is presented, discussed . The time series 
performance data is analyzed on a predecided 5 point Performance Assessment Scale (PAS) with respect to 1st 
observation. The adopted scale rating is given in Table 1. 
 
   
Parameters (Rating) Very Good (1) Good (2) Fair (3) Poor (4) Fail (5) 
Deflection, mm < 0.6 0.6to1.0 1.0to1.5 1.5to2.0 >2.0 
IRI, m/km < 3 3-4 4-5 5-6 > 6 
PCI, Number >90 75-90 50-75 25-50 25 
Table 1. Performance Assessment Criteria 
 
2.2 Materials and Methods for Laboratory Study:  
 
Bitumen (VG-10) from a local refinery and Quartzite aggregate from a local quarry near Delhi and NRMB- 70 
binder from a local manufacturer are used in this study.  BC and SDBC mixes are designed using Ministry of Road 
Transport and Highways (MORTH) grading as given in Table 4. The optimum binder content was designed using 
method given in ASTM D 1559. The design criteria given in MORTH specification were adopted for design of all 
type of mixes as reported earlier [11]. For measurement of moisture sensitivity, modified method given in ASTM 
D 4867 was adopted as reported earlier [11].  Rutting studies were conducted using Wheel Tracking System by the 
method reported elsewhere [12]. Test for rutting investigations was conducted at 45° C. Test on bitumen as well as 
modified bitumen were conducted as given in IS: 1201-1220 and IS: 15462 respectively. Test on aggregates were 
conducted by the method specified in IS: 2386 (Part I, II, III, and IV). 
 
2.3 Matrix of Test Sections for Pilot Performance Study:  
 
In case of very high rainfall area, a test section was constructed using VG-10 as well as NRMB -70 binder at Km 
126 to 127 of NH-44, connecting Shillong in Meghalaya to Silchar in Assam. This section of road is subjected to 
very high rainfall of the order of 6000+ mm per year. The temperature of reach lies in the range of 8° C to 35° C 
and road is subjected to heavy traffic with severe overloading (Two Axle Trucks carrying 25-30 tones of coal). 
The estimated VDF is 12.The surface was provided with 50 mm thick BM of VG-10 bitumen + 25 mm thick 
SDBC of NRMB-70 in October 2004.  The road is subjected to 3000 CVD at the time of last observation in April 
2007. The second test section is located in coastal area of Kerala near Kollam, subjected to heavy rainfall (2000+ 
annum per annum) and temperature of the area is recorded in the range of 18° C to 41° C. This road is also 
subjected to heavy traffic. Location of test sections are between Km 13 to 23 of NH 208.The road is subjected to 
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4700 CVD with estimated VDF of 6. The third section is located on Ring Road near Hotel Hyatt in New Delhi. 
The road is six lane divided carriageway and westbound carriageway cater to 4600 + CVD but eastbound 
carriageway cater to 6000 CVD. The surface was constructed in November 2003 comprising 50 mm thick DBM+ 
40 mm BC of NRMB-40. The rainfall is about 880+mm per annum and temperature of reach is recorded as low as 
1° C in winter and as high as 46° C in peak summer. The performance of all sections is monitored for 3 years at 
the interval of 6 months .The length of all test sections is in the range of 200-300 meters. 
 
2.4 Methodology for Performance Study:  
 
 It is well known that all bituminous surfaces are prone to development of distress due to fatigue, change in 
temperature, stripping and oxidation of bituminous binders and rate of distress development correlate with ESALS 
passing over the road and structural soundness of pavement. Deflection of pavement is well known parameter used 
to measure strength of pavement. IRC: 81 define Benkelman Beam test for evaluation of the pavement strength 
and deficiency in crust. This method was used to evaluate change in pavement strength with passage of time for all 
the test sections. Distress is physical manifestation of pavement distress. In the present case, PCI based on 100 
point scale was measured at the interval of 6 months for three years. IRI was measured at interval of six months 
using DIPSTICK equipment for three consecutive years by the procedure reported earlier.  
 
3. RESULTS AND DISCUSSION 
 
The properties of aggregates used for laboratory study are given in Table 2. The properties of NRMB and bitumen  
are given in Tables 3 and 4.The grading of aggregate is given Table 5. The properties of designed mixes are given 
in Table 6.The relationship between rut depths and loading cycles is shown in Fig 1. The characteristics deflection 
data of test sections for 1st and final observations are given in Table 7.The IRI and PCI data are given in Tables 8 
and 9.  The comparison of Pavement Serviceability level at the time of 1st observation and 6th observation as per 
pre decided criteria is given in Table 10. 
 

Properties Unit Method of Test Test Value 
Properties of Coarse Aggregate 

Apparent specific gravity -- IS: 2386(I) 2.66 
Impact Value % IS: 2386(IV) 18 
Flakiness Index % IS: 2386(I) 16 
Soundness with Sodium Sulphate % IS: 2386(Part-3) 3 
Water Absorption  % IS: 2386(Part-3) 1 
Stripping % IS: 6241 5 

          Table 2   Properties of Aggregates used for Laboratory Study 
 

Properties Unit Method of Test Test Value 
Penetration at 25 0C 0.1mm IS 1203:1978 92 
Softening Point, R&B º C IS 1205:1978 44 
Ductility at 25 0C cm IS 1208:1978 76 
Water content, % wt, % IS 1211:1978 0.02 
Viscosity at 60 0C poise,  Poise IS 1206:1978 1270 
Viscosity at 135 0C, cSt,  cst IS 1206:1978 193 
Flash point, COC, 0C, 0C IS 1448 259 
Specific gravity, 270C, -- IS 1201:1978 0.995 
Rheological properties of binder as per SHRP specification 
Complex modulus, G* , 60 0C kPa SHRP 0.85 
Temperature for 1kPa value of G* /sin� 0C SHRP 58 
Test on Residue (After TFOT IS: 9382) 
Loss on heating , percent by mass,  % IS:9382 0.12 
Retained Penetration at 25 0C % IS:1203:1978 65 
Matter Soluble in trichloroethylene,  % IS:1216-1978 99.8 
Viscosity at 60 0C poise,  Poise IS 1206:1978 4270 
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Table 3  Properties of VG-10 Bitumen 
 

Properties Unit Test Method Test 
Value 

Penetration at 25 0C 0.1mm IS 1203:1978 68 
Softening Point, R&B 0 C IS 1205:1978 55 
Flash Point 0 C IS 1209:1978 240 
Elastic Recovery % IS: 15462: 2004 58 
Separation, Difference in Softening Point 0 C IS: 15462: 2004 2.9 
Viscosity at 150 0C Poise IS: 1206:1978 2.6 
Rheological properties of binder as per SHRP specification 
Complex modulus ,G* , 60 0C kPa SHRP 1.36 
Temperature for 1kPa value of      G* /sin� 0C SHRP 64 

Test on Thin Film Oven Test Residue (IS-9382) 
Loss in weight % IS 9382:1981 0.1 
Increase in softening Point 0 C IS 1205:1978 0.52 
Elastic Recovery, % % IS: 15462: 2004 43 
Retained Penetration of Original  % IS 1203:1978 72 

                 

Table 4  Properties of NRMB-70 used for Laboratory Study 

                                                                             
SDBC BC 

Percent Passing Percent Passing Sieve Size, mm 
Adopted Limits Adopted Limits 

19 100 100 100 100 
13.2 95 90-100 90 79-100 
9.5 80 70-90 79 70-88 
4.75 43 35-51 62 53-71 
2.36 32 24-39 50 42-58 
1.18 23 15-30 41 34-48 
0.600 -- --- 32 26-38 
0.300 14 9-19 23 18-28 
0.150 -- --- 16 12-20 
0.075 6 3-8 7 4-10 
OBC 4.8 Min 4.5 5.4 Min 5.0 

 
Table 5- Grading of Aggregates Used in Design of Bituminous Mixes (SDBC and BC) 

 
 

Values Obtained at OBC 
Property of mix SDBC BC 

 VG-10 NRMB-70 VG-10 NRMB-70 
Bulk Specific Gravity of Compacted Mixture, Gmb  2.322 2.325 2.361 2.363 
Stability, kg at 600C 850 975 925 1120 
Flow, mm 3.2 2.9 3.3 3.2 
Marshall Quotient 266 336 280 350 
Stiffness Modulus, 35 ° C, Mpa 925 1230 985 1560 
Tensile Strength Ratio 85 92 90 99 

Table 6. Properties of the Dense Graded Bituminous Mixtures at Optimum Bitumen Content 

Characteristic Deflection, mm 
NRMB VG-10 Location Rainfall 

1st 
Observation 

Last 
Observation 

1st 
Observation 

Last 
Observation 

Kerala High 0.85-0.91 0.46-0.52 0.85-0.92 0.43-0.87 
Mehalaya Very High 1.31-1.52 1.55-1.65 1.31-1.50 1.85-1.88 

Delhi Low 0.58-0.67 0.77-0.83 -- -- 
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Table 7. Characteristics Deflection Value of Different Test Sections 
 

PCI (NRMB) PSR (Conventional) 
Location Rainfall 1st Observation Last 

Observation 1st Observation Last Observation 

Kerala High 100 95 100 88 
Mehalaya Very High 95 85 95 74 

Delhi Low 100 90 -- -- 
Table 8. Pavement Condition Index (PCI) of Test Sections on 1-100 scale 
 
 

PSR (NRMB) PSR (Conventional) 
Location Rainfall 1st Observation Last 

Observation 1st Observation Last Observation 

Kerala High 2.82 3.95 2.94 4.50 
Mehalaya Very High 2.68 3.70 2.85 4.15 

Delhi Low 3.06 3.17 -- -- 
Table 9. International Roughness Index (IRI) of Test Sections 
 

PSR (NRMB) PSR (Conventional) 
Location Rainfall 1st Observation Last 

Observation 1st Observation Last 
Observation 

Kerala High 1.3 1.6 1.3 2.0 
Mehalaya Very High 1.7 2.7 1.7 3.3 

Delhi Low 1.0 2.0 -- -- 
Table 10. Pavement Serviceability Rating (PSR) of Test Sections 
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Figure 1. Rut Depth of Mixes with Different Type of Binders 
 
 
It can be seen from the data given in Table 4 that NRMB used for laboratory study meets specification laid down 
in IS: 15462-2004. The data given in Table 6, indicate that Marshall Quotient as well as stiffness modulus values   
of NRMB mixes are 25-40% higher than mixes of conventional bitumen ( VG 10) using same aggregates (2 and 
5), thereby indicating improved resistance to deformation at high pavement temperature, if NRMB -70 is used as 
binder ( Table 6). The moisture sensitivity (Table 6) of modified mixes is in the range of 90-100% for NRMB as 
compared to 80-90% for conventional bitumen( VG 10) mixes indicating better resistance to stripping failures. 
The rate of rutting (Fig 1) for NRMB mixes is lesser as compared to conventional bitumen mixes at 45� C. The rut 
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depth of NRMB mixes is in the range of 5-8 mm as compared to 10-12 mm for conventional  VG-10 grade binder. 
These laboratory test data indicate that NRMB is a superior binder than VG-10 grade binder conforming to IS: 73. 
 
The data of deflection, PCI, IRI, and PSR are given in Table 7-10. The progression of IRI (Table 9)  in case of 
NRMB sections is slow as compared to conventional bitumen sections. The initial PCI ( Table 7) of all the 
sections is in the range of 90-98. The deflection is in the range of 0.4 to 0.9 ( Table 6). In case of section on Ring 
Road, deflection is in the range of 0.58 to 0.67 at the initial observation and it is increased to 0.77 to 0.83 at the 
time of last observation. The PCI is around 90 (Table 8)  and IRI  (Table 9) is in the range of 3.17 to 3.32 at the 
time of last observation as compared to 3.06 to 3.18 at the time of 1st observation. The change in PCI and IRI  are  
marginal in three years, indicating merits of NRMB 40 in surface course. In case of section in very high rainfall 
area, the deflection is  higher, indicating deficiency in the crust. The change in IRI for NRMB section is marginal 
as compared to conventional bitumen section (Table 9). The decrease in PCI is also less for NRMB section (Table 
8) as compared to conventional bitumen (VG 10) section. The data given in Table 10 indicate that initial 
serviceability rating of all the sections was between 1-2 but at the end of three years, it is estimated in the range of 
2-3 only. The pavement serviceability level is low for NRMB and high for conventional bitumen (VG 10) at the 
end of 6th observation. In very high rainfall area, performance of NRMB is much superior, though pavement is 
structurally unsound and road is subjected to high VDF. Thus NRMB offer better stripping resistance properties as 
can be seen from field (Tables 7-10) and laboratory test data given in Table 4. 
 
4. ECONOMIC CONSIDERATIONS IN THE USE OF  NRMB  

 
Natural rubber is produced as a commercial plantation product in considerably large quantities in some southern 
states of India, especially in the states of Kerala and Tamil Nadu.  With the abundant and low cost availability as 
well as with the added advantages observed vis-à-vis other modified bitumen  binders, the use of NRMB  in road 
resurfacing works may be techno-economically justified in comparison with conventional VG 30 (60/70) grade 
bitumen/Crumb Rubber Modified Bitumen(CRMB)/Polymer Modified Bitumen(PMB).   Also, the service life of 
maintenance treatments  and thin hot mix surfacings  using NRMB   is found to be higher than mixes prepared 
with conventional penetration grade bitumen (60/70) and other modified bitumen.   While the natural rubber 
modified bitumen(NRMB-70) is available at a  price  tag of about US $ 720 per metric tonne, the  prices of 60/70 
grade bitumen, CRMB-55 and PMB-70 are about US $ 670, US $ 750 and US $ 820 per metric tonne, 
respectively.     The estimated costs of 25 mm thick hot bituminous mix overlaying in a lane-km(3500 m2) using 
60/70 bitumen, NRMB-70, CRMB-55 and PMB-70  are US $ 11666.00, 12162.00, 12657.00 and 13152.00, 
respectively.  Hence, the cost of resurfacing using thin hot mix overlay(SDBC) containing  NRMB-70 shall be 4% 
higher than conventional bitumen but 8% cheaper than PMB-70.   Performance data indicates a 50% increase in 
service life of surfacing with the use of rubber modified bitumens.   Hence, use of NRMB in India as a binder 
appears to be a techno-economical feasibility. 
 
 
5.  CONCLUSIONS 
 
[1] NRMB offer better resistance to rutting in all type of bituminous mixes.  
[2] Stiffness modulus of NRMB mixes is higher indicating better resistance to deformation at high temperature 
[3] NRMB raises resistance to stripping failures 
[4] Life of NRMB surfacing is higher in all-climatic conditions  
[5] NRMB is better-modified binder for high rainfall areas 
[6] Change in PCR for NRMB is less than in case of VG-10   
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ABSTRACT 
 
The raise in axle loads, heavy traffic, construction errors and climatic conditions in the last two decade increase the 
deformations such as rutting, fatigue and low temperature cracking. These deformations decrease the level of 
performance and service life of the roads which in turn has a close relationship with the short and long term ageing of 
bitumen. This is true for polymer modified bitumens (PMBs) as well as for conventional (unmodified) bitumen. The 
latter can undergo significant age hardening during storage, mixing with aggregate, laying and compaction in the field 
(short term ageing). The long term ageing (during the service life of the pavement) on the other side can be dramatic 
and lead to premature pavement failure. Polymer modification is a way of overcoming these potential deficiencies by 
providing bitumen with well balanced property sets. This study targets the determination of the relationships between 
SBS (styrene butadiene styrene) polymer and the short and long term ageing characteristics of asphalt. For this 
purpose, the indirect tensile strength (ITS) test was conducted on the unaged, short and long term aged polymer 
modified asphalt concrete specimens involving different percentages (2-6%) of SBS polymer additive. Acceptable 
models are obtained from the relationships between the SBS contents and indirect strength test values of the aged 
samples. According to the evaluation of the data, it can be concluded that the polymer modification is a way of 
overcoming potential deformations revealed due to ageing. 
 
Keywords: ageing, polymer modification, SBS, indirect tensile strength 
 
1.INTRODUCTION 
 
Premature failure or poor performance of asphalt pavements often results from weakening of the binding forces in the 
pavement by the action of moisture or mechanical stresses or ageing of bitumen. Ageing is defined as the change of 
properties of asphalt pavements [1]. The role played by time and environmental factors on the ageing of bitumen within 
the pavement applications is a subject of continuous interest [2]. Earlier studies carried out on the effect of temperature 
and relative humidity on the oxidation of bitumen as a function of exposure time showed that the rate of oxidation is 
dependent on both of these environmental factors [2] [3]. The environmental temperature effect on the ageing 
characteristics of the bitumen is rather well documented. 
Petersen [4] indicated that three fundamental composition-related factors govern the changes that could cause ageing of 
bitumen: 

a) Loss of the oily components of bitumen by volatility or absorption by porous aggregate-volatilization 
b) Changes in the chemical composition of bitumen molecules from reaction with atmospheric oxygen-oxidation 
c) Molecular structuring that produces thixotropic effects-steric hardening 

The majority of researchers considering ageing of bitumen and asphalt have limited their investigations to those factors 
given by Petersen [4]. 
Oxidation of asphalt is generally considered as a major factor contributing to the hardening and embrittlement of the 
asphalt pavement, because when the asphalt get in contact with air, the polar oxygen containing groups formed tend to 
associate into micelles of higher molecular weight and thereby increase the viscosity of the bitumen. Polar hydroxyl, 
carbonyl and carboxylic groups are formed resulting in larger and more complex molecules, which make the bitumen 
harder and less flexible [4] [5]. 
The literature review clearly shows that there are two components of ageing [6]: 

a- Short-term ageing 
b- Long-term ageing 

Short-term ageing occurs during mixing and final placement when the asphalt is at elevated temperatures. This is 
probably caused by volatilization. Long-term ageing occurs partially throughout the short-term ageing frame and while 
the asphalt is in service and exposed to environment. This long-term ageing is predominantly caused by oxidation. 
Ageing of asphalt may be influenced simultaneously by several factors, such as characteristics and content of the 
bitumen, nature and particle size distribution of the aggregate, void content of the mixture, production related factors, 
and external conditions (e.g., temperature and time) [7]. 
Considerable research in recent years has focused on improving the functional properties of bitumen. The use of 
polymers such as SBS (styrene butadiene styrene), styrene butadiene rubber (SBR), ethylene vinyl acetate (EVA) has 
been shown to greatly improve the performance of conventional bitumen [8]. The thermoplastic nature of these 
bitumens has displayed the ability to combine properties of elasticity, strength and adhesion to increase the service life 
of the pavement. Improved properties also include greater resistance to ageing leading to a more durable asphalt 
pavement [8]. 



SBS block copolymers are classified as elastomers that increase the elasticity of bitumen and they are probably the most 
appropriate polymers for bitumen modification. Becker et al. [9] pointed out that polymers increased the low 
temperature flexibility characteristics of the asphalt. They also stated that a decrease in strength and resistance to 
penetration was observed at higher temperatures. Isacsson and Lu [10] reported that SBS copolymers derived their 
strength and elasticity from physical and cross linking of the molecules into a three-dimensional network. They also 
found that the polystyrene end blocks imparted the strength to the polymer while the polybutadiene rubbery matrix 
blocks gave the material its exceptional viscosity.  
SBS polymers are usually provided in the form of pellets or powder which can be subsequently diluted to the required 
polymer content by blending with neat bitumen by using low to high shear mixer. Blending pellets of with neat bitumen 
results in a special polymer concentration suitable for different applications [11].  
While these characteristics benefit the durability of asphalt pavements, there is a need to quantify the improvements and 
their duration in the presence of ageing. 
This paper aims to characterize relationships between SBS (styrene butadiene styrene) polymer modified bitumens and 
the short and long term ageing characteristics of asphalt. For this purpose, the indirect tensile strength (ITS) test was 
conducted on the unaged, short and long term aged polymer modified asphalt concrete specimens involving different 
percentages (2-6%) of SBS polymer additive. 
 
2 EXPERIMENTAL 
 
2.1 Materials 
 
The neat bitumen used as a base for the modified binders was 50/70 penetration grade obtained from Aliaga/Izmir Oil 
Terminal of the Turkish Petroleum Refinery Corporation. In order to characterize the properties of the neat bitumen, 
conventional test methods such as; penetration test, softening point test, ductility test, etc. were performed. These tests 
were conducted in conformity with the relevant test methods that are presented in Table 1. 
 

Test Specification Results Specification 
Limits 

Penetration (25ºC; 0,1 mm) ASTM D5 
EN 1426 63 50-70 

Softening Point (ºC) ASTM D36 
EN 1427 49 46-54 

Viscosity at (135ºC)-Pa.s ASTM D4402 0.51 - 
Thin Film Oven Test (TFOT); 
(163ºC , 5 hr) 

ASTM D1754 
EN 12607-1   

Change of mass (%)  0.07 0,5 (max) 

Retained penetration (%) ASTM D5 
EN 1426 51 50 (min) 

Softening Point after TFOT (ºC) ASTM D36 
EN 1427 51 48 (min) 

Ductility (25ºC), cm ASTM D113 100 - 
Specific Gravity ASTM D70 1.030 - 

Flash Point (ºC) ASTM D92 
EN 22592 +260 230 (min) 

 
Table 1: The properties of the neat bitumen 
 
The SBS polymer used was Kraton D-1101 supplied by the Shell Chemicals Company. Kraton D-1101 is a linear SBS 
polymer (in powder form) that consists of different combinations made from blocks polystyrene (31%) and 
polybutadiene of a very precise molecular weight [12].These blocks are either sequentially polymerized from styrene 
and butadiene and/or coupled to produce a mixture of these chained blocks. The properties of the Kraton D-1101 
polymer are presented in Table 2. 
The asphalt mixtures were produced with limestone aggregate procured from Dere Beton/Izmir quarry. In order to find 
out the properties of the aggregate used in this study, sieve analysis, specific gravity, Los Angeles abrasion resistance 
test, sodium sulfate soundness test, fine aggregate angularity test and flat and elongated particles tests were conducted. 
Grading of aggregate has been chosen in conformity with the Type 2 wearing course of Turkish specification. Table 3 
presents the properties of the aggregates. 
 
2.2 Preparation of SBS modified bitumens 
 
The SBS modified bitumen samples were prepared at continuous type polymer modified bitumen (PMB) plant 
manufactured by the Massenza S.R.L. Company. 



 
Composition Specification Kraton D-1101 

Molecular structure  - Linear 
Physical properties   

Specific gravity  ASTM D792 0.94 
Tensile strength at break (Mpa) ASTM D 412 31.8 
Hardness, shore (A) ASTM D 2240 71 
Physical form - Powder, Pellet 
Melt flow rate (g/10 min) ASTM D-1238 <1 
Processing temperature (ºC) - 150-170 
Elongation at break, 500mm/min (%) ASTM D 412 875 

 
Table 2: The properties of Kraton D-1101 polymer 
 

Test Specification Grading passing 
(%) 

Specification 
Limit 

Sieve No ASTM C 136   
¾”  100 100 
½”  86 83-100 
3/8”  80 70-90 
No 4  48 40-55 
No 10  32 25-38 
No 40  15 10-20 
No 80  10 6-15 
No 200  6 4-10 
Specific Gravity (Coarse Agg.) ASTM C 127   
Bulk  2.686 - 
SSD  2.701 - 
Apparent  2.727 - 
Specific Gravity (Fine Agg.) ASTM C 128   
Bulk  2.687 - 
SSD  2.703 - 
Apparent  2.732 - 
Specific Gravity (Filler)  2.725 - 
Los Angeles Abrasion (%) ASTM C 131 24.4 max 45 
Flat and Elongated Particles (%) ASTM D 4791 7.5 max 10 
Sodium Sulfate Soundness (%) ASTM C 88 1.47 max 10-20 
Fine Aggregate Angularity ASTM C 1252 47.85 min 40 

 
Table 3: The properties of the aggregate 
 
The SBS Kraton D-1101 concentrations in the neat bitumen were chosen as 2% to 6%. The utilization of this content is 
based on past research made by Isacsson and Lu [13]. They concluded that, a significant improvement in the properties 
of neat bitumen was observed when the SBS content was increased from 2% to 6% by weight. 
 
2.3. Ageing of laboratory produced asphalt 
 
Following the determination of the properties of the materials used in this study and preparation of the PMB samples, 
asphalt samples were prepared by means of Marshall Compactor. 
In order to simulate the ageing effect in laboratory, the asphalt samples containing SBS PMB and neat bitumen were 
divided into three groups: 
a-Control (unaged) samples: This process involves no ageing process. 
b-Short term aged samples: The short term ageing procedure subjected the loose mixture (involving SBS PMB) to four 
hour curing period in a forced draft oven at 135ºC prior to compaction [14]. During the curing period, the loose mixture 
was spread in a pan. After short term ageing, the samples were brought to the compaction temperature and compacted. 
Short term ageing represents the ageing of asphalt during mixing, transportation, laying and compaction. 
c-Long term aged samples: Long term oven ageing was used to simulate field ageing. The procedure was carried out on 
compacted specimens after they were subjected to short-term ageing. The specimens were placed in a forced draft oven 
at 85ºC for five days [14]. After curing period, the oven was turned off to cool to room temperature. Long term ageing 
represents the ageing of asphalt during the service life of the road. 



The effect of polymer content on the short and long term ageing characteristics of PMBs has been determined by means 
of Indirect Tensile Strength (ITS) test. ITS test was performed by loading the specimens at a constant rate (50 mm./min 
vertical deformation at 25 ºC) and the force required to break the specimen was measured.  
The ITS is one of the most popular tests used for asphalt characterization in evaluation of pavement structures. The 
values of ITS may be used to evaluate the relative quality of asphalt in conjunction with laboratory mix design testing 
and for estimating the potential for rutting and cracking. This test is recommended by several researchers for evaluating 
the extent of ageing of asphalt [15] [16] [17]. Although the test is destructive, it is performed quickly. 
As asphalt concrete sample ages, its modulus increases implying that its tensile strength increases and fatigue life 
decreases at a particular stress level [17]. It is also utilized for evaluating the stiffness characteristics of the polymer 
modified asphalt [18] [19]. 
The flow chart of the experimental study is presented in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Flow chart of the study related to ageing 
 
3. RESULTS AND DISCUSSION 
 
The relationship between the polymer content and ITS results of the unaged, short and long term aged asphalt samples 
is presented in Figure 2. 
The concept of polynomial regression is employed as a tool to fit the test data to the curve, which quantify the 
relationship between the independent and dependent variables. The independent variable is the polymer content (%) 
whereas the dependent variable is the ITS results of the unaged, short and long term aged specimens. Acceptable 
models are established based on polynomial regression presented in the same figure. 
As seen in Figure 2, the ITS of the PMB asphalts is higher than the unmodified asphalts. The increase in indirect tensile 
strength of the asphalt mixtures can be attributed to the increased stiffness of the SBS modified bitumen.  
The ITS values increase with increasing polymer content up to 5% as depicted in Figure 2, however above this content 
the values decrease. Based on the investigated data, 5% can be accepted as an optimum SBS polymer addition.  
As illustrated in Figure 2, for the specimen prepared with the neat bitumen, as the ageing time increases (from unaged 
to long term aged condition), the ITS values increase. The increase in the ITS is an indicator of the effect of ageing on 
the asphalts. The ageing is represented by a stiffening of the bitumen, a higher viscosity and a more brittle condition. 
National Research Council found that the aged asphalt mixture was more susceptible to cracking and deterioration due 
to wear and moisture compared to unaged mixture [20]. 
At higher SBS contents, the ITS results of the short term and long term aged samples approach. As already mentioned 
above, the increase in the ITS results is due to the ageing phenomenon as well as polymer additive. Therefore it can be 
concluded that at high levels of SBS polymer content, the short and long-term ageing of asphalt are affected in the same 
manner. 
In order to evaluate the effect of SBS polymer content on the ageing properties modified asphalt, ageing indices were 
defined (the ratio of the ITS of the short and long term aged polymer modified asphalt to the ITS of the unaged mixture) 
The results are presented in Figure 3.  
As illustrated in Figure 3, the ageing indices decrease with increasing polymer content which illustrates that the SBS 
modification decreases the effect of agieng. Moreover no significant change is observed on the ageing indices above 5% 

Preparation of asphalt concrete mixtures 
containing SBS PMB and neat bitumen 

Short term ageing of loose mixture 
at 135°C for 4 hours 

Compaction 

Indirect tensile strength test 
(short-term aged specimen) 

Long term ageing of compacted 
samples at 85°C for 120 hours 

Indirect tensile strength test 
(long-term aged specimen) 



SBS polymer addition. This implies that, 5% can be accepted as an optimum SBS polymer content that minimizes the 
effect of ageing. 
Also, the change in ITS values with polymer content is investigated where the ITS values after short term ageing is 
plotted against the corresponding value after long term ageing. A linear relationship is obtained from the data and 
modeled in Figure 4 where each point corresponds to one polymer content. 
The high value of R2 indicates that a linear model exactly represents the relationship between the long term and short 
term aged specimen. This indicates that the short and the long-term ageing of asphalt are affected in the same manner 
by the SBS polymer modification. 
 

ITSunaged = -7,0685x3 + 56,317x2 - 29,076x + 977,14
R2 = 0,9648

ITSshrt = -8,5241x3 + 68,021x2 - 43,934x + 1195,6
R2 = 0,9406

ITSlng = -8,4804x3 + 66,437x2 - 44,516x + 1263,6
R2 = 0,9231
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Figure 2: Relationship between the polymer content and indirect tensile strength of unaged, short, and long 

term aged specimens. 
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Figure 3: Ageing indices corresponding to polymer content 
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Figure 4:  Relationship between short and long term ageing characteristics of polymer modified asphalt 
 
4. CONCLUSIONS 
 
In this study, relationships between SBS (styrene butadiene styrene) polymer and the short and long term ageing 
characteristics of asphalt were determined by investigating the tensile strength characteristics of both polymer modified 
and unmodified asphalt. 
The strength characteristics of asphalt are improved by means of SBS polymer modification. The greater the tensile 
strength of the modified asphalt as compared to unmodified asphalt also indicates greater cohesive strength of the 
polymer modified asphalt. 
The rate of ageing decreases with the polymer addition. This conclusion is achieved with calculated ageing indices. SBS 
polymer content of 5% can be accepted as an optimum SBS polymer content that minimizes the effect of ageing, thus 
providing reasonable service life of the mixture. 
According to the evaluation of the test data, it can be concluded that, SBS polymer addition minimizes the pavement 
deficiencies revealed due to ageing, thus providing an increase in the service life of the pavement. 
The conclusion of this study covers the utilization of one type of polymer and penetration grade bitumen. More research 
should be carried out by using different kinds of polymers as well as the neat bitumen obtained from different crudes. 
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Abstract: 
 
Polymer Modified Bitumen (PMB) is often a source of discussion between the designer of the road and the asphalt 
producer (or contractor). The determination of the quantity of binder with a solvent method is often disturbed by the 
presence of a polymer and causes differences in binder and filler content. With the existing methods the binder content 
is given without any guarantee. Therefore Benelux Bitume (Benelux Bitumen suppliers association) and VBW-Asfalt 
(Dutch road builders association) started a binder extraction program from asphalt made with PMB and with standard 
penetration bitumen.  The currently most used polymer types ( EVA and radial and linear SBS ) are examined in a 
number of normally used  hot mix asphalt types. 
This research compares two normally used extraction methods for bituminous binders (fast and soxhlet extraction) and 
a binder ignition method. The methods, results and characteristics are shown in different stages of time. The goal was 
to demonstrate if correction factors can be used and if those factors are influenced by for instance the kind of mineral 
or the type of polymer. 
 
Note: 
The intention of this publication is to fix the method of investigation in the Netherlands and report results. 
The results shown in this report are binder contents measured with three different extraction methods. The aggregate 
composition is not reported due to the fact that correction factors for aggregate composition are not in the Dutch 
General Tender documents (RAW). Data of aggregate composition is available. 
 
Keywords: PMB, extraction, soxhlet, ignition 
 
 
1. INTRODUCTION 
 
In practise, different binder contents are found at different times of life of the polymer modified asphalt. Even though 
the Dutch General Tender documents, RAW, specifies very clearly that the extraction methods with dichloromethane 
can only be used for normal paving grade bitumen, these methods are often used in the Netherlands for polymer 
modified asphalt application. This discrepancy often results in financial penalties to the Dutch contractor although he 
claims production according specification. 
The binder content is determined by an extraction method: the binder is solved in a liquid and the mineral aggregate is 
separated from the solvent. After evaporation of the solvent the binder content can be calculated. 
A different approach is the heating method to incinerate all hydrocarbon material. The total weight of the sample, minus 
the weight of the total mineral aggregate gives the binder content. 
Polymers are counted as binder but might not solve totally in the solvent. This gives even a greater uncertainty about the 
real binder content in the asphalt. The laboratory worker who wants to control the production with such an analyses 
regards this as a problem, but also for the road directory who wants to have a clear view of binder content this is a 
contract matter and thus a problem. 
For the road owner is it desirable to know the exact binder content, because this is still today one of the acceptance 
criteria. 
The question for the bitumen producer to give a correction factor to the asphalt producer, for a given PMB, is unrealistic 
because the factor also depends of the characteristics of the aggregate or filler used. 
The asphalt producer analyses his asphalt at other moments then the road owner. The polar bond and the molecular 
structure between types of aggregates and types of binder depend on time and temperature at moment of sampling. This 
dependence will be influenced by the use of PMB. 
 
2. GOAL OF THE RESEARCH 
 
The goal of this research is to confirm the existence of problems with the extraction of bituminous binders with the 
currently used solvent based extraction methods and equipment types in the Netherlands. If a fixed correction factor 
exists, propose a solution for the contractual relationship between road builder and road owner. 
 
Therefore we will look at: 
- the differences in the time scale within the 3 methods of binder content analyses. 
- the differences between the methods. 



 
3. APPROACH PLAN 
 
The fast extraction method with the centrifuge (Strassentest equipment) (NL RAW: test 65.2 – differential-method. EN-
12697-1) for the production control and the soxhlet extraction (NL: test 65.1 – direct method. EN-12697-1) are 
compared.  Also the binder ignition method (incineration) was included in the research according to the European 
specifications (Method EN 61010 and EN 61326-1).  The ignition method is based on burning combustible components 
in the hot mix at 1000°F (= 538°C).  
The materials used are listed in table 1. 
 

Mix 
number 

Type of asphalt 
Mix 

Type of 
polymer 

Layer Binder content** 
on aggregate (In mix) 

Remarks 

1 SMA SBS radial Top layer 7.75 (7.19) 
+ 0.25 Fibres 

PMB 

2 AC  EVA Top layer 5.69 +0.30 pol =5.99 
(5.29) 

Pug mill addition 

3 Open AC EVA Binder layer 4.90 (4.67) PMB   

4 STAC  
(RAP 55%) * 

None Binder layer 4.50 (4.31) 
new 1.80+old  2.70 

Produced at same day 
as nr. 3 

5 STAC None Binder layer 4.50 (4.31) Penetration bitumen 

6 PA SBS linear Top layer 4.70 (4.49) PMB 
 

Table 1: Asphalt constructions used with type of polymer 
 
* RAP percentage based on mass of Mix in Mix. In Mass of Binder in Binder the recycling  
       percentage is 60% (2.7% old bitumen and 1.8% virgin added) 
** This is the binder percentage calculated from the plant registration for the specific batch used for investigation 

steps 1 to 4 in mass%. In italic font the percentage is given for ‘in the mix’. 
 
To set up the program of the research project, samples were taken at normal production. Instead of taking a sample of 7 
kg, a complete batch of 2.500 kg was sampled. 
The registration in the asphalt plant retains the exact quantities of binder and aggregates used for this batch. This batch 
is divided in three equal loose asphalt samples to ensure same composition of samples used. 
Together with the production of this batch, samples of asphalt components weres taken from the production site from 
aggregates, filler and binder. These collected components were used for the laboratory mix design phase (pre research). 
The three methods were applied on laboratory mixed material. That means 4 times fast extractions, 4 times soxhlet 
extractions and 4 times incinerations. 
From the first big loose asphalt sample, 12 small samples were made for the three test methods. This simulates the 
production control. 
To limit the statistic disturbance and variability as much as possible, asphalt slabs were made from the two other big 
loose asphalt samples directly at the plant site and these slabs were stored in the open air and exposed to the 
environment. From these slabs cores were drilled after 5 weeks. This simulates the acceptation stage of the asphalt by 
the road owner. The cores were tested with the three test methods, 4 cores per method. 
Another series of cores were taken after 6 months. These cores were also tested like the ones before. With this phase we 
wanted to investigate if time could influence the results. 
Furthermore all asphalt mix productions and laboratory analyses were carried out in the same asphalt hot mix coating 
plant and by the same laboratory workers with the same extraction and incineration equipment. 
A fixed work procedure was applied and was communicated to the asphalt laboratory to prevent misunderstandings. 
 
In normal circumstances an asphalt mix is designed first in the laboratory in a pre-investigation mix-design procedure 
(Step 1). Directly after manufacturing in the hot mix coating plant, almost at the same time, the hot mix sample is 
analysed and examined in the laboratory (Step 2). Then the asphalt mix is transported to the job site, mechanically 
spread and compacted. 
Shortly after that placement on the road, cores are drilled and examined on their composition. The result of this 
investigation in the road builder’s laboratory has to be reported within 6 weeks as part of the contractor’s quality control 
plan (Step 3).  The road owner has a limited time to react on the presented results. If the road owner did not react within 
6 months after the day of placing he looses its right to file non-conformity (Dutch regulations) (Step 4). In following 
table this working methodology is explained. In the process of this research investigation Step 2, asphalt manufacturing 
and road builder’s quality control on the plant, is executed before all other steps.  



 
Step Sample taking Type of testing Remark 

2 1 batch of 2.5 ton delivered with 
a wheel loader on the warehouse 
floor. Samples were taken in 10 
litre buckets which were 
immediately sealed 

-  4 samples: extractions with  
centrifuge (Strassentest) 

-  4 samples: extractions with  
soxhlet equipment 

-   4 samples: Troxler thermal 
incinerator 

All tests were carried out at 
the same day on still hot 
samples. 
The actual composition found 
in this plant sample is then 
used as composition in Step 1 

1 During Step 2 (the actual 
production) all materials used 
are sampled in the hot mix plant 
just before they enter the batch 
mixer. Bitumen is sampled from 
the tank. (The laboratory 
prepared mix is made with exact 
the same materials used in the 
hot mix plant!) 

After performing the analyses of 
Step 2, mix composition is 
calculated and the laboratory 
mix is made. 
The analysis of this mix is 
carried out as the scheme used in 
Step 2 

All tests are carried out on the 
same day from hot condition. 
This to avoid any effects that 
can be caused by cooling, 
ageing, hardening. 
Performing Step 1 after Step 2 
with the actual composition 
creates the opportunity to 
directly compare the effects 
with Step 2, 3 and 4  

3 During Step 2, from the same 
batch, asphalt mix is compacted 
in a slab compactor. The slabs 
are stored outside and exposed to 
climatic conditions. 

After 5 weeks cores are drilled at 
random from different slabs and 
analyzed according the scheme 
as used in Step 2 

The production of slabs was 
chosen to avoid that the 
composition could be 
questionable.  
(less spread in composition 
and one to one comparable) 

4 As Step 3 As Step 3, drilling of cores after 
26 weeks (= 6 months)  

 

 
Table 2: Working process for this publication 
 
4. DIFFERENT TESTMETHODS 
 
4.1. Fast extraction method with the centrifuge 
 
Always new dichloromethane was used. 
The soaking of the materials in the dichloromethane was done manually and very intense. A deposit of polymer was 
sometimes visible on the spoon and on the basket. When the binder was solved, the material was left at least 15 minutes 
in the basket before going into the centrifuge. Before the last mix was put into the machine, it has been soaked in the 
solvent for about 4 hours. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Fast extraction apparatus 
 



Because every sample is soaked while it was still hot, ageing was prevented and no lumps were formed. 
The sieving in the machine takes 35 minutes per sample. The dichloromethane is then clear. The funnel contains 
polymer. Material on the sieves and the filler are dried at 110 °C. The 4 samples were done one after the other. 
 
From those 4 samples we calculate the binder content on 100% of aggregates. The sieve curve was determined in the 
usual way. We sometimes found traces of polymer on the fractions 0,500mm- 0,180mm and 0,180mm-0,063mm. 
 
4.2. The Soxhlet method 
 
After putting the samples in the warm soxhlet sockets and having weighed them, the samples were cooled down till 
room temperature. For each determination of the binder content, new sockets are used. The solvent was always new 
dichloromethane. The temperature of the water bath was always below 70 °C. The dichloromethane was poured into the 
socket and then the extraction was started. In the beginning, there was a strong control to look for leakage and to avoid 
boiling dry. The boiling stones were of a 2/6 size. The time to have a clear dichloromethane is about 3 days. After that 
the sample was checked to see if there was still a bituminous colour. If not, the analysis was stopped by turning off the 
heating of the water bath and leaving the sockets to leak out. 
The sockets were dried at 110 °C and weighed. Then the sockets were emptied by scraping them out. To control the 
emptiness of the socket, they were cut. 
The minerals were sometimes clumped together and so, before the wet sieving, the minerals were put in a soap solution. 
 

 
 

Figure 2: Soxhlet apparatus 
 
After the drying process, the mineral composition was determined and some rests of polymer were found in the sand 
fraction. 
 
4.3. The incinerator method 
 
First of all, the material was crumbed on a steel plate (in the cooling phase you must do it also regularly, otherwise the 
minerals will stick together). This takes a laboratory worker about 15 minutes. The crumbed material was then split into 
4 representative samples of about 1.600 gram. 
The oven must be warmed up till 425 °C. 
 
 



 
 
Figure 3: Incinerator 
     
A sample was spread on two different shells and weighed. Then they were put into the oven and the weight of the 
sample was put in. After that, the incineration starts and the process stops automatically when the machine measure a 
difference in weight of less then 0,01% of the original sample weight. The loss of weight is measured every minute. The 
incineration time goes from 20 to 40 minutes and depends clearly on the type of mix. 
After the cooling of the sample, no bitumen residue is visible. 
After the incinerated material is weighed to calculate the difference, the sample is put into a soap solution to separate 
the crumbed minerals. The granular composition is made by wet sieving followed by dry sieving. 
 
5. PRODUCTION OF THE SLABS 
 
The slabs were made with the same material as step 2. The material was spread in a warm mould and compacted with a 
slab compactor normally used to produce slabs for a wheel tracking test.  
After 5 and 26 weeks, cores were taken out of the slabs. We used a-selective mix of cores and slabs for the different test 
methods. On this selection, the same methodology was used as in step 2. 
Before doing the tests, the material of the cores were warmed up and disconnected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Example of asphalt slab 
 



6. PRE RESEARCH (STEP 1) 
 
Pre research is done in the laboratory. To have an exact imitation of the composition of the real mix, aggregates were 
taken from the conveyer belt, filler from the silo and binder from the tank at the moment of producing the sample for 
step 2. 
The granular composition was comparable to the composition found in the batch of step 2. 
To avoid crushing of the aggregate, tests were done on non compacted material. 
For the AC with pug mill addition of the EVA, EVA was mixed with the bitumen before adding the bitumen to the mix. 
This is actually not in accordance with practice but this research examines the extraction method and not the blending 
properties. 
 
7. RESULTS 
 
The incinerator method was used as such. This means that no calibration was performed for the analysed asphalt 
constructions although this is necessary. The incineration method will indicate a higher percentage of binder mass than 
actual, due to the loss of mass of other components as been investigated earlier for example by Brown at all [1]. Due to 
circumstances the calibration was not performed. For that reason we will just report the results without discussion. 
 
In step 3 and 4, cores taken after respectively 5 and 26 weeks, the results sometimes deviate form the requirements of 
the standard. Calculations show a standard deviation of 4 measurements of ± 0.4 [mass%], which is high. We see this in 
step 3 and 4 for AC (fast extraction and incinerator), STAC (fast extraction and soxhlet) and PA (soxhlet) and in step 3 
for STAC (fast extraction and soxhlet). Nevertheless we kept the results in our overview. 
 
  Fast extraction Soxhlet   Incinerator 
  Average St. Dev. Average St. Dev. Average St. Dev. 
  [mass%] [mass%] [mass%] [mass%] [mass%] [mass%]
SBS - SMA 0/6 Stap 2 7.52 0.11 7.42 0.03 8.73 0.13 
  Stap 1 7.52 0.02 7.30 0.02 8.97 0.05 
  Stap 3 7.46 0.12 7.31 0.12 8.72 0.17 
  Stap 4 7.46 0.09 6.84 0.04 8.78 0.15 
Mill added EVA - AC 0/16 Stap 2 5.63 0.16 5.37 0.15 6.38 0.18 
  Stap 1 5.62 0.20 5.65 0.21 6.33 0.18 
  Stap 3 5.74 0.30 5.15 0.10 6.52 0.38 
  Stap 4 5.80 0.40 5.86 0.18 6.56 0.27 
EVA – open AC 0/16 Stap 2 4.55 0.08 4.63 0.04 5.30 0.09 
  Stap 1 4.77 0.17 4.62 0.22 5.58 0.07 
  Stap 3 4.72 0.17 4.81 0.33 5.79 0.16 
  Stap 4 4.96 0.14 4.96 0.15 5.83 0.23 
70/100 - STAC 0/22 Stap 2 4.51 0.14 4.31 0.14 4.73 0.22 
 + 55% RAP Stap 1 4.84 0.08 4.61 0.14 5.45 0.08 
  Stap 3 4.49 0.16 4.65 0.19 5.18 0.06 
  Stap 4 4.57 0.26 4.13 0.15 5.26 0.12 
40/60 - STAC 0/22 Stap 2 4.48 0.19 3.84 0.22 4.79 0.17 
  Stap 1 4.36 0.11 4.42 0.18 5.03 0.08 
  Stap 3 4.53 0.36 4.92 0.40 5.36 0.12 
  Stap 4 4.64 0.43 4.44 0.38 4.99 0.23 
SBS - PA 0/16 Stap 2 4.14 0.06 4.13 0.13 4.60 0.11 
  Stap 1 4.31 0.10 4.04 0.10 4.60 0.17 
  Stap 3 4.24 0.16 4.34 0.16 4.81 0.13 
  Stap 4 4.32 0.26 4.29 0.42 4.74 0.19 
 
Table 3: Overview of average results of four measurements with standard deviation 
 
For SMA, AC and PA, all measured values for fast extraction and soxhlet are lower then the values of the registration at 
the mixing plant. Only Open AC gives a different result in step 4. Both STAC constructions show big variation in the 
results. 



For all mixes, the differences between the measured result values for fast extraction and the values of the registration at 
the mixing plant are smaller then the differences between soxhlet en mixing plant. This is visualised in figures 5 and 6. 
The y-axes of figure 5 and 6 have the same unit and scale. 
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Figure 5: Results of fast extraction 

 

Soxhlet (measured value - registration value)
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Figure 6: Results of Soxhlet 

 
The results of each asphalt construction are shown in separate figures. The red lines in figures 7 to 12 indicate the 
percentage bitumen controlled at the hot mix plant, the values indicate the real measurements in mass%. 
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Figure 7: Results of SMA construction with SBS modified bitumen 
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Figure 8: Results of AC construction with pug mill added EVA modification 
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Figure 9: Results of open AC 0/16 construction with EVA modified bitumen 
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Figure 10: Results of STAC 0/22 construction with 55 mass% RAP and normal paving bitumen 
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Figure 11: Results of STAC 0/22 construction with normal paving bitumen 
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Figure 12: Results of PA 0/16 construction with SBS modified bitumen 

 
 



8. Recommendations 
 
The results in this paper show that the Dutch General tender (RAW) is used out of there limits and adjustment is 
neseccary. Previous research claimed - based on investigation of one construction [2] - that soxhlet method with 
dichloromethane was useful for polymer modified bitumen. Our publication highlighted differentiation between results 
of different asphalt constructions. 
The results of the binder analyzed is reported and discussions regarding the influence of type of aggregate, type of filler 
or composition of aggregate sizes and type of polymer are not taken into account. No conclusion for a fixed correction 
factor can be drawn from these results although this work has taken two years of investigation. Therefore we 
recommend round robin tests with different asphalt mixes. 
In the Netherlands this work was reported at the “Wegbouwkundige Werkdagen” of CROW [3]. Two workshops 
organized by Beneluxbitume in 2006 on this subject resulted in a discussion with Dutch contractors and the Dutch 
authority. Recommendations are made to implement the uncertainty of the measurement in a revised chapter dedicated 
to polymer modified asphalt of the Dutch General Tender documents, RAW. 
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ABSTRACT 
 
The aim of this paper is to study the influence of crumb rubber on the improvement of cohesion provided by bitumen. 
The UCL Method is a procedure for binder characterization based on the evaluation of the degree of cohesion provided 
by a set amount of binder to an aggregate of a set grading (standard mixture). This method can be used to evaluate 
both, the dry and the wet adding procedures. 
 
The dry procedure is carried out by adding crumb rubber directly to the mixture as if it were filler so that the crumb 
rubber and the binder get mixed during the manufacture, lay out and compaction of the mixture. In the wet procedure, 
the binder and the crumb rubber are previously mixed, so the former being modified before is being added to the 
mixture. The influence of the product digestion times was also studied. 
 
The wet procedure presents clear advantages over the dry procedure with and without digestion, especially when the 
binders are manufactured by microscopic dispersion. 
 
KEY WORDS: crumb rubber, bitumen, filler, cohesion, UCL method. 
 
1. INTRODUCTION 
 
A significant problem in western countries is the existence of a large stockpile of used rubber. Its use as a component of 
asphalt mixtures has been proposed as a possible solution. 
 
It is known that crumb rubber improves the rheological properties of asphalt (1). For this reason, crumb rubber has been 
employed since the ‘60. Crumb rubber modified asphalt binders are used as crack sealants, binders for chip seals, 
interlayers and membranes in pavement applications (2). The states of Florida, California and Arizona use crumb rubber 
in asphalt cements in contents varying from 5 to 30%, in both dense and open graded asphalt mixes, especially in 
surface treatments (3). 
 
In the last decades, there has been continuous research on crumb rubber asphalt. Most efforts have focused on the study 
of its behavior with classical tests, for example the Marshall test (4), permanent deformation and strengths tests (5), 
modulus or fatigue tests (6). On the other hand, few studies have been conducted on one of the most important 
properties that asphalt rubber imparts to mixes, namely cohesion. 
 
Although the word cohesion can be related to shear resistance of materials, it can be also used in the bituminous 
mixtures field to describe the agglutinative ability of binder, which is the meaning of cohesion considered in this study. 
 
Tests like the Hveem Cohesiometer or the Indirect Tensile test aim to evaluate mixture cohesion. However, these tests 
do not take into account the failure deformation or the failure energy of the asphalt mixture. However, in the case of 
binders and bituminous mixtures this property is essential because the bonds between the aggregates and the asphalt 
binder are not as strong and cohesive as those of the hydraulic cement. On the other hand, they are ductile and tough, so 
a significant degree of deformation and energy is necessary to fracture them. When a binder is modified to be used in an 
SMA or in a porous asphalt mixture, its ductility and toughness are improved, but not its rigidity or its peak breaking 
resistance, which often decreases. Hence, the use of these tests to design bituminous mixtures which only assess 
stability or modulus yields to contradictory results. 
 
Since 1979, an easy test, "Cantabrian Test", was used in Spain to design porous mixtures (7, 8). The tests used so far for 
the design and characterization of bituminous mixtures were mainly based on the evaluation of their stability but there 
were no tests to assess the influence of the binder on mixture resistance to disgregation, which is the most common 
failure mechanism.  
 
The Cantabrian test reveals all the factors related to mixture cohesion and particularly to binder toughness. The 
Cantabrian test consists in introducing a porous or SMA mixture specimen (Marshall type) inside a Los Angeles drum 
and rotating it at 300 revolutions with no abrasive charge. Because of the specimen impact on the drum walls, the 
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aggregates at the specimen surface are lost. The greater the binder ability to absorb this energy (through elastic or 
plastic deformation), the smaller the loss of particles. As a consequence, the lost weight (which is determined as a 
percentage of the initial weight) is also less. In conclusion, the test evaluates the ability of binder or mastic to keep the 
aggregates of mixtures unified. 
 
Nowadays the Cantabrian test is included in most world standards (prEN12697-17, ASTM Standard Practice for Open 
Graded Friction Course (OGFC) Mix Design) and it is used for asphalt porous mixtures and stone mastic asphalt design. 
 
Since 1989, the Cantabrian test has been applied to evaluate the ability of the binder to impart cohesion to the asphalt 
mixtures.  From this research the UCL Method (Método Universal de Caracterización de Ligantes) was developed (9, 
10, 11). This method is based on the determination of the degree of cohesion provided to an aggregate of a fixed 
composition grading (standard mixture) by a set amount of binder. It is also used to study the variation of this cohesion 
at different temperatures, in the presence of water or because of the ageing of the binder. The obtained results have been 
excellent thanks to the high sensitivity, repeatability and reproducibility of the test (12), which allow an easy graphical 
comparison of the behaviour of both asphalt and modified binders to be made. 
 
The UCL method can also be used to evaluate the filler effect of bituminous mastics. The filler is an essential element 
of the bituminous mixtures because it is the mixture component which is most intimated mixed with the binder, 
modifying both its rehology and its behavior. Usually, the filler and binder characterization are independent and do not 
take into account that the crossing influence of their mixture. The UCL method allows to evaluate the behaviour of the 
binder-filler system (mastic), because it can evaluate both the cohesion ability of a binder in a standard mixture, and the 
effect of an established amount of mastic in the same standard mixture. In this way, the filler influence to fill the 
mixture voids and to modify the susceptibility and cohesion ability of the binder can be measured. 
 
The UCL method was applied to analyze binders modified with crumb rubber. Asphalt binders can be modified with 
rubber by two procedures: dry and wet. The dry procedure is carried out by adding crumb rubber directly to the mixture 
as if it were filler so that the crumb rubber and the binder get mixed during the manufacture, lay out and compaction of 
the mixture. In the wet procedure, the crumb rubber is previously added to the bitumen, which is modified before being 
added to the mixture (13). 
 
The effect of crumb rubber on the binder can be evaluated by means of the UCL Method for both procedures because it 
is possible to study its influence on the cohesion of binders when it is added as filler or when it is previously added to 
the bitumen before manufacturing the asphalt mix. This paper presents a study of the influence of crumb rubber on the 
behaviour of a binder, which was modified by the two procedures described above. The influence of the product 
digestion times was also studied.  
 
Prior to the analysis of the results, a brief description of the UCL Method is presented in order to facilitate the 
understanding and evaluation of the obtained results.  

 
2. UCL METHOD  
 
As mentioned before, the UCL method is based on the evaluation of the cohesion provided by a set amount of binder to 
a set grading of aggregates (standard mixture). When the method was first employed, the grading used was basically 
composed of a high percentage of coarse particles and of a small amount of sand without fines.  
 
The objective was therefore to give cohesion to particles of the same size with a set amount of binder. The sand is used 
to fill the mixture and to provide it with a higher resistance to disgregation. As the sand has no fines, no mastics are 
formed in the mixture. As a result, the thin film which covers the aggregates is only composed of binder. After testing 
many types of grading, the set grading was composed of 80% of 2.5/5 mm aggregate and 20% of 0.63/2.5 mm 
aggregate. This grading was chosen because of its highly best repeatability and reproducibility. 
 
The Los Angeles abrasion of the aggregates used in the standard mixture must be lower than 20 to prevent the 
aggregates from breaking during the specimen compaction and manufacture. The binder content is 4.5 percent by mass 
of aggregates to obtain a mixture void content of 27 ± 1 percent. 
 
The performance curve is one of the main results obtained when the UCL Method is applied to bituminous binder 
characterization. Tests on specimens under different temperature conditions reveal that when the temperature is lower 
than 20ºC (depending on the binder type and its penetration), the binder becomes fragile and less tough, resulting in an 
increase of Cantabrian losses. When the temperature is higher than this value, the binder loses its consistency and its 
ability to keep the aggregates together decreases. As a consequence, the losses increase again. 
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The procedure begins by keeping the specimens in a climate chamber at test temperature between 4 and 8 hours. Then, 
the specimens are quickly introduced in the Los Angeles drum located in a room at 25ºC. The temperature variation 
during the testing process is always the same and the results of the tested specimens are similar.  
 
The performance curve shows the behavior of the binder as a cohesive material at a wide range of temperatures. The 
lower the performance curve and the less steep its slope while varying the temperature, the better the expected behavior 
of the binder. Figure 1 shows the performance curves for different types of binders: asphalt cement with different 
penetration grades (from 10-20 penetration to 250-300 penetration) and different polymeric modified binders for SMA 
mixtures and porous asphalt mixtures. 
 

 
 
Figure 1. - UCL performance curves for different types of bitumen 

 
 
The performance curves for the modified binders are clearly located at the bottom of the figure, with smaller losses and 
flatter curves. At low temperatures, the lower penetration bitumen has the highest losses whereas at high temperatures 
the situation is the opposite.   
 
The test has a great sensitivity when the binders studied have the same penetration but different penetration index. The 
lower the penetration index, the higher the slope of the performance curve (12).  
 
The UCL Method can also be used to evaluate the filler potential to modify the bitumen behaviour in the mixture. 
Because of the small size of the filler particles (less than 0.063 mm), during the mixture manufacture the filler is located 
inside the bitumen film, modifying and changing its performance. The filler has the ability to modify bitumen viscosity, 
thus increasing its breaking resistance and decreasing its ductility. This effect depends on the fineness of the filler, its 
nature and the volumetric filler-binder ratio. 
 
The procedure developed by Professor Ruiz has been considered when analyzing the filler effect on the degree of 
cohesion ability of the binder (14, 15). In this procedure, the maximum volume of filler which can be added to fill the 
binder film is determined by means of a sedimentation test, thus ensuring that the binder film covers every filler 
particle. Regarding this maximum concentration, called critical concentration (Cs), the effect of the volumetric 
concentration (Cv) and the nature of filler on the cohesive ability of the binder has been analyzed. Both parameters are 
determined by the following expressions: 

 

�.V
PCs �  
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where, 
P: weight of the tested sample of filler 
V: apparent volume of the simple of filler, determined by sedimentation in kerosene dehydrated after 24 hours 
�: specific weight of the filler  
Vol filler: filler volume in the mastic 
Vol bitumen: bitumen volume in the mastic 
 
3. APPLICATION OF THE UCL METHOD TO THE CHARACTERIZATION OF CRUMB 
RUBBER MODIFIED BINDERS 
 
The effect of crumb rubber can be studied by UCL method, taking into account the addition procedure. Sometimes, 
crumb rubber is added by a dry procedure, like mineral filler that will combine with the binder; and others, this material 
is previously mixed with the bitumen, resulting in a modified binder. The performance curves allow the comparison of 
the behaviour of both the dry and the wet procedure.  
 

Dry Procedure 

 
The work was conducted with a 60-70 penetration binder; its characteristics are summarized in Table 1.  

 
 Standard B-60/70 CRmB 

Penetration (mm.10-1) NLT-124 60 65 
Softening Point R & B (ºC) NLT-125 52 58,7 
Penetration Index NLT-181 -0,25 1,5 
Fraass Fragility (ºC) NLT-182 -14 -19 
Elastic Recovery (%) NLT-329  42 
Viscosity at 130ºC (cPoise NLT-375  1802 
Viscosity at 160ºC (cPoise) NLT-375  540 
Viscosity at 180ºC (cPoise) NLT-375  290 

 
TABLE 1 

Bitumen characteristics 
 
 
Crumb rubber with a maximum nominal size of 0.8 mm was added to this binder and also an SBS powder. Two 
concentrations were studied in both cases. The asphalt mixtures manufactured with the crumb rubber and the SBS were 
compared with a mixture manufactured with mineral filler (calcium carbonate) and another mixture which did not have 
filler. Table 2 summarizes the formulations of the different mixtures tested using the UCL Method. 
 

Series 1 2 3 4 5 6 
Cv/Cs 0 0,5 1,0 1,0 (*) (*) 
 Type of filler - PN (CR) PN (CR) CaCO3 SBS SBS 
Aggregate  weight (g) 900 900 900 900 900 900 
Binder weight (g) 40,5 40,5 40,5 40,5 40,5 40,5 
Filler weight (g) 0 3,71 8,03 46,69 3,71 8,03 
Filler/binder ratio (%)  9,2 19,8 115,3 9,2 19,8 
CR: crumb rubber 0.8 mm 
* It was not possible to calculate this value) 

 
TABLE 2 

Formulations of the mixtures manufactured using the dry procedure 
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Dry Procedure with Digestion 

The objective of this test was to study how changes in the process and the manufacture time could modify the results. 
The mixture underwent a digestion process before compaction. During this process the mixture was kept in an oven at 
165ºC for three different periods of time (0, 1 and 2 hours). The filler volumetric concentration was Cv/Cs = 0.5. 
 

Wet Procedure 

For the wet procedure, two types of methods were used to manufacture the mixtures, i.e. in suspension (made with the 
kneading machine in laboratory) and in microscopic dispersion (made in plant). 
 
For the suspension manufacture, the same binder used in the dry procedure, binder B-60/70, was employed. Different 
percentages of crumb rubber were added to binder B-60/70, namely 10, 15 and 20 percent. The crumb rubber addition 
to the binder was been carried out at 180ºC. 
 
The characteristics of the binder manufactured under microscopic dispersion, CRmB, are summarized in Table 1. 
 

4. DISCUSSION OF RESULTS 

Dry Procedure 

 
The results of the UCL Method for binder B-60/70 modified by the dry procedure are represented in Figure 2, where the 
void content of the mixtures are also shown.  
 

 
 
Figure 2. - UCL performance curves. Bitumen B-60/70. Dry procedure 
 
First of all, it is observed that the addition of mineral filler implies a reduction in void content of the mixtures, while the 
addition of crumb rubber increases its number. The mixture without filler has a 26.8 percent of voids, while the same 
mixture manufactured with filler has a 23.7 percent of voids content for the Cv/Cs=1 volumetric ratio. For the same 
volumetric ratio the mixture manufactured with crumb rubber has 27.4 percent. In the case of the mineral filler, the 
powder seems to be added to the bitumen film, without hindering the mixture compaction and filling the voids between 
the coarse particles. However, in the case of the crumb rubber it is as if a thicker film covering the particles had been 
formed, thus preventing the particles from packing.  
However, the SBS addition hardly modifies the void content in comparison with the mixture manufactured with binder 
B-60/70. 
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The performance curves of the mastics are in agreement with the porosity of the tested formulas. The best performance 
is observed in the mixture manufactured with mineral filler. The worst is the one which contained crumb rubber with 
the volumetric ratio Cv/Cs=1. It appears as if the mastic created by the crumb rubber was less tough and consistent than 
the original binder or the one obtained adding SBS or mineral filler. 
 

Dry Procedure with Digestion 

To improve the effect of the crumb rubber added using the dry procedure, the mixture can be maintained at high 
temperatures once manufactured before its laying out and compaction. In order to simulate these conditions, the 
mixtures manufactured with crumb rubber and a Cv/Cs=0.5 volumetric ratio were maintained at 165ºC for 1 and 2 hours 
before their compaction. The series thus manufactured were tested with the Cantabrian test at the above temperatures, 
following the UCL Method. The performance curves are plotted in Figure 3. This figure shows that the digestion time 
has a positive influence on binder cohesion, whose degree of disgregation resistance increases with digestion time. The 
level of compaction, however, remains almost the same.  
 

 
 
Figure 3. - UCL performance curves. Bitumen B-60/70. Dry procedure with digestion 

 
 

Wet Procedure 

The addition of crumb rubber using the wet procedure has a positive effect, both when achieved by stirring the mixture 
(made in the lab) and by microscopic dispersion (made in plant). 
 
Figure 4 shows the performance curves of the binder manufactured in the laboratory starting from bitumen B-60/70 and 
adding 10, 15 and 20 percent of crumb rubber of the total binder mass. In this figure the performance curve of binder 
CRmB is also represented. It can be observed that this manufacture process has a positive effect, which is greater with 
higher additions of crumb rubber.  
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Figure 4. - UCL performance curves. Bitumen B-60/70 and CRmB. Wet procedure 
 
 
Binder CRmB, manufactured by microscopic dispersion, has even better characteristics. Its response can be compared 
to the behaviour of some other modified binders characterized with this same method. 
 
5. CONCLUSIONS 

The results of the evaluation of the crumb rubber effect are summarized as follows: 
 
Dry procedure without digestion: the mixtures manufactured with crumb rubber are less compact. It seems as if bitumen 
film which covers the aggregates were thicker, resulting in a greater distance between coarse aggregates and a lower 
degree of mixture compactness. 
 
The mastic manufactured following this procedure has a lower degree of cohesion than the original binder, resulting in 
higher Cantabrian losses.  
 
Dry procedure with digestion: When the mixture is manufactured using the dry procedure and maintained at 165ºC for 
1 or 2 hours, there is a positive effect on the degree of cohesive ability, although compatibility remains the same. In the 
case of mixtures manufactured with binders and crumb rubber, the Cantabrian losses decrease, but the mixtures retain 
high porosity, similar to that of mixtures manufactured without digestion. 
 
Wet procedure: The crumb rubber effect is more favourable when is added following the wet procedure. Both the binder 
manufactured in the lab by stirring and the binder manufactured by microscopic dispersion show higher cohesive ability 
than the original binder. The mixtures manufactured by this method have the same level of compaction as the ones 
obtained by the original binder. 
 
If the two procedures are compared, the second one, i.e. the wet procedure, presents clear advantages, especially when 
binders are manufactured by microscopic dispersion. 
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ABSTRACT 

 
It was observed that this new system of making  Modified Binder is based on the 
mechanism of hyberdizing the polymer with crumb rubber by using specialized X-
Linking System developed by PhalTech Corporation.. The Hyberdization of polymer 
with crumb rubber has a couple of positive impacts on the modification of binder.  
This  technique of hyberdization shows simultaneous improvement for both low and 
high temperature rheological properties of HMB. This new development of making 
HMB can also lead to successfully transitioning  the SUPERPAVE PG SYSTEM into   
SUPERPAVE PG PLUS SYSTEM, which is also the desire of the time. HMB shows 
significant improvements for both ductility and elastic recovery (ER) of HMB. 

 
The hyberdization technology allows the system to make a modified binder with 
enhanced rheological properties of the HMB. It shows four PG bump from AC-5(PG 
52-34 to 76-34) improving to AC-60/70, with Ductility of 40 cm, elastic recovery of  
between 73-75% at 40C. The huberdization technology shows that it can stretch the 
high temperature PG box by keeping the low temperature rheological properties or the 
low temperature PG box as it is or with slight improvement.  

 
It was also observed that the hyberdization technology allows to digest the crumb 
rubber completely and the solubility test shows over 98% soluble in trichloroethylene 
(TCE) and the left over two percent was carbon black.  

 
This new development opens a new venture in HMB technology for making modified 
binder with significantly improved PG plus properties can leads towards a very 
durable modified binder with increased pavement life. Currently HMB is being used in 
northern climate    
 
KEY WORDS: Modified Binders, Maintenance,  Recycled Rubber,  Polymer.  
 
Introduction: 
 
Strategic Highway Research Program (SHRP) in USA gave a tool/yard stick  for 
measuring the real performance of  binders in the field. This method known as 
performance grade (PG) works according to the high, intermediate and low temperature 
range of a geographical area. 
 
In areas where the temperature range is to extreme normal binder grades must be 
modified and binders can be modified by either the addition of crumb rubber (CR), 
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polymers or chemicals. The higher traffic volume and heavier vehicles have shown 
further demand towards the modification of binder, and the modification will add 
strength and durability into the binder pavements. 
 
The crumb rubber modified binders (CRM) & polymer modified binder (PMA) is gaining 
the popularity because engineers can see the benefit of increased useful life of the 
pavements.  
 
The United States of America spared more then 300 million tires each year (rule of  
thumb is one tire per person), out of that almost 200 million tires are dumped into stock 
piles. This large quantity of tires can cause an environmental problem like Rhode Island 
“tire farm”, which represents only a fraction of more then 850 million used tires scattered 
across car-crazy America2. The used tires are creating a big environmental problem, 
which is not only United States problem, but it is a world problem. The use of crumb 
rubber to modify is not a new technique, it is been used since 1960 by the pavement 
engineers3. Use of recycled rubber  in combination with polymer, can be extremely 
beneficial if dispersed/ linked properly with binder functional groups. Binders are the 
visco-elastic materials with desirable mechanical/rheological properties. Interaction of 
crumb rubber components, such as carbon black, styrene butadiene etc with binder 
functional groups leads to a product of crumb rubber modified binder with improved 
rheological properties for both low and high temperature with an improved useful 
temperature range. The amount of improvement depends upon the crumb rubber particle 
size, binder crude source etc1. However in some cases, the addition of crumb rubber 
degrades the crumb rubber modified binder (CRMA). Modifying binder with crumb 
rubber or polymer often produces non-homogenous product. This leads to separation of 
components of the modified components under heated storage. In order for crumb rubber 
to fly on its own merits [not to take shelter of any congressional legislation, such as the 
Inter Model Surface Transportation Act (ISTEA) of 1991, which mandated the use of 
crumb rubber in binder pavement construction], the homogeneity and separation 
deficiencies associated with modifying binder with crumb rubber must first be addressed.    
 
Currently CRM is getting popular all over the word due to its improved SUPERPAVE 
plus properties and environmental benefits. The CRM has couple problems and they are: 

� Particulates of CR wont allow to measure the PG by DSR 
� Stability or separation of CRM wont allow the manufacturer to manufacture 

the CRM at terminal, but it can be produced on site  
� One directional move of the PG box.  

Rhode Island DOT in conjunction with Hudson Binder/PhalTech Corp. (USA owned 
corporation) have solved successfully these field related problems and currently using its 
versatile technologies in Texas, Rhode Island, Massachusetts, Connecticut, Alabama, 
Florida. And planning to start very soon in the states of New York, Pennsylvania, and 
Virginia & Maryland  
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Fig. Microscopic views of untreated crumb rubber binder 
 

Memon et al5,6,7, have found out that chemical modification of crumb rubber can help to 
overcome the problem of separation characteristics and homogeneity in the chemically 
modified crumb rubber binder (CMCRA).  Chemically modified crumb rubber (CMCR) 
can be used with both compatible and non compatible binders to improve the rheological 
properties for both low and high temperature.  
 
Chemically modified crumb rubber binder (CMCRA) has been tested for last seven years. 
Successful field trials were put in place in different States under different environmental 
and weather conditions. In this process at the initial stage the carbon black in the crumb 
rubber takes part in the chemical devolcanization of crumb rubber and in the final stage 
the same carbon black was successfully used to reinforce system. The process begins by 
generating free radical (carbonium ion) on the surface of carbon black portion of the 
crumb rubber particle by utilizing its oxygenated sites. The crumb rubber particles are 
now unstable and at this time the addition of a proton donor and electron acceptor breaks 
the unstable particles of crumb rubber. The crumb rubber now becomes part of the 
binderic system. This final step results a homogeneous CMCRA which can further be 
used to produce performance graded binder. The rubbery portion of crumb rubber is now 
being part of the binder now creates excellent elastic recovery in the binderic system. 
Pavement experts have long been searching for an elastic binder. A successful lay down 
of this material was made in November, 2000 under the supervision of RI/DOT.  
 
Polymer  Modified Binder (PMA) was made using proton donation and electron 
accepting technology  with  the economics of this new technology shows that it costs 
less then simple PMA [that means all the positive properties are achieved in free 
compared to the other existing system] was reported by Memon etal8.   
 

The objective of this study was to see the impact on the PG plus properties of this new 
(HMB) type of modified binder, which can be useful in both hot and cold climates.     
 
Experimental 
 
Two types of binders were used for this study, one was PG 52-34, the binder was 
supplied by Irving refinery from Canada. The binder for modification purpose covers a 
vide range of PG grades, because vide variety of modified binder can be produced from 
this base binder (like 58-34, 64-34, 70-34, 76-34 etc). 
 
Crumb rubber GF-80 from Rouse Rubber was used for this study; the modified binder 
produced by a patented process (Memon, 2000), the polymer was added onto the hot 
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binder at 163-1800C with continuous stirring. A high shear mixer with a speed of around 
5000 rpm (Silverson L4 R high shear mixer) for 30 minutes was used to disperse/wetting 
the crumb rubber (GF-80) in to the binder followed by the addition of a compatibilizer/ 
proton donor (0.1% by weight of binder). Add the  PhalTech's new double action 
activator/linking agent (0.4%) to link the polymer of the crumb rubber with binder 
functional groups and the interaction time for linking was around one hour and thirty 
minutes for desired Supperpave plus and PG grade of HM3. 
 
The PMA was produced by a patented process by Memon2, the modified or treated polymer 
compatible and non-compatible was added into the hot binder at 163-1730C with continuous 
stirring. A high shear mixer with a speed of around 2500 rpm (Silverson L4 R high shear 
mixer) was used for three to five minutes to disperse the polymer (SB, SBS, SBR latex) 
compatible or non-compatible (SBR solid) into the various types of binder. This  new double 
action activator/linking agent (0.3%) with slight modification was used to link the polymer 
with binder functional groups and the interaction time for linking was around one hour to one 
and half hour  for desired PG grade PMA. The double action activator means it generates the 
proton as a first action, which attacks the double bond of the butadiene from the polymer and 
break the double bond. The breaking of the double bond creates an un-stability further by 
generating the electron and that generated electron will be accepted by the activator and 
releases another proton. In this way makes the process cyclic and helps in making the 
concentrate PMA without adding an extra cross-linking activator or agent. Four different  
amounts of crumb rubber and polymer were used to make the HMB for this study, HMBI ( 3% 
CR + 0.5% SBS), HMBII (4% CR + 1% SBS), HMBIII ( 5% CR + !.5% SBS), and HMBIV 
(6% CR + 2% SBS).   HMB’s so  made were  then subjected for further rheological and other 
Superpave plus testing as follows: 

� High temperature stiffness by Dynamic Shear Rheometer (DSR)  [9]. 
� Low temperature rheological properties by Bending Beam Rheometer (BBR) [10]. 
� Homogeneity or separation characteristics by PP5-93 [11] and by Fluorescent Microscopy 

method. 
� Viscosity by Brookefield Viscometer [12]. 
� Ductility and Elastic recovery  [13]  

 
Separation by Fluorescent Microscopy: 
 
A microscopic slide was prepared by placing a small amount of binder onto the slide and 
then covering it with a cover slip. It is then smeared by heating at the slide at 1100C for 15 
seconds. Place the smeared slide on the fluorescent microscopic stage and turn on the 
fluorescent light in the microscope and then adjust the image under different levels of 
magnification (normally 400 magnification power), after the adjustment capture the image 
of the smeared sample with a real time camera and bring the image to the computer 
screen for further analysis.  

Results and Discussion 
 
Figure 1 is showing four different PG product made by using HMB. The PG 
improvement simultaneously for both low and high temperature rheological properties 
i.e. stretches the PG box. Normally the chemically modified crumb rubber binder 
(CMCRA) move the PG box in both directions i.e. for both and high temperature both, 
whereas, HMB is behaving differently means it starches the PG box for high temperature 
and kept the same low temperature or showed little improvement . The possible reason 
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for that is, the process of chemical modification  de-vulcanizes the crumb rubber and 
there is no more free crumb rubber left over in the binder or the CR is part of binder. This 
figure is further showing that different percentages of CMCRA and polymer modified 
binder (PMA) can generate different PG grades.  

           
                    Figure 1: Continuous or True PG Grades for Neat & it’s HMB 
 
The useful/ performance temperature range for the binders are shown in figure 2. The.  
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rule of thumb for the performance (temperature) range for the binder is 100 F or three 
digits, (the difference between the high and low temperature of the PG grade). The useful 
temperature range (UTR) for this virgin binder is 88F, which did not quite make this rule, 
however the UTR for the HMA I (960F) did not quite make the rule, however the other 
three HMB (HMB II, III, IV) quite make this rule. This range is especially suitable in the 
areas where the temperature difference in summer and winter is significant 
 
 
                    
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                           Figure 3: Elastic Recovery of Neat & Its HMB @ 40C 
 
It is a well known factor that the synthetic polymer or rubber increases the elastic 
behavior of the modified binder and the natural rubber (part of the crumb rubber) 
increases the thermal behavior of the modified binder, therefore, the combination of 
crumb rubber and polymer with binder will generate a modified binder with supper 
elastic behavior as is shown in figure 3. The figure 3 is agreeing with that known factor, 
as the amount of crumb rubber and polymer is increasing the elastic behavior of the HMB 
is increasing also and this kind of behavior makes the HMB more elastic/durable as 
compared to the other modified binder with lower elastic component. 
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                         Figure 4: Separation Results for Neat & It’s HMB  
 
Figure 4 is showing the separation or homogeneity or stability of Neat and its 
corresponding HMB’s. All the separation results for neat as well as four HMB’s with 
different PG’s are within the limit of 5% or lower separation protocol set by AASHTO 
PP5-93. The separation or homogeneity of the modified binder is very important from the 
stability point of view for both storage in the binder tank as well as in the pavements.  
The separation results are falling between 2.5 to 4 % for all the HMB’s, which is 
completely different then untreated crumb rubber or un-cross-linked polymer modified 
binder 26%7 and 14-17.558.The separation characteristic of HMB is very close to that of 
the neat or virgin binder, which suggests that the HMB molecules are properly linked 
with the binder molecule. This type of product is storage stable and shows consistent 
rheological properties from top to the bottom of the truck or tank. Modified binder with a 
non-homogenous system (i.e. different concentrations of CR and polymer vary at 
different places in the binder system because of non-linkage between the molecules of 
binder, CR and or pinder [modifier]), will result in different rheological properties 
between binder at the top and the bottom of the tank or truck, which results different life 
of the pavement at different places.  
 
The stability was further confirmed by fluorescent microscopy 
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Figure 5: Unevenly dispersed SBS in binder without  X-Linking by Fluorescent 
Microscope. 
 
Figure 5 is a fluorescent microscopic slide showing the un-proper distribution of SBS or 
SBS distribution is without any net working in binder. This type of polymer distribution 
results in a problem of raveling in the pavement, which was a big problem of binder 
industry, but after the development of linking agents that problem is taken care of. 
PhalTech’s second generation technology was used to link SBS with unsaturated  
molecule of binder as is shown  in figure 6. Which results in a proper polymer net-work 
followed by the addition crumb rubber for the devolcanization step. This kind of 
hyberdization of polymer with chemically modified crumb rubber binder results in an 
improved PG plus properties.  
 

                                
 
Figure 6: Evenly dispersed SBS in binder with  X-Linking by Fluorescent Microscope 
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                              Figure 7: Effect of Solubility in TCE 
 
Figure 7 shows how the neat, control and the modified binder effect on the solubility test. 
This test is specially designed for the modified binder just to ensure that the modifiers are 
the part of binder or not. The virgin binder has a solubility of 99.9% in 
trichloroethylene(TCE), whereas, the control  shows a solubility of 89% in TCE because 
CR is not soluble in TCE. That means that most of the CR remains un-dissolved in 
binder. This will create a storage stability problem in the binder tank. This figure further 
shows the solubility of the linked HMB as 98%, this means that most of the rubber 
fraction of the CR has linked with and become part of the binder (carbon black does not 
solubilise in binder). Theoretical calculation tells us that CR has 30% carbon black, 
which is equivalent to two percent when mixed with binder i.e. if the CR is properly 
devulcanized and linked with the binder molecule then the solubility should be around 
98%. The solubility from figure 7 further confirmed that the rubber particles do not exist 
as free rubber particles but as part of the binder molecule. 
 
HMB is successfully in use for last six years in New England States as is shown in figure 
8, it was also observed that this kind of hyberdization with a membrane can not only 
control the reflective cracks in the pavements very nicely but also can be successfully 
used for maintenance. Skinny mix (one inch) made out of HMB showed some promising 
results in the colder area. 
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Figure 8: Pavement made out of hyberdized modified binder (HMB) in State of Rhode 
Island made from thin over lay of less then an inch material using ¼” aggregate. In this 
lay down significant size of cracks were there before the application HMB. However, 
after four years of thin over lay placement, still there are no any sign of reflective cracks 
coming up. 
 
Conclusion: 
 
� Hyberdized modified binder (HMB) can be used for thin over lay of less then an 

inch. 
� Solubility of HMB shows that crumb rubber is completely devolcanised and 

become a part of the modified binder. 
� HMB can create a major advantage towards the high film coatings, leading to 

have an advantage of the improved rheological properties and good elastic 
recovery. 

� Hyberdized modified binder is showing storage stable product. 
� HMB can help to clean the environment by consuming recycled tires. 
� HMB can retard reflective and temperature/thermal cracking due to membrane 

formation. 
� The significantly improved PG grade of HMB makes this binder to be 

successfully used under both hot and cold climates.  
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401-012 NANOTECHNOLOGY FOR BINDERS OF ASPHALT MIXTURES 
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ABSTRACT 
 
Bitumen has the ability to adhere to aggregate, possesses good healing properties, gives flexibility to the mix and can 
be recycled. It is therefore very suitable for road paving. Because bitumen is an organic material it will age under the 
influence of oxygen and UV light. Aged bitumen is more brittle and therefore shows less healing capacity.  
Various kinds of additives are known to improve the properties of bitumen in special road applications, like polymers 
or fibres. A successful additive should contribute to ageing resistance. Especially for porous asphalt ageing resistance 
of the binder is an important property. Nanoclay is a new additive to bitumen and has proven to fulfil these demands. 
 
In this paper clay additives in bitumen were investigated. Two different organic Montmorillonite nano clays show 
complete different improvements when added to bitumen. One of the investigated nano clays showed a real ageing 
improvement. The viscosity of the binder was not changed compared to the original 70/100 bitumen when 6 % by mass 
was added. But the ageing characteristics were improved both in short term and in long term ageing. An important 
application for this type of improvement could be porous asphalt. 
The other clay changed the viscosity in a pronounced way and therefore showed potential for other applications like 
dense asphalt or as additive to prevent binder drainage during transportation. 
 
Several investigations claim ageing improvements by adding polymers, hydrated lime, etc. 
This publication will shows that some of these improvements are not due to the claimed ageing characteristics but 
might be due to the influence on viscosity of these additives. 
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1. INTRODUCTION 
 
Bitumen has the ability to adhere to aggregate, possesses good healing properties, gives flexibility to the mix and can be 
recycled. It is therefore very suitable for road paving. To improve properties of bitumen additives can be used. A 
relatively new additive is nanoclay montmorillonite. 
In 1925 a patent was published (1) to claim production process and equipment for preparing emulsions with bitumen, 
water and bentonite for roofing and surface road application. Bentonite is aluminium phyllosilicate mostly consisting of 
montmorillonite, (Na,Ca)0.33(Al,Mg)2Si4O10(OH)2.(H2O)n. With the Na counter ion the clay can swell in water, with Ca 
it will hardly swell. 
Modification of clay by addition of long chain organic compounds has been reported as early as 1961 (2). 
The interaction of montmorillonite (MMT) and petroleum heavy ends has been reported and was explained on a 
molecular level for the benefit of oil-sand production in the sixties and seventies (3). 
But the first real improvements on modification with organic clay are reported on developments of polymers (4- 8). The 
possible improvement of bitumen modified with clay was still not a feature.  
The 2nd International congress of SIIV (9) reported the use of expanded clay in bitumen to improve wearing courses by 
a new calculation of the volume of the mix due to difference in absolute gravity of expanded clay compared to 
aggregate used. In China kaolinite clay in combination with polymer modified bitumen (PmB) was investigated for 
storage stability improvements (10). Recently modified montmorillonite was added to bitumen for anti skid application 
(11) and for improvement of asphalt applications (12, and 13). 
The purpose of this publication is to show the potential of nanoclay modification of bitumen in relation to two 
important actual problems. In the Netherlands raveling of Porous Asphalt (PA) is a major durability problem that is 
strongly associated to the aging of the binder. If nanoclay could strongly reduce ageing during service life, this would 
be a very important contribution to tackle the problem. The second special application is preventing binder drainage 
during transportation of asphalt mix. 
The nanoclay modifiers were studied with microscopic and spectroscopic analysis. The influence of nanoclay modifiers 
on binder characteristics was determined with rheological studies of fresh and aged bitumen with dynamic shear 
rheometer (DSR) and empirical tests like penetration and softening points. 
In this paper first an introduction will be given of nanoclay modification (11). For the understanding of nanoclay 
modification we believe that this is important to mention separately. Then the testing program will be outlined. The 
results from testing will be given with discussion and conclusion. 
 
2 NANOCLAY MODIFICATION 
 
2.1 Clay structure 
 
A large number of studies were done and are still underway on nanoclay modified polymers (14, 15). The term 
nanocomposite is in the broadest sense referring to every type of material with fillers in the nanometer size range at 
least in one dimension. 
Common clays are naturally occurring minerals and subject to natural variability in their constitution. Many clays are 
alumino-silicates, which have a sheet-like (layered) structure, and consist of silica SiO4-tetrahedron bonded to alumina 
AlO6-octahedron in a variety of ways. 
The thickness of the layers (platelets) is of the order of 1 nm and aspect ratios are high, typically 100-1500. 
 

 
Figure 1. Pictorial representation of montmorillonite discs with clear view of lattice layers 
 



  

  

3

All positions at the top and base of the lattice layers of montmorillonite are occupied by oxygen atoms. These layers are 
held together by a relatively weak intermolecular force. As a result, water molecules can penetrate the interlayer region 
and can cause expansion of the lattice. 
 
2.2 Surface treatment of clay 
 
Bitumen from oil sands production contains natural occurring clay, hardly to remove from the bitumen. If bitumen from 
oil sands are used for asphalt application the bitumen used will contain an amount of fine inorganic material. Some 
publications claim improper characteristics for natural montmorillonite existing in the asphalt mix (16, 17, 18). 
To improve the properties of the additive for bitumen the clay has to be modified by surface treatment to ensure 
separation of discs. Separation of the clay discs from each other will result in a nanoclay with an enormous large active 
surface area (it can be as high as 700 to 800 m2 per gram). This makes an intensive interaction between the nanoclay 
and its environment possible (bitumen in our case). The process to realize the separation (surface treatment) is 
dependent on the type of material to be mixed, which can be explained as follows.  
Clay discs are negatively charged, but stay together in a clay particle because of the positive ions between the clay 
discs. In addition, unmodified Na-montmorillonite clays are generally highly hydrophilic species and therefore naturally 
incompatible with a wide range of polymer types. A necessary prerequisite for successful formation of polymer-clay 
nanocomposites is therefore alteration of the clay polarity to make the clay ‘organophilic’. A thermodynamic driving 
force is introduced by inserting a certain coating of surfactants (reducing surface tension) on each individual layer. The 
surfactant provides a hydrophobic nature to the silicate surface, which causes the layers to precipitate as organophilic 
clay, also known as organoclay. 
There is a difference in the structure of bitumen and polymers. Bitumen has a very complex molecular composition. 
The structure of polymers is mostly well defined and it can be altered and tailored to meet the demands much more 
easily. Bitumen from crude oil distillation process can not be tailored in a pronounced way. Additives can help 
improving the properties but need careful selection for compatibility. 
 
3. TESTING PROGRAM 
 
The testing program was designed to answer the following questions: 

Can modification with nanoclay considerably reduce the aging of the binder: this question is of special importance 
for mixes with high voids contents (>15 %) like porous asphalt. 
Can modification of bitumen with nanoclay improve the viscosity like the improvement in emulsions (19): gel-like 
behaviour with a yield stress would improve the binder drainage.  

To select the proper modification two different montmorillonite (MMT) clays were treated with surface active agents. These 
two organic treated montmorillonite (OMMT) were mixed with Kuwait Export Crude (KEC) bitumen 40/60 and 70/100. 
First test results revealed ageing improvement with addition of OMMT-1 and further that addition of OMMT-2 influenced 
mechanical properties. On the basis of these first test results OMMT-1 was further tested with bitumen 70/100 and OMMT-
2 with bitumen 40/60 for different applications. Tests with a regular filler (Wigro, calcium hydrated lime) added to 
bitumen 70/100, were performed. The testing programme to be reported in this publication is summarized in table 1. 
 
Group Materials Testing programme 
Nanoclay 
modifiers 

OMMT-1 (6% m/m) 
OMMT-2 (3% and 6% m/m) 

Microscopic analysis, Infra Red (FTIR) analysis 
 

Fillers Bitumen 70/100 + Wigro (1:1 m/m) Empirical: pen, soft, visco; fresh and short term aged 
Binders 
(fresh and 
aged) 

Bitumen 70/100 
Bitumen 40/60 
Bitumen 70/100 modified 
Bitumen 40/60 modified 

Fresh, short term aged, long term aged 
Empirical: penetration, softening point 
Fundamental: viscosity, DSR master curves 

 
Table 1.  Overview of testing program 
 
3.1 Binder program 
 
The binder testing program included rheological tests on fresh and aged binder. In principle the Rotating Cylindrical Ageing 
Tester, RCAT (20, 21) was used for short term and long term aging. However, with this long term ageing method the binder 
is continuously being moved during the aging process. Because of the possible negative influence of the movements in the 
RCAT test on the effectiveness of the nanoclay against oxidation, it was decided that test results should be compared with 
the test results of the pressure aging vessel, PAV (22) test. 
Regular short term ageing measurements on KEC bitumen are performed with the Rolling Thin Film Oven Test, RTFOT 
(23). EN 12607-1 and ASTM D2872 are applicable specifications. The RTFOT device (and the RCAT) is based on a 
rolling bottle. The conditions of the RTFOT and short-term RCAT tests are regulated to ensure that the bitumen film 
during the laboratory test is comparable with the bitumen film during production and to maintain a fresh surface for the 
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total time of exposure. Regardless of the binder used the short term ageing test is performed at 163°C. A comparison 
between a 70/100 penetration bitumen and a 70/100 bitumen plus polymer (or hydrated lime) will always show an 
improvement in the RTFOT characteristics for the modified binder. That does not mean that this binder has better 
ageing properties it will merely flow less in the test and therefore probably will be less aged. This is highlighted later in 
this publication. Performing laboratory tests at equivalent viscosity temperature would be more appropriate. 
The different ageing steps and the different modified and unmodified binders considered for the empirical rheological tests 
are summarized in table 2 and results per test are stated in table 4. 
 

Stages of ageing for measurements Tests 
Fresh 
material 

After 1 hour high 
shear mixing 

RCAT/RTFOT 
short term 

RCAT long term PAV long term 

Penetration,  
Softening point 
DSR 

40/60 
70/100 
70/100+F 

40/60 
70/100 
40/60+C2 
70/100+C1 

40/60 
70/100 
70/100+F 
40/60+C2 
70/100+C1 

40/60 
70/100 
40/60+C2 
70/100+C1 

70/100 
70/100+C1 

F = filler Wigro (1:1 m/m); C1= OMMT-1; C2 = OMMT-2 
 
Table 2. Rheological testing program with aging steps included. 
 
The input parameters and the test configuration for the DSR measurements are given in table 3. The strain level of the 
DSR tests was always in the linear visco-elastic domain.  
 
Temperature range (oC) Low: 

-15ºC – +10ºC 
Medium: 
+5ºC –  +60ºC 

High: 
+50ºC - + 100ºC 

Frequency ranges (Hz) 0.016 - 20 0.016 – 20 0.5  - 20 
DSR test Configuration 8 mm diameter 

plate 
2 mm gap 

25 mm diameter 
plate 
1 mm gap 

40 mm diameter 
plate 
1 mm gap 

Temperatures and frequencies Decided on experience and during testing 
Type of loading Constant strain (level dependent on temperature range) 
 
Table 3. Test configuration and input parameters for the DSR measurements 
 
4. TEST RESULTS 
 
4.1 Nanoclay characterization 
 
The physical and chemical characterization of the nanoclay materials at particle size level was performed. The 
microscopic qualitative analysis was done using an electron microprobe, JEOL 8800 JXA Superprobe. The nanoclay 
materials were glued on a carbon surfaced small disc and scattered by blowing and finally coated with a thin layer of 
gold. Using a highly energized electron beam, microscopic images of the particles was made. The microscopic images 
for the two nanoclay particles are shown in Figure 2. The two nanoclay samples have sizes in the range of 200 – 3000 
nm. The OMMT-1 particles look curlier and randomly placed compared to the OMMT-2 particles. Both nanoclay 
particles have much bigger length and width than their thickness (large aspect ratio). The particles of both materials are 
not uniformly arranged. The random placement of the nanoclay particles can be due to the blowing effect used to 
disperse the particles for the microscopic analysis. 
 

  
 
Figure 2. Microscopic picture of OMMT-1 (left) and OMMT-2 (right) (from [11]) 



  

  

5

 
FTIR tests were done on a Bruker IFS 66 spectrophotometer and results show that both types of nanoclay were treated 
with surfactants, see figure 3. 
The adsorption at 1060, 520 and 460 cm-1 is typical for Montmorillonite. Water might be present in both clay materials 
as indicated with the wide adsorption bands at 3400 cm-1. 
The peak at 3650 cm-1 reveals a localized O-H which might be from the surfactant. The C-H stretch at 2920 and 2850 
cm-1 shows organic material, most probably the surfactant. The OMMT-2 differs from the OMMT-1 at 1390 cm-1 and 
around 800 cm-1. 
 

400900140019002400290034003900

OMMT-2

OMMT-1

 
Figure 3. FTIR of OMMT-1 and OMMT-2. 

 
 
4.2 Rheological tests results 
 
Rheological tests were done on Thermal Analysis AR1000 Dynamic Shear Rheometer (DSR) with Environmental 
Temperature Control heating equipment in Nitrogen atmosphere. Empirical rheological tests e.g. the penetration test 
and softening point, were done because they are still leading tests in Europe (24). Fundamental tests with the DSR are 
summarised in black diagrams. 
 
4.3 Empirical results: penetration and softening point after aging 
 
The penetration and softening point tests were performed on fresh (un-aged), short term and long term aged samples of 
standard and modified binders. The results are shown in table 4. 
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Binder Type Penetration @ 25°C [0.1 mm] Softening Point [°C] 

Short term Long term Short term Long term Fresh 
RCAT RTFOT RCAT PAV 

Fresh 
RCAT RTFOT RCAT PAV 

Standard 70/100 

88 62 63 33 37 45.8 49.8 56.4 55.6 - 
Short term Long term Short term Long term Fresh 
RCAT RTFOT RCAT PAV 

Fresh 
RCAT RTFOT RCAT PAV 

70/100 + Wigro (1:1) 

42 - 37 - - 57.2 - 59.8 - - 
Short term Long term Short term Long term Fresh 
RCAT RTFOT RCAT PAV 

Fresh 
RCAT RTFOT RCAT PAV 

6% OMMT-1 + 70/100 

82 70 68 38 42 47.4 48.4 48.6 55.2 54.4 
Short term Long term Short term Long term Fresh 
RCAT RTFOT RCAT PAV 

Fresh 
RCAT RTFOT RCAT PAV 

Standard 40/60 

60 39 38 23 - 49.0 54.0 53.2 59.8 - 
Short term Long term Short term Long term Fresh 
RCAT RTFOT RCAT PAV 

Fresh 
RCAT RTFOT RCAT PAV 

3% OMMT-2 + 40/60 

50 38 - 22 - 51.8 61.2 - 56.6 - 
Short term Long term Short term Long term Fresh 
RCAT RTFOT RCAT PAV 

Fresh 
RCAT RTFOT RCAT PAV 

6% OMMT-2 + 40/60 

45 32 - 19 - 56.8 60.6 - 65.8 - 
Table 4: Penetration and softening point tests on fresh and aged materials 
 
Table 4 shows that the OMMT-1 modification improves the resistance to ageing of the 70/100 binder both for the 
retained penetration and the increment in softening point. There is some difference between PAV and RCAT but not as 
much as foreseen. 
From table 4 it can be seen that difference between ageing characteristics with and without OMMT-2 modification is 
marginal. Based on unmodified bitumen with a viscosity of 3 Pa.s the ageing characteristics should be better, so it 
seems that OMMT-2 is not improving ageing resistance, see figure 4. In figure 4 the correlation is shown for ageing 
characteristics and the log viscosity of KEC bitumen. Addition of OMMT-2 increased the viscosity considerably. The 
actual viscosity behavior of OMMT-2 is discussed later. 
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Figure 4: Retained penetration and increment softening Point vs viscosity@ 135°C for KEC bitumen. 
 
The ageing resistance of harder grade bitumen, lower penetration and higher viscosity, is due to the decreased contact 
with air in the Rolling Thin Film Oven Test (RTFOT). The increased ageing resistance of modification of OMMT-1 
seems to be an additive characteristic. 
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The effect of ageing on the bitumen with the added Wigro filler is not only a viscosity effect but also a result of the fact 
that the amount of bitumen is halved. The amount of material is regulated in the test specification (23) to maintain a 
comparable film thickness. The added filler should be compensated by the total amount of binder tested due to different 
volume of bitumen and filler. 
 
4.4 Viscosity 
 
The viscosity improvement of OMMT-2 is shown in figure 5 and 6. The influence of the additive seems to be high at 
low shear rate which is suitable for binder drainage applications. This is typical a yield stress behaviour. Regardless of 
the bitumen used, OMMT-2 shows this yield stress which reveals a gel-like structure. The regular filler Wigro also 
shows this behaviour at 60°C but raising the temperature, Wigro is no longer capable to influence the viscosity in this 
way while OMMT-2 still holds a yield point. 
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Figure 5: Effect of OMMT-2 and filler modification on bitumen viscosity @ 60°C. 
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Figure 6: Effect of OMMT-2 and filler modification on bitumen viscosity @ 135°C. 
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The figures 5 and 6 show the difficulty of viscosity measurements. Regular dynamic or kinematic viscosity will be 
performed with a Cannon-Fenske tube or with Brookfield rotating viscometer. Only dynamic viscosity measurements 
with DSR will reveal the behaviour of these additives. Simply comparing kinematic viscosity is not enough to show 
differences. 
 
 
4.5 DSR results 
 
With the DSR test results it was possible to compare the black diagrams (stiffness versus phase angle) of the modified 
and unmodified binders. Test results were also used to analyze the change in ageing effect of the binder due to the 
modification. 
The effect of RCAT and PAV aging on the OMMT-1 modified 70/100 is shown in the trend lines of figure 7. For a 
clear view the actual data points are suppressed and only trend lines are shown. It is clear that OMMT-1 modified 
70/100 bitumen improves ageing resistance. The difference between RCAT and PAV ageing is slightly visible with 
unmodified 70/100 but not visible with modified 70/100. 
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Figure 7:  Black diagram OMMT-1 modified 70/100 binder and unmodified 70/100 binders (fresh, RCAT  and 
PAV long term (lt) aged) 
 
The effect of the nanoclay types is also expressed in the form of the two parameters developed in SUPERPAVE (25) 
for fatigue resistance and permanent deformation to get a relative comparison of the addition of the nanoclay.  
The complex shear modulus and phase angle of a binder, being indicators of bitumen resistance to shear deformation in 
the visco-elastic region, help to predict the potential rutting and fatigue resistance of hot asphalt mixtures. To minimize 
rutting the contribution of the binder to the work dissipated during each loading cycle should be minimized (25, 26). At 
the same (high) temperature a binder with a larger value of G*/sin� shows better rutting resistance than another one 
with lower value of G*/sin�. 
The rutting parameter (G*/sin�) is calculated at 10 rad/s (1.6Hz) from the master curves. According to SUPERPAVE 
(25, 26) the minimum limit of G*/sin� is 1.0 kPa for unaged binder and 2.2 kpa for RTOFT aged binders and the 
limiting temperature corresponds to the highest temperature in which the binder is actually expected to serve. Normally 
temperature values like 58°C, 64°C and 70°C are used for moderate temperature regions. 
With help of the rutting parameters all binders can be compared and ranked. The temperature values at which the 
minimum limit of G*/sin� is still satisfied, for unaged and short term aged binder, is given in table 5. 
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  Temperature (°C) 
Binders  unaged-  G*/sin� =1kpa short aged-    G*/sin� =2.2kpa 
Standard 70-100 66.0 SHRP 64 62.3 SHRP 60 
6% OMMT-1 + 70-100 65.6 SHRP 64 61.1 SHRP 60 
Standard 40-60 69.0 SHRP 64 68.4 SHRP 64 
3% OMMT-2 + 40-60 73.8 SHRP 70 69.5 SHRP 64 
6% OMMT-2 + 40-60 76.8 SHRP 76 74.4 SHRP 70 

 
Table 5: Temperature values at minimum limits of G*/sin� 
 
The results of Table 5 show that the 6% OMMT-2 modified binder shows significant better rutting resistance than the 
standard 40-60 binder. This is not the case for the modification with 6% OMMT-1. 
 
To improve fatigue life the work dissipated during each loading cycle should be minimized [23, 24].  Limiting the 
G*sin� parameter, e.g. decreasing G* and / or sin� resulting in better fatigue behavior. This limiting parameter follows 
the underlying principle that a binder with a low G* is softer, which allows it to deform without developing high 
stresses, and a binder with a low sin � will be more elastic, which enables the pavement structure to return to its original 
condition without dissipating energy.  
Similar to rutting resistance analysis at loading frequency of 10 rad/s (1.59Hz) is considered to approach practical 
loading time. Low to medium temperature values (0 to 20°C) are selected for fatigue resistance comparison. The 
maximum limit of G*sin� is 5.0 MPa for PAV aged asphalt binders and the limiting temperature  according to SHRP  is 
4°C above the mid point between the highest and the lowest design temperatures of the pavement. Normally values are 
between 10 to 25°C.  
The analysis shows that in the low to medium temperature ranges the OMMT-2 modifier increases the fatigue 
temperature of the 40-60 binder and the increase in fatigue temperature is larger with increased amount of OMMT-2 in 
the binder. 
The analysis shows that in the low to medium temperature ranges, the OMMT-1 modification increases the fatigue 
temperature of the unaged 70/100 binder. However, after being aged the OMMT-1 modified binder shows the same 
fatigue temperature as the standard binder and this is because of the reduced ageing by the OMMT-1. 
A summary for all binders of the minimum temperature values at which the maximum limit of G*sin� is satisfied is 
given in Table 6.  
 

 Temperature (°C) 
Binders long aged-  G*sin� =5000kpa 
standard 70-100 (RCAT) 19,2 
6% OMMT-1 + 70-100(PAV) 20.0 
6% OMMT-1 + 70-100(RCAT) 19,8 
6% OMMT-1 + 70-100(PAV) 19.2 
standard 40-60 22,1 
3% OMMT-2 + 40-60 24,0 
6% OMMT-2 + 40-60 25,2 

 
Table 6. Temperature values at minimum limits of G*sin� 
 
5. CONCLUSIONS 
 
OMMT-1 hardly changes the stiffness or viscosity. The OMMT-1 modification improves the ageing resistance of the 
70/100 binder in the short term and long term. 
It is important to critically consider improvement of ageing resistance after a standard test. The test condition might 
influence the behavior of the material and therefore improper conclusion might be drawn on the characteristics. 
 
The OMMT-2 modification investigated increases the stiffness, and hence the viscosity, of the bitumen considerably. It 
also shows a yield point and therefore it might be useful as additive against binder drainage. 
Viscosity is not only temperature dependent but also shear rate dependent and should be taken into account more often. 
 
6. GENERAL 
 
The improvements observed with the nanoclay modification are not at a level yet to justify commercial application at 
large scale. Further development of the nanoclay technology is necessary to utilize the full potential of the nanoclay 
modification. 
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ABSTRACT 
 
Road bitumens may contain natural wax or wax may be added to the bitumen for different reasons. During the last 
decade, commercial wax of different kinds has been widely used, not only as bitumen flow improver, but also for 
gaining positive stiffening effects.  
This paper deals with scientific work carried out to study the influence of different kinds of wax on bitumen and asphalt 
concrete properties. Experimental parts involve mainly 160/220 penetration bitumens from different sources, four 
commercial waxes and one polyphosphoric acid. 
Binder properties were evaluated using laboratory equipment such as dynamic shear rheometer, bending beam 
rheometer, differential scanning calorimeter and force ductilometer. Asphalt concrete properties were evaluated using 
the tensile strain restrained specimen test and creep test at low temperature. At higher temperatures, dynamic creep 
testing was performed and complex modulus tests.  
Binder test results indicated that the magnitude and type of effect on bitumen rheology depend on the bitumen itself, 
type of crystallizing fraction in the bitumen and/or type and amount of additive used. Bitumen composition was found to 
be of decisive importance.  
For instance, adding FT-paraffin decreased the physical hardening index for all bitumens. Also polyethylene wax and 
montan wax showed this effect for some bitumens. Slack wax showed a large increasing effect on physical hardening.  
Addition of commercial waxes used showed no or marginally positive influence on bitumen ageing properties.  
Comparing asphalt mixture test results to the corresponding binder test results, the effects on asphalt mixtures from 
adding commercial wax or polyphosphoric acid were less evident. Significant binder physical hardening by BBR could 
not be confirmed by TSRST. 
 
Keywords: wax, modified binders, rheology, low temperature cracking 
 
1. INTRODUCTION 
 
Natural wax is part of practically all bitumens and may in different ways affect bitumen properties. Through different 
types of phase transition, the wax may influence binder properties to a larger or minor extent. In some cases, such an 
influence may give rise to negative effects, as increased sensitivity to cracking or plastic deformation in asphalt 
concrete pavements. In other cases, wax may show positive effects on bitumen, such as increased stiffness at higher 
temperatures, leading to improved resistance to rutting. The presence of large wax crystals (macrocrystalline wax) in 
bitumen is considered to be most problematic. However, waxes in road (penetration grade) bitumen nowadays generally 
are microcrystalline and/or amorphous and may contain branched, alicyclic and aromatic components with heteroatoms, 
which renders crystallization considerably more difficult. In the case of blown bitumens and/or wax modified bitumens 
in road construction (frequently used in the US and Canada in order to fulfil the SHRP binder specifications), the effects 
of wax on asphalt concrete properties may vary considerably [1]. 
 
Commercial wax, such as FT-paraffin and montan wax, sometimes is added to bitumen or asphalt concrete mixtures in 
order to obtain certain positive effects. These products are typical so-called flow improvers mainly used for reducing 
the asphalt mixing temperature in order to reduce energy consumption and emissions, but also to improve workability. 
However, other effects of different kinds also may result from such wax modification.  
 
This paper presents laboratory investigations performed in order to better understand the effects of waxes, natural 
bitumen wax as well as commercial wax, on bitumen and asphalt concrete mixture properties. A comparably soft grade 
of base bitumen was used (penetration grade 160/220), because the effect of commercial wax (on for instance softening 
point and penetration) has been reported to decrease with increasing hardness of the bitumen.  
 

 
3. EXPERIMENTAL 
 
3.1 Bitumens and Additives 
 
Totally five bitumens of the same penetration grade, 160/220, and different origins were used for the studies. Two of 
the bitumens were non-waxy and the other three contained from 2 to 4 %wt natural wax by DSC. Bitumen 
characteristics are given in Table 1. 



The additives used were two natural bitumen waxes, slack wax, FT-paraffin (Sasobit), montan wax (Asphaltan B), 
polyethylene wax (Luwax A) and polyphosphoric acid (Innovalt N200). Characteristics are given in Table 2. 
 

 
Bitumen Penetration (dmm) Softening  

point 
(°C) 

PI Wax (%wt) 
obtained using DSC 

Non-waxy Venezuelan, NV 173 39 -1.58 0 
Middle East , ME 170 38 -1.24 4 
Waxy Venezuelan, WV 214 39 -0.16 2 
Waxy Bitumen, WB 208 38 -0.68 2 
Non-waxy bitumen, NB 168 39 1.5 0 
 
Table 1: Bitumens used in this study 
 
Additive Characteristics Value 
Sasobit, Congealing point (ASTM D 938)  100 (°C) 
(FT-paraffin wax) Penetration at 25°C (ASTM D 1321) <1 (dmm) 
 Penetration at 65°C (ASTM 1321) 7 (dmm) 
   
Romonta Asphaltan B, Solidification point (Romonta test method W 1.1) 95-105 (°C) 
(Montan wax) Dropping point (Romonta test method W 1.3) 110-120 (°C) 
 Viscosity at 120°C (Romonta test method W 7.1.1) 20-200 (mPas) 
   
Luwax A, Melting point (microscope or DSC) 98-108 (°C) 
(Polyethylene wax) Congealing point (ASTM D 938) 92-100 (°C) 
 Penetrometer value at 23°C (ASTM D 1321) 1-2 (dmm) 
 Viscosity at 120°C (ASTM D 2126) 950-1550 (mm2/s) 
 Density at 23°C (ASTM D792) 0.91-0.93 (g/cm3) 
   
Terhell Paraffin Congealing point (ASTM D 938) 41-42 (°C) 
(Slack wax)   
Sasolwax 4442, Congealing point (ASTM D 938) 43-47 (°C) 
(Slack wax) Oil content (ASTM D721) 0-15 (%) 
 Penetration at 25°C (ASTM D 1321) 50-80 (dmm) 
   
Innovalt N200, Specific gravity (25°C) 1.92 
(Polyphosphoric acid) Melting point 16-30 (°C) 
 Viscosity at 25°C 840 cP 
 Viscosity at 100°C 35 cP 

 
Table 2: Information obtained from product data sheets on additives used in this study 
 
The natural bitumen waxes added were isolated from the SEC-II fractions of two of the waxy bitumens used. The 
composition of these bitumen waxes was chemically different, containing no or very little n-alkanes [2].  
The commercially available slack wax products used were mainly composed of n-alkanes [2]. 
FT-paraffin is produced in a so-called Fischer Tropsch synthesis, where carbon monoxide is converted into higher 
hydrocarbons and oxygenates in catalytic hydrogenation followed by a distillation process.  
Montan wax is a partly bituminized fossil ester wax which can be extracted from brown coal. It has a more complicated 
structure compared to FT-paraffin. 
The polyethylene wax is a type of product normally not used as additive to bitumen.  
Finally, the polyphosphoric acid used is a bitumen modifier aimed for improving high and low temperature 
performance. Obviously, this acid is not a wax product. The reason for using polyphosphoric acid was that its effects on 
binder properties have been reported to be similar to those of the commercial waxes used.  
 
Binder mixture samples were prepared by adding calculated amount of additive to approximately 250 g of bitumen, 
after which the sample was heated 30 min at 155°C. The samples were then placed in preheated blocks and 
homogenized by shaking 90 s. Levels of 3 and 6 %wt wax were used. For polyphosphoric acid the levels were 0.4 and 
1 %wt. In some cases, samples were aged using the RTFOT (rolling thin film oven test) followed by PAV (pressure 
ageing vessel) according to SHRP specifications. Ageing in PAV was performed at 90°C. Aged binders were evaluated 
by rheological and chemical measurements.  



 
Methods used for binder analysis were rheological methods (dynamic mechanical analysis (DMA), bending beam 
rheometer (BBR), softening point (EN 1427), penetration at 25°C (EN 1426), dynamic viscosity (EN 12596), kinematic 
viscosity (EN 12595), breaking point Fraass (EN 12593) and force ductility (EN 13589)). Differential scanning 
calorimetry (DSC) and methods for chemical characterization (Fourier transform infrared (FTIR) spectroscopy and thin 
layer chromatography (TLC-FID)) were also performed. The methods are described in [3]. 
 
3.2 Asphalt concrete mixtures and test methods 
 
Dense graded asphalt concrete with maximum aggregate size of 11 mm and nominal binder content 6.2 % by weight 
was prepared containing some of the binder mixtures. A crushed granite material was used. The target air void content 
was 2.0-3.5 % by volume. The mixtures were compacted to slabs using a laboratory rolling wheel compactor (MAP 
Spechbach-le-bas, France). The final dimensions of each slab were 600 mm × 400 mm × 100 mm. The temperature for 
mixing and compaction was 155°C. From each slab, cylindrical specimens were cored for different types of testing. 
Totally thirteen mixtures were prepared and tested.  
 
Methods used for testing asphalt concrete mixture properties were tensile stress restrained specimen test (TSRST), 
dynamic creep test and complex modulus test. Also, creep testing at -25°C was carried out for the NB and slack wax 
modified NB mixture. TSRST specimens were subjected to thermal ageing in a draft oven at 85°C. The methods are 
described in [3]. 
 
4. RESULTS AND DISCUSSIONS  
 
4.1 Binder Mixtures 
 
Empirical Binder Tests 
Adding commercial wax to bitumen showed an increase in binder stiffness expressed in terms of penetration and 
softening point. The changes increased with additive content but varied with bitumen source and type of additive. 
Adding FT-paraffin showed the highest effect, followed by montan wax and polyethylene wax. For instance, adding 
6 % of FT-paraffin to non-waxy bitumen made the softening point increase from 38 to 96°C and the penetration 
decrease from 173 to 68 dmm. Adding polyphosphoric acid also made the bitumen stiffer, but to a minor extent. 
Penetration index PI (by Pfeiffer and Van Doormal) was considerably increased by the addition of commercial waxes, 
up to positive values of about 7. Although PI frequently is used as approximation of expected temperature susceptibility 
for bitumen, it could for waxy or wax modified bitumens give incorrect indications. The formula used presupposes that 
the binder has a penetration value of 800 dmm at its softening point, which is normally not known and therefore makes 
the PI very sensitive to variations in softening point. PI for base penetration bitumens normally ranges from about -3 
(for highly temperature susceptible bitumens) to about +7 for highly blown (low-temperature susceptible) bitumens.  
Adding FT-paraffin or montan wax generally increased Fraass breaking point of the binders (performed on aged 
samples), while adding polyethylene wax or polyphosphoric acid showed smaller effects. The largest increase in 
breaking point (6°C) was obtained from adding 6 % FT-paraffin to two of the base bitumens. Viscosity at 60°C was 
decreased only by the addition of slack wax. In all other cases, viscosity was increased, and most by the addition of FT-
paraffin.  
 
DSC measurements 
DSC curves from bitumens are comparably complicated, since there may be several overlapping phenomena to 
consider. Starting at a lower temperature range of the heat flow DSC diagram, the glass transition shows as a shift in 
specific heat versus temperature. The glass transition may be followed by a weak exothermic effect caused by the cold 
crystallization of wax, which could not crystallize through the cooling cycle due to limited mobility. This effect did not 
occur for non-waxy bitumen containing commercial wax (FT-paraffin, montan wax or polyethylene wax), but did occur 
for waxy bitumen with or without commercial wax additive. Consequently, all three commercial waxes crystallized 
through the cooling cycle and did not show any additional exothermic effect in the heating cycle due to re-
crystallization. Mixtures containing polyphosphoric acid did not show any thermal effects at all due to the presence of 
this additive.  
A broad endothermic effect may also be observed in the DSC heat flow diagram due to the melting of crystallizing 
fractions or other phenomena. This peak differs mostly depending on type of wax. For bitumen containing slack wax, 
the peak was very pronounced, while for bitumen containing solely natural bitumen wax, the peak profile was broader 
and showed no pronounced peak (most likely due to lack of n-alkanes) or (if containing some n-alkanes), the profile 
was a combination of a pronounced and broader peak. This is illustrated in Figure 1, showing heating scans for binder 
mixtures containing added natural bitumen wax or slack wax.  
In the range of 60 to 90°C, natural bitumen wax is normally completely melted out. However, for the commercial waxes 
used in these binder studies, the melting out temperatures of the bitumen/wax mixtures were higher (between 
approximately 100 and 130°C). For slack wax, the melting temperature range was comparably narrow and the wax 
melted out at a considerably lower temperature. The determined crystallizing fraction (CF) by DSC was larger than 



expected (natural wax content by DSC + added amount of wax) for all binder mixtures containing FT-paraffin, which 
could mainly be explained by the fact that the same enthalpy value was used for all binder samples: 

100
3.121

(%) 	�
enthalpymeltingwax

 
 

Figure 1: Heat flow in heating cycle by DSC for bitumen ME containing different types of wax [2] 
 
For instance, adding 6 %wt FT-paraffin to non-waxy bitumen (NV) gave a CF value of 10.5 %. Binders containing 
polyethylene wax, on the other hand, showed lower values and binders containing montan wax approximately expected 
values. For binders containing added bitumen wax or slack wax, the determined crystallizing fractions were lower than 
expected, indicating certain dissolution of added wax. Depending on molecular weight distribution, the wax melting 
temperature range differed between the different binder mixtures and was considerably broader for montan wax and FT-
paraffin wax than for polyethylene wax, natural wax, and slack wax. Polyethylene wax showed a more narrow melting 
temperature range, compared to FT-paraffin and montan wax, starting at about 70°C [4].  
 

Rheological Effects at High and Medium Temperatures 
Rheological effects at high and medium temperatures of adding wax to bitumen were studied using DMA. Complex 
modulus and phase angle of bitumens are functions of temperature and frequency, and may be influenced by addition of 
different additives such as waxes, polymers and acids. 
Bitumen mixtures containing added natural bitumen wax or slack wax were studied [2], as well as mixtures containing 
commercial wax or polyphosphoric acid. In both cases, magnitude and type of effect were found to depend on the 
bitumen itself as well as type and amount of additive. Adding slack wax showed markedly negative effects by lowering 
the complex modulus at temperatures over about 40°C. Adding bitumen wax (with no or very low n-alkane content) 
gave no such negative effect at higher temperatures. However, stiffening effects occurred below about 50°C.  
In the case of commercial waxes and polyphoshoric acid, temperature sweeps showed the highest stiffening effects from 
adding polyethylene wax in the temperature range from about +25 to 90°C (cf. Figure 2). This pronounced effect from 
adding polyethylene wax may partly be explained by its more narrow melting temperature range compared to FT-
paraffin or montan wax, as well as the ability to form an elasticity improving crystal and/or gel network. None of the 
commercial waxes or polyphosphoric acid showed any sudden complex modulus lowering effect at higher temperatures, 
thereby possibly affecting the resistance to permanent deformation, as for waxes containing n-alkanes. Stiffening effects 
occurred at temperatures below 90°C. At temperatures higher than 90°C, FT-paraffin and montan wax, being used as 
flow improvers, showed viscosity lowering effects due to high melting temperatures of some parts of these waxes. 
However, such effects were not further investigated in any of the studies performed. 
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Figure 2: Influence on complex modulus and phase angle (frequency 1 rad/s) on the two different non-waxy 

bitumens NV and NB due to the addition of commercial wax or polyphosphoric acid [4, 5] 
 
Rheological effects at low temperatures (+5°C to -25°C) 
The influence of adding wax or acid on the low-temperature performance of bitumens was studied using DMA, BBR, 
and force ductility measurements. DMA results [2, 6] showed that adding natural wax or slack wax gave a stiffening 
effect down to at least -5°C, indicating possible lower resistance to cracking at these temperatures. However, adding 
slack wax showed a decreasing effect on the stiffness of the non-waxy bitumen at temperatures lower than -5°C. BBR 
analysis at -15, -20 and -25°C gave the same indication, i.e. the non-waxy bitumen became more flexible.  
Adding FT-paraffin, montan wax or polyethylene wax showed noticeable stiffening effect at temperatures down to at 
least +5°C for all the bitumens studied. Polyphosphoric acid also made the bitumens stiffer at lower temperatures but to 
a smaller extent. 
 Effects at lower temperatures may also be illustrated by comparing glass transition temperature, Tg, at peak loss 
modulus and maximum rate complex modulus. In no case did the addition of FT-paraffin, montan wax, polyethylene 
wax or polyphosphoric acid show stronger influence than ±2°C on Tg by DMA. Adding slack wax decreased Tg by 2 to 
6°C. In the case of Tg by DSC, the effect from adding commercial wax was never more than ±2°C. 
In force ductility testing at 5°C, maximum force load was considerably increased by the addition of FT-paraffin or 
montan wax, but not by polyethylene wax or polyphosphoric acid. The highest value of maximum load was shown for 
the binder mixtures containing both natural bitumen wax and FT-paraffin wax. Consequently, adding FT-paraffin or 
montan wax made bitumen stiffer and less cohesive or ductile at +5°C, while adding polyethylene wax or 
polyphosphoric acid showed marginal effects. Adding slack wax to the non-waxy bitumen NB made force ductility 
increase to some extent. The influence at lower temperatures of adding wax or polyphosphoric acid to waxy bitumen 
ME is illustrated in Figure 4, showing similar indications at +5°C.  



Effects due to natural wax or slack wax content in bitumen shown in DMA temperature sweeps were found to be well 
related to the corresponding effects shown in DSC thermograms [2]. This proved to be true as well for FT-paraffin, 
montan wax and polyethylene wax in bitumen, but not for polyphosphoric acid, showing no effects by DSC [6]. 
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Figure 3: Force ductility curves at +5°C, and DMA at temperatures below 5°C for non-aged waxy bitumen 

ME mixtures [6] 
 
Effects on irreversible ageing properties  
RTFOT and PAV standard methods and procedures were used. The influence of adding FT-paraffin, montan wax or 
polyethylene wax on bitumen ageing properties was evaluated using DMA, BBR, force ductility test and chemical 
characterization by FTIR and TLC-FID.  
In conclusion, addition of the commercial waxes used (FT-paraffin, montan wax and polyethylene wax) showed no or 
marginally positive influence on bitumen ageing properties for the bitumens, temperatures and frequencies used [7]. 

 
Effects on Low Temperature Physical Hardening 
Physical hardening is a reversible process, sometimes causing major changes in rheological behaviour of bitumens 
(without altering its chemical composition). Low temperature physical hardening may occur below as well as above the 
glass transition temperature, Tg, making the bitumen stiffer and more elastic. Crystallization of waxes and free volume 
collapse has been suggested as possible mechanisms [8]. However, physical hardening and the effect of waxes on 
physical hardening of bitumens are still not fully understood.  
In this study, physical hardening after 24 h at -25°C was determined using the BBR. The effect was expressed by a 
physical hardening index, PHI, simply defined as the stiffness ratio between stiffness values after 24 h and 1 h storage 
time, respectively, at this temperature. Comparing the three base bitumens (NV, ME and WB), the two bitumens 
containing natural bitumen wax (ME and WB) showed significant higher hardening index (53 and 49 %, respectively) 
than the non-waxy bitumen (8 %). Adding FT-paraffin to the two waxy base bitumens decreased the hardening index to 
some extent (see Figure 4). Also montan wax and polyethylene wax showed this influence. The effect (decrease in PHI) 



increased with increased content of additive. The opposite effect (increase in PHI) was gained when adding 
polyphosphoric acid (to waxy bitumen ME). For the non-waxy bitumen, the effects were much smaller and did not 
necessarily depend on additive content. Adding slack wax to base bitumen NB made physical hardening increase by 
almost 100 %.  
No correlation between physical hardening index (PHI) and wax content by DSC was found in this study, involving 
both natural bitumen wax and commercial wax. Enthalpy change by DSC was not found to be a good indicator of 
physical hardening. For instance, the bitumen containing 4 % crystallizing fraction by DSC (natural bitumen wax) 
showed a physical hardening at -25°C of 53 %, while the value for non-waxy bitumen containing 6 % added FT-
paraffin (10.5 % crystallizing fraction by DSC) was 7 %. 

 

Figure 4: Effect on physical hardening index PHI due to addition of commercial wax or PPA [6]  
 

4.2 Asphalt Concrete Mixtures 
 
For one first asphalt concrete study [9], the binder mixtures were selected from the earlier performed binder studies on 
rheology and ageing. Since comparably limited amounts of these base bitumens were available, only five asphalt 
concrete mixtures could be prepared and tested. For these asphalt mixtures, base bitumens NV, ME and WB were used 
containing no or 6 % by weight of FT-paraffin or polyethylene wax. For base bitumens ME and WB, respectively, only 
one mixture containing 6 % of polyethylene wax was prepared. For base bitumen NV, mixtures containing no wax, 6% 
FT-paraffin and 6 % polyethylene wax, respectively, were produced. Consequently, the influence of natural bitumen 
wax on asphalt concrete performance could hardly be judged from the results of this study. Effects on low and medium 
temperature performance were investigated using TSRST, dynamic creep and complex modulus tests.  
For a second asphalt concrete study [5], a non-waxy bitumen of penetration grade 160/220 was modified with FT-
paraffin, montan wax, polyethylene wax, slack wax and polyphosphoric acid, respectively, at two content levels (3 and 
6 %) and used in the asphalt mixtures. Mainly the same investigations as in the first mentioned study were performed, 
adding a creep test at -25°C for two of the asphalt mixtures. 

 
Influence of additive on medium temperature performance 
Properties at medium temperatures (0-40°C) were investigated by use of dynamic creep and complex modulus tests.  
In dynamic creep testing at 40°C, the smallest strains, indicating better resistance to permanent deformation, were 
shown for the mixtures containing FT-paraffin or montan wax. As expected, adding 6 % of slack wax made the asphalt 
concrete extremely sensitive to rutting. Adding polyethylene wax in some cases showed no or smaller positive effects 
[9], while in other cases significant improvement. The reason for this behaviour could be that the polyethylene used is 
comparably sensitive to ageing, which was shown in binder testing [7]. There could also be some other instability 
problems, since the product used was not an oxidized stabilized product. Adding 6 % of polyethylene to the non-waxy 
bitumen NV [9] showed no significant effect on the resistance to deformation in dynamic creep testing at 40°C, while 
adding the same amount to the non waxy bitumen NB made the resistance increase by approximately 40 %. Adding 
PPA (1 %) increased the sensitivity to rutting to some extent for bitumen NB. Results from dynamic creep testing are 
shown in Figure 5.  
In complex modulus testing, the addition of FT-paraffin or polyethylene wax to non-waxy bitumen NV [9] clearly 
increased the modulus and decreased the phase angle within the specific temperature range used (from 0 to 20°C).  
The corresponding influence on non-waxy bitumen NB is illustrated in Figure 6, showing also evident stiffening effect 
at lower frequencies due to the addition of slack wax, but minor or no influence from adding polyphosphoric acid. 



Time-temperature superposition may not be strictly applicable, especially not to the binder mixture containing 6 % 
slack wax. Nevertheless, at least for the dynamic modulus, isotherms could be reasonably well shifted to form a 
continuous master curve. 
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Figure 5: Effect on axial deformation in dynamic creep testing (40°C) due to addition of 6 % commercial 

wax or 1 % polyphosphoric acid to non-waxy bitumen NB [5] 

 
Figure 6: Dynamic modulus and phase angle master curves for the NB and modified NB asphalt mixtures. 

The reference temperature is 10°C [5] 
 



Influence of additive on low temperature performance 
Low temperature properties of asphalt mixtures were investigated by use of TSRST and creep testing at -25°C.  
The TSRST fracture temperature for the non-waxy bitumens NV [9] and NB was somewhat increased (by about 2°C) 
from the addition of FT-paraffin or montan wax, but unchanged from the addition of polyethylene wax or slack wax. 
Adding 1 % of polyphosphoric acid made the fracture temperature decrease by about 2°C. Ageing (42 days at 85°C) 
made the TSRST temperature increase by 1 to 5°C. Fracture temperature was significantly influenced by binder type 
and ageing. Examples of test results from the TSRST are illustrated in Figure 7. 
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Figure 8: TSRST response for asphalt concrete containing bitumen NV or wax modified NV binder 

mixtures, before and after ageing 42 days at 85°C [9] 
 
Physical hardening was investigated using TSRST and creep testing at -25°C [9]. Comparing these results to the 
corresponding results of low temperature physical hardening for the binders using BBR, the effect on asphalt concrete 
was less pronounced. 
 
5. CONCLUSIONS 
 
The most important conclusions drawn from the experimental studies presented in this paper are: 
� Magnitude and type of effect of additive on bitumen rheology depend on the bitumen itself as well as type and 

amount of additive. Bitumen composition is of decisive importance. 
� None of the commercial additives (except slack wax, which is never used in practice as an additive to bitumen) 

showed any negative sudden complex modulus lowering effect at higher temperatures, thereby possibly affecting 
rutting resistance in a negative way. 

� Adding polyethylene wax or polyphosphoric acid, especially to the non-waxy bitumens used, showed considerable 
stiffening effects at medium and higher temperatures. However, the corresponding effects could not be shown in 
dynamic creep testing (at 40°C) of asphalt concrete mixtures containing these modified binders. 

� Physical hardening as determined by BBR at -25°C showed a higher hardening index for the two bitumens 
containing natural wax than for the two non-waxy bitumens. Adding FT-paraffin decreased the hardening index for 
all bitumens. Also polyethylene wax and montan wax showed this effect, but not for all bitumens. Slack wax 
showed a large increasing effect on physical hardening, and polyphosphoric acid none or minor effect. 

� No correlation between physical hardening index (PHI) and wax content by DSC was found in this study, involving 
both natural bitumen wax and commercial wax. Consequently, enthalpy change by DSC was not found to be a good 
indicator of physical hardening. 

� Addition of the commercial waxes used (FT-paraffin, montan wax and polyethylene wax) showed no or marginally 
positive influence on bitumen ageing properties for the bitumens and test conditions used.  

� Comparing asphalt mixture test results to the corresponding binder test results, the effects on asphalt mixtures from 
adding commercial wax or polyphosphoric acid were less evident. 

� It is recommended to carefully evaluate in the laboratory effects of adding any type of commercial additive to a 
specific bitumen intended for modification before using it in practice.  

 
Summarizing, the effects of adding commercial wax or polyphosporic acid to bitumen in this study varied depending on 
bitumen and temperature range studied, but were mainly of positive or vague nature.  
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ABSTRACT 
 
The paper contains a short introduction and background concerning wax additives in bitumen and asphalt mixtures. 
Focusing on polymer modified coarse aggregate mastic asphalt, the use of wax additives in Europe is reviewed.   
Commercial wax such as FT-paraffin and montan wax are typical so-called bitumen flow improvers, which are used in 
practice for asphalt pavements and mastic asphalt to reduce the mixing temperature and thereby energy consumption 
and emissions. Workability may be improved as well. These waxes differ a great deal from natural bitumen wax 
concerning molecular weight and molecular weight distribution. They have high congealing points around 100°C and 
higher melting areas compared to natural wax in bitumen.  
Results are presented from an ongoing joint Swedish project about wax as flow improver in polymer modified bitumen 
for mastic asphalt production. Different aspects are dealt with. The aim of the project is to make mastic asphalt used in 
Sweden today (for bridges, parking decks etc.) more environment friendly and easier to handle. However, wax 
modification must not have any noticeable negative impact on the performance of mastic asphalt products at medium 
and lower temperatures.  
The project involves laboratory testing of wax and polymer modified binders and mastic asphalt mixtures. Field studies 
are included as well. Effects of adding two commercial waxes to one polymer modified bitumen are presented in this 
paper.  
The results show that both waxes have a flow improving/viscosity depressant impact on the polymer bitumen at higher 
temperatures, indicating a possible lower laying temperature for the mastic asphalt if modified with such waxes. 
Moreover, there is a stiffening effect at medium and high temperatures (below laying temperature), indicating a certain 
positive effect on stability. 
Concerning low temperature performance, there are results indicating negative impact on crack susceptibility at low 
temperatures, larger effect by the addition of FT-paraffin than by the addition of montan wax. 
 
Keywords: wax, modified binders, mastic asphalt 
 
1. INTRODUCTION 
 
As a consequence of lower limit values for bitumen emissions in connection with asphalt works, and harder 
requirements for lower carbon dioxide emissions, new temperature reducing asphalt technologies have been developed.  
One way of reducing the asphalt mixing temperature is by adding special flow improving products such as waxes. The 
chief purpose of adding the wax is to reduce the mixing temperature of the asphalt in order to reduce energy 
consumption and emissions of bitumen fumes and aerosol. As a rule, the workability of the asphalt is improved as well. 
Below the laying temperature, there may also be an increase in viscosity due to wax crystallization, and by that some 
stiffening effect. Consequently, the asphalt pavement may gain better resistance to plastic deformation. In the case of 
asphalt concrete, lower void content due to better compaction properties may make the pavement more durable. 
However, other pavement properties, such as crack susceptibility at low temperatures, fatigue resistance and adhesion 
could be affected by the addition of flow improvers as well [1]. Different bitumen compositions are more or less 
sensitive to wax additives. Bitumen of different origin ought to be specially studied, in order to at least adjust the flow 
improver to the bitumen and avoiding deterioration of bitumen properties as a result of adding the flow improver. 
Coarse aggregate mastic asphalt products require high working temperatures, and the use of wax additives therefore has 
become more frequently used, especially in Germany.  
 
For bridges and parking decks in Sweden, mainly mastic asphalt is used. As a rule, the mastic asphalt is polymer 
modified and the laying temperature is about 200°C. 
This paper focuses on the addition of wax to polymer modified bitumen intended for use in mastic asphalt pavements. A 
short introduction and background concerning wax additives in bitumen and asphalt mixtures is given in the following 
chapter.  
Results from a recently initiated joint Swedish project about wax additive in polymer modified bitumen for mastic 
asphalt is presented.  
 



2. THE USE OF WAX ADDITIVES IN BITUMEN AND ASPHALT MIXTURES 
 
Typical viscosity lowering products used for asphalt pavements are FT-paraffin, montan wax, oxidized polyethylene 
wax, thermoplastic resins and fatty acid amide. Molecular weight distributions of such products vary, as well as their 
impact on asphalt concrete or mastic asphalt properties. Zeolites are another type of additive belonging to a group of 
hydrated aluminium silicates [2]. However, zeolites are not used in mastic asphalt. Most used in practice are FT-
paraffins and montan waxes. Addition of 2-3 % wax in mastic asphalt normally has been used.  
 
Structurally, FT-paraffin is similar to natural paraffin wax in bitumen. The difference between bitumen paraffin wax 
and FT-paraffin lies in the considerably longer molecules of FT-paraffin, of which n-alkanes lie in the range of 40 to 
115 carbon atoms. The longer molecules result in a considerably larger melting area for the pure FT-paraffins, 65-
120°C, and a congealing point of about 100°C. FT-paraffin is produced in a so-called Fischer Tropsch synthesis, where 
carbon monoxide is converted into higher hydrocarbons and oxygenates in catalytic hydrogenation followed by a 
distillation process. The commercial product by Schümann-Sasol GmbH is called Sasobit. Variants of FT-paraffin as 
flow improver in bitumen are named Bitplus (C30-C100) and Genicel (fibres+Sasobit as additive directly into the mix).  
The viscosity lowering effect on a binder due to the addition of Sasobit may allow working temperatures to be 
decreased by 18 and 54°C [3]. Sasobit can be combined with polymers. A special product containing Sasobit, polymer 
and so-called cross-linking agent (Sasolwax Link TX) has been developed.  
 
Montan wax is a partly bituminized fossil ester wax which can be extracted from brown coal. It has a more complicated 
structure compared to FT-paraffin and is available in a number of product variants depending on range of use (type of 
bituminous product). Romonta GmbH  is the largest producer of crude montan wax of different kinds. Romonta Normal 
was the first marketed bitumen flow improver. Other similar developed products after that were named Asphaltan. 
Asphaltan A was developed specifically for modification of mastic asphalt products, and Asphaltan B for asphalt 
concrete mixtures. Since the beginning of the 1980’s, montan waxes have been used as additive for mastic asphalt, 
initially as a result of harder requirements for lower carbon dioxide emissions in Germany, but later also for obtaining 
better workability of asphalt mixtures. Montan waxes have been modified specifically for this purpose, but also with the 
intension of improving for instance asphalt pavement adhesion properties. Romonta N, Asphaltan A and Asphaltan B 
have congealing points of about 78°C, 125°C and 100°C, respectively.  
 
So, the main purpose of adding wax to bitumen normally is to lower the viscosity within a certain temperature range. In 
turn, this may lead to better workability, perhaps a longer paving season and less needed roller compaction (for asphalt 
concrete mixtures). Energy consumption reductions are considered to be a very important benefit of wax addition (and 
other similar techniques). Production costs at the asphalt plant may be lower due to lower production temperature and 
shorter production time. Less wear of equipment in the plant is another possible favourable consequence. On the other 
hand, production costs may increase by the extra cost of wax, and if equipment modification is needed for the new 
production process. Lower production temperature also means reduced emissions, which otherwise may be a problem, 
or even injurious to health, during asphalt production and paving. Bitumen fume in connection with indoor asphalt 
works is known to be most problematic.  
 
Wax as flow improver shows a softening effect on the binder and asphalt mix at higher temperature (above 80°C). In 
addition to that, a stiffening effect occurs below the paving temperature as a result of wax crystallization. By that, the 
asphalt pavement resistance to permanent deformation may increase as well. Rheological effects of adding wax to 
bitumen can be studied using dynamic mechanical analysis (DMA). In DMA, the ratio of peak stress to peak strain is 
defined as the complex modulus 
G*
, which is a measure of the overall resistance to deformation of the sample tested. 
The phase difference between stress and strain is defined as the phase angle �, and is a measure of the viscoelastic 
character of the sample. For a completely viscous liquid, the phase angle is 90° and for an ideal elastic solid material, 
the phase angle is 0°. Complex modulus and phase angle of bitumens are functions of temperature and frequency, which 
may be changed by the addition of different additives such as waxes and polymers.  
 
Laboratory and field studies are being performed in Germany for a large set of wax/binder systems. The project is a 
joint project between BASt (Bundesastalt für Strassenwesen), BMVBW (Bundesministerium für Verkehr, Bau- und 
Wohnungswesen) bitumen producers, wax producers and others. Test sections were constructed in June 2004 on the 
motorway A7 near Flensburg, and will be studied for at least a period of eight years. The aim of the project is to 
develop some ZTV Asphalt requirements specifications for so called TA Asphalt (temperaturabsenkende) in Germany 
[4]. Other test sections were constructed near Schwerin the same year. In both cases, polymer modified bitumen 
(Pmb 45 A) was used as reference. None of the test sections is mastic asphalt. However, polymer modified mastic 
asphalt pavements containing wax additive most certainly have been used in practice. According to list of Roads and 
Trials with Sasobit from October 2005, some ten bridge objects with mastic asphalt wearing course containing polymer 
modified bitumen (Pmb 45) and Sasobit have been constructed since 1997 in Germany. 
 
A technical temperature reduction procedure known to be used in France for mastic asphalt is called “Néophalte®Low-
Temperature [5]. 



 
 
 
3. EXPERIMENTAL 
 
3.1 Materials 
 
The polymer modified bitumen used was a 50/100-75 class product (Pmb 32) produced by Nynas. The commercial wax 
additives were FT-paraffin (Sasobit) and montan wax (Asphaltan A).  Their characteristics are presented in Table 1. 
Levels of 3 and 6%wt wax were used. Mixing was carried out by the bitumen producer. Samples were aged using the 
RTFO (Rolling Thin Film Oven) test.  
 
Additive Characteristics Value 
Sasobit, Congealing point (ASTM D 938)  100 (°C) 
(FT paraffin wax) Penetration at 25°C (ASTM D 1321) <1 (dmm) 
 Penetration at 65°C (ASTM 1321) 7 (dmm) 
   
Romonta Asphaltan A, Solidification point (Romonta test method W 1.1) 120-130 (°C) 
(Montan wax) Dropping point (Romonta test method W 1.3) 125-135 (°C) 
 Viscosity at 150°C (Romonta test method W 7.1.1) 5-20 (mPas) 

Table 1:  Information regarding additives used in this study obtained from product data sheets 
 
3.2 Methods of analysis 
 
The following test methods were used:  
� Softening point (EN 1427) 
� Penetration at 25°C (EN 1426) 
� Breaking point Fraass (EN 12593) 
� Dynamic viscosity, Brookfield at 135 and180°C (ASTM D442) 
� Elastic recovery at 10°C (EN 13398) 
� Force ductility at 10°C (EN 13589, EN 13703) 
� Storage stability at 180°C (EN 13399) 
 
� DSR temperature sweep from -30 to +80°C at a frequency of 10 rad/s (AASHTO TP5) 
� BBR analysis at -18 and -24°C (EN 14771) 
� DSC (Differential Scanning Calorimetry)  
 
4. RESULTS AND DISCUSSIONS 
 
Results are presented in Table 2 and show a viscosity reduction of approximately 60 units at 180°C by the addition of 
6% Sasobit or Asphaltan A, corresponding to a possible temperature reduction in laying temperature of about 10°C. 
 
Adding Sasobit shows a somewhat larger stiffening effect, compared to Asphaltan A, at temperatures around 30 to 
60°C. This is indicated by higher complex modulus and lower phase angle as shown for original samples in Figure 3, 
and laboratory aged samples in Figure 4. The influence on softening point and penetration also is larger for Sasobit 
compared to Asphaltan A, especially for original samples.  
 
Storage stability seems to be improved by the addition of wax. Or rather, the softening point is increased to an extent 
corresponding to what also happens during laboratory ageing in RTFO. Pmb 32 containing no wax is not storage stable, 
and the softening point is marginally changed after laboratory ageing. Consequently, the softening point initially is 
increased by the addition of wax, but also further increased if stored or aged. After storage for 72 hours at 180°C, all 
samples containing wax show a softening point of about 100°C. After ageing, the softening point is about 90-100°C for 
all samples containing wax. It should be noted about Pmb 32 that the softening point could vary depending on sample 
preparation temperature and time. According to the bitumen producer, the sample preparation temperature must be 
180°C. According to product data sheet for Pmb 32, the softening point shall be minimum 75°C. In this particular study, 
the sample preparation temperature was 180°C. But still, the softening point may vary depending on sample preparation 
time. 
 



The elastic recovery at 10°C is somewhat decreased by the addition of 3 % wax. At the higher wax level, test specimens 
break before reaching the elongation length of 200 mm (as specified in the test method). After ageing, all samples 
containing wax break during the test. 
 
Also in force ductility at 10°C, all aged samples containing wax break (before elongation to the specified 40 cm 
according to that test method). As force ductility is considered to be a measure of cohesion and homogeneity of the test 
sample, the test results indicate a stiffening effect at 10°C related to probably a decrease in cohesion. 
 
Concerning low temperature performance, the breaking point is slightly affected by the addition of wax. Low 
temperature testing by BBR shows an overall increase in stiffness at -18°C, indicating a negative impact on crack 
susceptibility at low temperatures, larger by the addition of Sasobit than by the addition of Asphaltan A.  
 
For controlling the low temperature cracking propensity according to SHRP, the BBR test is performed at a temperature 
10°C above the expected lowest pavement temperature for the actual PG (Performance Grade). In order to fulfil the 
requirements, the creep stiffness must not exceed 300 MPa and the m-value must be at least 0,300. A lower limit 
temperature (LST at which S=300 MPa or LmT at which m=0.300) can be determined from BBR results at two or more 
different temperatures. This was done based on test results at –18 and –24°C. Additional BBR analyses were performed 
at -6°C for aged samples containing wax. For original samples, the results show that the limit temperatures were 
somewhat affected by the addition of wax. The highest stiffness limit temperature (-17°C) as well as highest m-value 
limit temperature (-12°C) of original samples was registered for the binder containing 6% Sasobit. For aged samples, 
the lower limit temperatures were even more affected by wax additives. For instance, adding 6% Sasobit made the m-
value limit temperature increase from –18 to approximately –5°C. 
 
Characteristics 
 

Pmb 32 
 

Pmb 
+3% S 

Pmb 32 
+3% A 

Pmb 32 
+6% S 

Pmb 32 
+6% A 

Softening point, °C  74 96 70 94 77 
Penetration, dmm 56 39 51 35 45 
Breaking point Fraass, °C -15 -11 -12 -10 -13 
Elastic recovery 10°C, %  
 

79 
 

75 
 

73 
 

Break at  
7-8 cm 

Break at 15-
18 cm 

Force ductility 10°C, Nm 5,5 6,7 5,1 5,5 5,6 
Brookfield visc. 135°C, mPas 1 636 1 419 1 150 1 192 945 
Brookfield visc. 180°C, mPas 299 273 260 239 236 
BBR  -18°C, S MPa /m-value  225/0,319 234/0,282 214/0,318 314/0,260 212/0,296 
BBR  -24°C, S MPa /m-value  451/0,259 463/0,230 440/0,225 456/0,222 460/0,238 
LST,°C -20 -20 -20 -17 -20 
LmT, °C -20 -16 -19 -12 -18 
Storage stability at 180 °C:      
Softening point top, °C 100 103 95 106 100 
Softening point bottom,°C 72 93 94 101 99 
DSC wax melted out temp, °C - 114 112 114 120 
 
After RTFOT      
Softening point, °C 70 94 88 99 90 
Penetration, dmm 38 25 28 22 30 
Breaking point Fraass, °C -11 -11 -14 -7 -14 
Elastic recovery 10°C, % 
 

65 
 

Break at  
6 cm 

Break at  
9 cm 

Break at  
2 cm  

Force ductility 10°C, Nm 6,1 7,2* 7,3* 5,4* 4,6* 
BBR  -18°C, S MPa / m-value 239/0,304 303/0,248 294/0,275 363/0,225 299/0,278 
BBR  -24°C, S MPa / m-value 461/0,234 540/0,216 434/0,221 574/0,197 527/0,212 
BBR  -6°C  84/0,346 59/0,433 115/0,297 77/0,388 
LST,°C -20 -18 -18 -16 -18 
LmT, °C -18 -8 (-12)** -15 -2 (-5)** -16 

* Break at � 30 cm 
** Estimated from measurements performed at -24, -18 and -6°C. 

Table 2: Test results for Pmb 32 with and without wax additive 
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Figure 1: DSR temperature sweep from -30 to 80°C at a frequency of 10 rad/s for Pmb 32 containing wax 
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Figure 2: DSR temperature sweep from -30 to 80°C at a frequency of 10 rad/s for Pmb 32 containing wax, 

after laboratory ageing 
 
5. CONCLUSIONS AND FURTHER WORK 
 
Based on results for binder mixtures so far in this study, the following preliminary conclusions may be drawn: 
� Both waxes (Sasobit and Asphaltan A) have a flow improving/viscosity depressant impact on Pmb 32 at higher 

temperatures, indicating a possible lower mixing and laying temperature for mastic asphalt products if modified 
with such waxes.  

� Concerning binder performance at temperatures lower than approximately 100°C, there is a stiffening effect due to 
wax modification, indicating a certain positive effect on stability.  



� However, this stiffening effect appears also at very low temperatures, indicating a negative impact on crack 
susceptibility, larger by the addition of Sasobit than by the addition of Asphaltan A. Most affected is the lower limit 
m-value temperature by BBR. 

 
Further laboratory testing will be performed on mastic asphalt test specimens containing selected binder mixtures. 
Indentation value at 40°C will be determined and dimensional stability at 80°C (according to EN 12970, Annex B). The 
tensile strain restrained specimen test (TSRST) will be carried out as well for further knowledge about low temperature 
performance of mastic asphalt containing polymer- and wax modified binders. 
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ABSTRACT 
 
Bitumen-rubber with high crumb-rubber concentrations normally require the addition of other chemical substances to 
reconstitute the chemical composition of the base bitumen that changes because rubber incorporates light fractions 
from the bitumen. Aromatic oils are normally used for this reconstitution, reducing the viscosity of the bitumen-rubber. 
The selection of the appropriate concentrations of crumb rubber and aromatic oil, also called extender oil when used 
for this aim, is the key to produce bitumen-rubber with good performance. This papers aims at introducing a statistics-
based procedure to guide the selection of the adequate proportions of crumb rubber and shale oil residue to formulate 
bitumen-rubber to meet desirable levels or specification limits. The procedure is based on three statistical techniques: 
experiments with mixtures, traditional model fitting and response surface methodology. The paper describes in detail 
the new procedure and shows some examples using penetration and softening point, of virgin and RTFOT aged 
samples, as the rheological properties chosen to design the modified bitumen. Retained penetration and the increase in 
the softening point values are additionally used to select the adequate proportions of the two modifiers, considering the 
effect of aging and the limits recommended by European specification for non-modified bitumens. 
 
Key-words: bitumen-rubber, experiments with mixtures, effect of components, response surface, shale-oil residue 
 
1. INTRODUCTION 
 
The objective of this work is to introduce a procedure to select the adequate proportions of crumb rubber and extender 
oil (shale-oil residue) to produce bitumen-rubber binders. The procedure is empirical and is based on the statistical 
theory of experiments with mixtures (Cornell [1]). It is composed of the design of an experiment with mixtures that 
guides the selection of the mixtures whose properties are monitored and, subsequently, modeled in order to made plots 
of effects of components and response surfaces. A case study is used to apply the procedure, using softening point and 
penetration data obtained from virgin and RTFOT samples. Response surface plots were used to delimitate sub-regions 
inside the experimental region where acceptable compositions can be found, considering the limits of European 
specification for increase of softening point and retained penetration. 
The procedure described below is based on a particular type of experiments with mixtures, where restrictions in the 
component proportions and process variables are set. The following steps compose the procedure: 

1. define the restrictions of the components, for instance, proportions of rubber from 0 to 22% and oil from 0 to 
18%, based on which the constrained experimental region is formed (see Figure 1 as an example); 

2. choose the degree of the regression model, what leads to the definition of the minimum number of mixtures 
to be prepared: to linear models, at least three mixtures are necessary; to quadratic models, at least six 
mixtures; and to special cubic models (more recommended), at least seven mixtures; 

3. defined the minimum number of mixtures, locate them in the experimental region according to the following 
criteria: first the vertices of the figure, then the medium point of the sides and then the center; additional 
mixtures can be placed, as they contribute to fit better models; 

4. prepare the samples and submit them to tests to collect data to adjust the models: a determination and a 
replica are fundamental, but more replicas can be obtained, as they contribute to fit better models; 

5. fit the model, taking into account the criteria related to normal and random distribution of residues and to 
homocedasticity (equal variances), described, for instance, in Montgomery and Peck [2] and Myers and 
Montgomery [3]; 

6. generate the plots of component effects and the response-surface plots. 
 
2. CASE STUDY: DESIGN OF THE EXPERIMENT 
 
The bitumens were selected according to an experiment designed with the statistical tool of experiments with mixtures 
(Cornell, 2002), taking account of restrictions in the proportions of the components and process variables. Denoting x1 
as the proportion of asphalt, x2 as the proportion of crumb rubber and x3 as the proportion of shale-oil residue in the 
mixture, the restrictions imposed in percentage are: 0�x1�100, 0�x2�22 e 0�x3�18. This theory also requires the 
following restrictions to be met: x1 + x2 + x3 = 1 e x1, x2, x3 > 0. Figure 2.a shows the simplex and the sub-region where 
the selected mixtures are indicated. Temperature and time are the two process variables included, only at the high and 
low levels (Figure 2.b). Temperature levels are 170 and 200°C, codified as (-1) and (+1), and time levels are 90 e 120 
min, codified as (-1) e (+1). Although mixing speed is an important process variable in the production of asphalt-rubber, 



it was kept fixed to 4,000 rpm, as a manner of fractionating the experiment. The design mixtures are: 100-0-0, 91-0-9, 
82-0-18, 89-11-0, 60-22-18, 69-22-9, 71-11-18, 78-22-0 and 80-11-9, where the first number is the proportion of 
asphalt binder, the second the proportion of crumb rubber and the third the proportion of shale-oil residue. 
 

 
                                                                    (a)                                                            (b) 
 
Figure 1:  (a) Simplex, restrictions and selected mixtures and (b) detailed view of the region with restrictions, 

the selected mixtures and the process variables. 
 
3. MATERIALS 
 
The crumb rubber used was obtained from discarded tires of heavy vehicles (tractors and trucks). Its particle-size 
distribution is shown in Table 1. Thermogravimetry analysis indicated the following composition of the crumb rubber: 
64.3% of elastomers and plasticizers, 31.4% of carbon black e 4.3% of inorganic materials. The base bitumen is graded 
as a PG 70-10 according to Superpave and as a 30/45 bitumen in the penetration grade. The shale-oil residue is 
classified as AR-5 according to ASTM D4552. 
 

sieve opening, mm 1.19 0.59 0.42 0.297 0.175 0.150 0.074 bottom 
% passed 100.00 99.24 59.74 44.99 15.84 11.31 2.46 0.00 

 
Table 1:  Particle-size distribution of crumb rubber 
 
4. EXPERIMENTAL METHOD 
 
Mixtures containing bitumen and rubber and those containing bitumen, rubber and oil were prepared in a high-shear 
mixer (Silverson model L4RT), at 4,000 rpm, in the levels of temperature and time specified in the experiment. 
Mixtures containing bitumen and oil were prepared in a low-shear mixer (Ika Labortechnik model RW20), at 300 rpm, 
135°C and 20 min. Because of practical reasons, the base bitumen and the bitumen-oil mixtures were not submitted to 
the levels of temperature and time applied to the other mixtures, but the modeling was performed assuming that all the 
mixtures were submitted to the 22 factorial design. All bitumens were submitted to tests of softening point and 
penetration, in the virgin and RTFOT conditions, according to ASTM D 36-00, ASTM D 5-05a and ASTM 2872-97. 
 
5. ANALYSIS PROCEDURE 
 
The statistical package Minitab version 14.1 was used to perform the statistical regression. Mixtures were selected in 
the design of the experiment to adjust a third degree polynomial model, called special cubic model, using process 
variables in the second order. For brevity, they are omitted, once each model has 28 terms. This type of model is called 
canonical model and is specific to model problems related to mixtures, where component variables are dependent. Its 
general format is: 
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with i, j, k = 1, 2, ... q, where q is the number of component in the mixture, and m = 1, 2, where m is the 
number of process variables, �i, �ij e �ijk the estimates of the coefficients of the model terms xi, xij e xijk, 
respectively, xi, xj e xk corresponding to the asphalt binder, crumb rubber and shale-oil residue contents, 
respectively, zm the codified value of the process variable m and z1 e z2 the codified values (-1 to the low level 
and +1 to the high level) of the process variables (respectively, temperature and time of processing). 

It is important to remember that the models fitted in this research are restricted to the type of asphalt binder, crumb 
rubber and shale-oil residue used, to the levels of the process variables and to the experimental conditions under which 
the mixtures were prepared. The fitted models are not intended to be applied to either any kind of asphalt binder, crumb 
rubber and shale-oil residue or any level of the process variables different from the levels used here. 
The statistical analysis is based on the evaluation of component effect plots, called response trace plots, and of response 
surface plots. A response trace plot depicts the effect that each component in the mixture individually has on the 
response, in accordance with the fitted model. This kind of plot indicates the effect of varying the proportion of one of 
the components, keeping constant the ratio between the other two. This means that when analyzing the effect of varying 
the proportion of rubber, for instance, the proportions of asphalt binder and shale-oil residue in the mixture also vary but 
the ratio between these two components is kept constant. Each line in the plot depicts the effect of changing the 
proportion of each component along an imaginary line (direction) linking the reference blend (usually the centroid of 
the simplex) to the vertex and the reference blend to the side opposite to the vertex. 
It is important to understand that the component effect analysis depicted by this kind of plot is only one among several 
possibilities of analysis (several directions). The direction chosen in this analysis procedure corresponds to the line 
linking the vertex to the opposite side of the simplex, passing through the reference blend that in this case is the centroid 
of the simplex shown in Figure 1. This kind of plot can be used to identify which component is more influential on the 
response. The horizontal amplitude indicates in which ranges the proportions of the components vary, taking account of 
the limits indicated in the experimental design, starting from the reference blend to +50% of the range of variation and 
to -50% of this range. The vertical amplitude indicates the intensity of the effect of changing the proportion of the 
component in the mixture on the property. An easier way of evaluating the effects is to look at the percentage of each 
component as increasing from left to right, in its respective range of variation. 
When interpreting a response trace plot, it is important to keep in mind that: (a) all the components are interpreted 
relative to the reference blend; (b) components with the greatest effect on the response will have the steepest response 
traces; (c) components with larger ranges (upper bound minus lower bound) will have longer response traces, 
components with smaller ranges will have shorter response traces; (d) the total effect of a component depends on both 
the range of the component and the steepness of its response trace, the total effect is defined as the difference in the 
response between the effect direction point at which the component is at its upper bound and the effect direction point at 
which the component is at its lower bound; (e) components with approximately horizontal response traces, with respect 
to the reference blend, have virtually no effect on the response; (f) components with similar response traces will have 
similar effects on the response; (g) the components do not have effects completely isolated: to change the proportion of 
one of the components implies to change the proportion of at least one of the complementary components. 
Response surface plots depict how a response is related to the components in the mixture, based on the fitted model. In 
this kind of plot, the surface is seen as a bidimensional plan in which all the points that represents the same response 
value are connected to produce contour lines. Response surface plots are useful to select ideal values for a property and 
the correspondent ideal mixtures. Therefore, response surface plots represent an effective tool to delimitate regions 
where the shale-oil residue could be used with the rubber, working as an extender oil. 
 
6. STATISTICAL ANALYSIS 
 
Table 2 shows the regression models of softening point in the virgin and RTFOT conditions, of penetration in the virgin 
and RTFOT conditions, of the increase of softening point after RTFOT and of retained penetration. Figure 2 (a) and (b) 
depict the response trace plots of softening point in the virgin and RTFOT conditions, respectively. Figure 3 (a) and (b) 
show the response trace plots of penetration in the virgin and RTFOT conditions, respectively. Figure 4 (a) and (b) 
present the response trace plots of the increase of softening point after RTFOT and of retained penetration, respectively. 
Figure 5 (a) and (b) show the contour plots of softening point in the virgin and RTFOT conditions, respectively. Figure 
6 (a) and (b) depict the contour plots of penetration in the virgin and RTFOT conditions, respectively. Figure 7 (a) and 
(b) present the contour plots of the increase of softening point after RTFOT and of retained penetration, respectively. 
Both the response trace plots and the contour plots were plotted using the regression models presented in Table 2 for the 
condition (-1,-1) of the process variables (170°C and 90 min). 
As indicated in Figure 2 (a) and (b), the effects of rubber and oil are antagonistic: rubber tends to increase the softening 
point and oil tends to decrease it. For the virgin samples, the effect of the rubber concentration is linear to 
concentrations above 5%, with an inexpressive effect when proportions up to 5% are used. For the RTFOT condition, 
the effect of rubber proportion is linear to any concentration. The effect of oil proportion is linear both in virgin and 
RTFOT conditions. The short-term aging affects the intensity of the effects of rubber and oil on the softening point. For 
instance, in the condition (-1,-1) of the process variables, 170°C and 90 min, the rates of the increase of the softening 
point, for virgin and RTFOT samples are, respectively, 0.61 and 0.81°C per 1% rubber. Oil reduces the softening point 
at the rates of 0.78 and 0.60°C per 1% oil, for virgin and RTFOT samples, respectively. Aging highlights the positive 
effect of rubber of increasing the softening point and reduces the negative effect of oil of reducing this property. 



property regression model R² n 
softening point 

virgin (°C) 
= 53.5x1 +271.2x2 +8.3x3 –181.7x1x2 –590.8x1x2x3 –208.5x2x3T +284.6x1x2x3T –    
–2.3x1x2Tt 97.56 110 

softening point 
RTFOT (°C) = 57.7x1 +257.8x2 +13.6x3 –166.2x1x2 –649.8x2x3 +590.9x1x2x3 –6.0x2T – 5.7x2t 95.25 98 

penetration 
virgin (0.1mm) 

= 31x1 –504x2 +296x3 +650x1x2 +2,270x1x2x3 +292x2x3T –2,540x2x3Tt + 
+3,717x1x2x3Tt 93.43 108 

penetration 
RTFOT (0.1mm) 

= 25.1x1 +252.0x2 +596.6x3 –260.3x1x2 –513.2x1x3 +115.8x2x3T + 
+574.0x2x3t –806.3x1x2x3t –968.3x2x3Tt+1,377.2x1x2x3Tt 98.28 108 

softening point 
(RTFOT-virgin) (°C) 

= 4.2x1 –66.7x2 +2.4x3 +80.3x1x2 –412.3x2x3 +941.5x1x2x3 –6.1x1x2T –
4.6x2t +176.5x2x3Tt –240.5x1x2x3Tt 76.04 97 

retained 
penetration (%) 

= 72x1 +900x2 +704x3 –879x1x2 –798x1x3 –3,179x1x2x3 –34x1x2T 
+1,025x2x3t –1,431x1x2x3t 

90.97 107 

x1: proportion of bitumen; x2: proportion of rubber; x3: proportion of oil; T: temperature; t: time; n: sample 
 
Tabela 2:  Regression models of the monitored properties 
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                                            (a)                                                                                              (b) 
 
Figure 2:  Effects of components for softening point in the conditions: (a) virgin and (b) RTFOT 
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                                            (a)                                                                                              (b) 
 
Figure 3:  Effects of components for penetration in the conditions: (a) virgin and (b) RTFOT 
 
To the extent that the softening point can capture the contribution of the bitumen to rutting resistance of asphalt layer, 
rubber, as far as its global behavior along time is concerned, contributes to rutting resistance of asphalt layers, although 
the intensity of its effects is affect by aging. On the other hand, the shale-oil residue has a negative effect on the rutting 
resistance of the bitumen, in the light of the softening point measurements, but aging reduces the intensity of its 
negative effect along time. The intensity of the effect of aging on the intensity of the effects of components depends on 
the combinations of process variables. 
Figure 3 (a) and (b) depicts that the effects of the proportions of rubber and oil on penetration are highly influenced by 
aging. For virgin samples, the effect of the proportion of rubber is parabolic, with maximum near the reference mixture: 
penetration increases with rubber concentration from 0 to 11% rubber and reduces when proportions above 11% are 
used. For the RTFOT condition, the effect of rubber is linear and increases penetration values, at any concentration. The 



effect of oil is approximately linear in both conditions, increasing penetration values, at any concentration. The trace 
slopes indicate that the short-term aging alters the effect of the rubber concentration on penetration values. Rubber, in 
some concentrations, reduces the penetration of the virgin samples, but it increases the penetration, at any 
concentration, when the bitumen is aged. The trace slopes for the condition (170°C, 90min) also indicate that, in the 
virgin condition, the effect of oil is more intense that in the RTFOT condition, pointing out that aging reduces the 
intensity of the effect of oil of increasing penetration values. In the virgin condition, oil increases penetration at a rate of 
3.5 (0.1 mm) per 1%, and at the RTFOT condition the rate is 2.2 (0.1 mm) per 1%. 
To the extent that bitumen of lower consistency contributes to fatigue resistance of asphalt layers and that penetration 
can capture the contribution of bitumen to fatigue resistance of asphalt layers, rubber contributes to fatigue resistance 
taking into account its global behavior along time. Accelerated aging in lab indicates that rubber tends to increase its 
positive effect on fatigue resistance along time. Oil, by its time, has a positive effect on fatigue resistance, in the light of 
penetration values, but aging reduces the intensity of its effect. 
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                                          (a)                                                                                                   (b) 
 
Figure 4:  Effects of components for increase of softening point and retained penetration 
 
Figure 4 (a) depicts the response trace plots for the increase in softening point after RTFOT. Rubber shows a parabolic 
trend, with maximum around 16%, pointing out that, in this direction, proportions ranging from 0 to 16% increase this 
aging index and proportions from 16% to 22% reduce it. Oil has an effect approximately linear, increasing the index, 
but it has a less expressive effect when high proportions are used. When this index is approached as an indicator of 
increase of resistance to rutting, rubber and oil are advantageous, as they lead to more consistent bitumens. When it is 
approached as an aging index, rubber and oil are disadvantageous, as they make the bitumens more susceptible to aging. 
Figure 4 (b) indicates that both rubber and oil affect retained penetration in a parabolic trend. Rubber ranging from 0 to 
6%, in this direction, reduces retained penetration, but increases this index when ranging from 6 to 22%. Oil reduces the 
retained penetration when proportions from 0 to 14% are used and increases this index when ranging from 14 to 18%. 
In the light of this index, the effect of rubber is favorable when intermediate to high concentrations are used (from 6 to 
22%). The effect of oil is favorable only when high proportions are added to asphalt-rubber (from 14 to 18%). 
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Figure 5:  Response surface plots for softening point in the conditions: (a) virgin and (b) RTFOT 
 



Figure 5 (a) and (b) shows the response surface plots for softening point in the virgin and RTFOT conditions. Level 
curves perpendicular to the rubber-oil side indicate that, due to interaction effects, the effect of the bitumen 
concentration is inexpressive and the effects of rubber and oil are predominant. In general, while fixing rubber 
concentration, oil tends to reduce softening point and, while fixing oil proportion, rubber tends to increase softening 
point. Figure 6 (a) and (b) depicts the response surface plots for penetration in the virgin and RTFOT conditions. In a 
general way, mixtures containing elevated proportions of rubber and oil tend to show higher penetration values, but 
aging affects the interaction effects of components. For the virgin samples, oil effect is more expressive than that of 
rubber, once level curves approximately parallel to the bitumen-rubber side are seen. For the RTFOT condition, both 
rubber and oil affect penetration expressively. Aging seems to active the effect of rubber, increasing its intensity of 
increasing penetration. 
Figure 7 (a) and (b) depicts the response surface plots for the increase in softening point after RTFOT and the retained 
penetration. If the limit of 9°C of EN 12591:2000 is considered, all the composition inside the experimental region are 
acceptable as indicated by the level curves. If the limit of 8°C is considered, mixtures with intermediate to high 
concentrations of rubber and oil would be unacceptable in the light of this specification limit. The response surface 
(Figure 7a) indicates that mixtures containing rubber from 9 to 22% and oil from 9 to 18% are not recommended. 
Values of increase of softening point superior to 9°C are not obtained inside the experimental region. In relation to 
retained penetration, considering the limits of EN 12591:2000 of 55%, all the compositions inside the experimental 
region are acceptable. Values of retained penetration inferior to 60% are not obtained inside the experimental region. 
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Figure 6:  Response surface plots for penetration in the conditions: (a) virgin and (b) RTFOT 
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Figure 7:  Response surface plots for (a) increase in the softening point and (b) retained penetration 
 
7. CONCLUSIONS 
 
This paper aimed at describing an empirical procedure to formulate bitumen-rubber binders considering a third 
component in the composition. It is a statistical-based procedure, using the statistical techniques of experiments with 
mixture, conventional linear regression and response surface analysis. Throughout the paper, the procedure is described 



and a case-study is presented, using softening point and penetration data obtained from virgin and RTFOT samples. 
Response trace plots were generated, based on the regressing models, through which the isolated effects of crumb 
rubber and shale-oil residue were analyzed. Response surface plots were used to assess the interaction effects of the 
three components and to delimitate sub-regions inside the experimental region where acceptable compositions can be 
found, considering the limits of European specification to increase of softening point and retained penetration. 
Response trace plots indicated that rubber tends to increase the softening point and oil tends to decrease it. The short-
term aging affects the intensity of the effects of rubber and oil on the softening point, highlighting the positive effect of 
rubber of increasing the softening point and reducing the negative effect of oil of reducing this property. Penetration of 
virgin samples increases with rubber concentration from 0 to 11% rubber and reduces when proportions above 11% are 
used, and penetration of RTFOT samples increases at any concentration. Oil increases penetration at any concentration. 
Rubber, in some concentrations, reduces the penetration of the virgin samples, but it increases the penetration, at any 
concentration, when the bitumen is aged. In the virgin condition, the effect of oil is more intense that in the RTFOT 
condition, pointing out that aging reduces the intensity of the effect of oil of increasing penetration values. 
Rubber ranging from 0 to 16% increases the increase in softening point after RTFOT and proportions from 16% to 22% 
reduce it. Oil increases this index. When this index is approached as an indicator of increase of resistance to rutting, 
rubber and oil are advantageous, as they lead to more consistent bitumens. When it is approached as an aging index, 
rubber and oil are disadvantageous, as they make the bitumens more susceptible to aging. Rubber ranging from 0 to 6% 
reduces retained penetration, but it increases this index when ranging from 6 to 22%. Oil reduces retained penetration 
when proportions from 0 to 14% are used and increases this index when ranging from 14 to 18%. In the light of this 
index, the effect of rubber is favorable when intermediate to high concentrations are used (from 6 to 22%). The effect of 
oil is favorable only when high proportions are added to asphalt-rubber (from 14 to 18%). 
Response surface plots revealed that if the limit of 9°C of EN 12591:2000 is considered for the increase in the softening 
point, all the composition inside the experimental region are acceptable. If the limit of 8°C is considered, mixtures 
containing rubber from 9 to 22% and oil from 9 to 18% are not recommended. Values of increase of softening point 
superior to 9°C are not obtained inside the experimental region. In relation to retained penetration, considering the 
limits of EN 12591:2000 of 55%, all the compositions inside the experimental region are acceptable. Values of retained 
penetration inferior to 60% are not obtained inside the experimental region. 
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ABSTRACT 
 
Asphalt modified with crumb rubber has been used to produce asphalt rubber mixtures for pavement overlays subjected 
to heavy loads and high temperatures. Under severe conditions, these mixtures are capable of resisting permanent 
deformations, having an extended fatigue life and resisting crack propagation in comparison to conventional ones. A 
laboratory research was conducted to determine the performance properties of overlays with asphalt rubber mixtures 
produced through wet processes using a gap graded mixture. The asphalt rubber was prepared by the continuous blend 
process and its properties were measured by means of current tests. An identical study for a conventional mixture used 
as a reference was performed. An extensive study in which the mechanical properties of the studied mixtures were 
determined and compared was also carried out. The permanent deformation and the fatigue test of two different mixture 
designs manufactured with modified and conventional binders, with the same aggregates and different binder contents, 
were evaluated. The mechanical results from asphalt rubber and conventional mixtures were also compared by 
applying a pavement overlay design method that considers crack propagation from the existing pavement to the 
pavement overlay. 

 
Keywords: overlays, rubber, fatigue cracking, permanent deformation 
 
1. INTRODUCTION 
 
Pavement overlaying consists of applying a layer of asphalt mixture over an existing structurally sound pavement. 
However, pavement structures become distressed and deteriorate as a result of many factors, such as fatigue, permanent 
deformation and reflective cracking. In order to design an overlay that is able to restore an old pavement increasing its 
level of serviceability and to provide the necessary structural strength for the project life, it is necessary to design a 
desirable asphalt mixture. 
An asphalt rubber mixture pavement overlay represents a viable rehabilitation strategy. Rubber from waste tires has 
been used in asphalt mixtures since the late 60's and can be introduced into asphalt mixtures through the wet process, by 
mixing crumb rubber with asphalt at a temperature which is sufficient to provoke physical and chemical changes that 
result in a modified binder. The properties of asphalt-rubber depend on: i) crumb rubber type; ii) processing method; iii) 
rubber concentration; iv) gradation of rubber particles; v) digestion time and digestion temperature. Thus these factors 
affect the physical properties such as viscosity, ring and ball softening point and elastic recovery [1]. 
According to Caltrans [2], asphalt rubber mixtures improve fatigue life, resistance to rutting and reflective cracking 
when compared to other mixtures. In California, the application of asphalt rubber gap-graded overlays has proved a 
reduction up to 50% the thickness of conventional overlays providing the same resistance to reflective cracking. 
In this study, a laboratory research was conducted to evaluate the performance properties of asphalt rubber mixtures 
using a gap graded mixes through fatigue and permanent deformation tests. An identical study was carried out for a 
conventional mixture used as reference. 
The mechanical results from the tests were compared by applying a pavement overlay design method that considers 
crack propagation from the existing pavement to the pavement overlay. 
 
2. MATERIALS 
 
2.1 Aggregates and mixture gradations 
 
The materials used in this study included a crushed coarse aggregate (granite), crushed fine aggregate (granite) and 
mineral filler (limestone) that come from the northern of Portugal, with the following gradations: 

- grade 1 - particles size 6 – 12 mm; 
- grade 2 - particles size 4 – 10 mm; 
- grade 3 - particles size � 4 mm. 

The aggregate laboratory tests confirmed that these aggregates have suitable properties for being used in pavement 
mixtures. 
In this study, two types of aggregate gradations were used: dense graded and gap graded. Dense graded is a 
continuously graded aggregate blend typically used to produce hot mixture asphalt concrete pavements with 
conventional binders. In the gap graded mixture, the aggregate is not continuously graded for all size fractions, but it is 



typically missing or low in some of the finer size fractions. Gap grading is used to promote stone-to-stone contact in 
hot-mixture asphalt concrete and it is similar to the gradations used in stone matrix asphalt, but with relatively low 
percentages passing through a 75μm (nº 200) sieve. This type of gradation is most frequently used to make rubberized 
asphalt concrete gap graded paving mixes [3]. 
The gap graded mixture used in this study was the Caltrans ARHM-GG mixture (asphalt rubber hot mixture gap 
graded), designed according to the Standard Special Provisions, SSP39-400 [4] and produced with asphalt rubber. The 
reference mixture, produced with conventional binder was the dense graded DNIT grade C specified by the 
Departamento Nacional de Infra-Estrutura de Transportes DNIT 031/2006-ES (in Portuguese). Table 1 presents the 
mixture gradations and Figure 1 shows the gradation curves of the mixtures. 
 

Percentage passing (%) Percentage passing (%) Sieves 
(mm) Conventional 

Sieves 
(mm) Asphalt rubber 

19,050 100 19,050 100 
12,700 97,5 12,700 98,0 
9,520 85,5 9,520 87,8 
4,760 51,5 4,760 36,5 
2,000 36,0 2,380 22,9 
0,420 19,0 0,590 14,2 
0,180 11,6 0,300 10,4 
0,075 6,1 0,150 6,8 

  0,075 4,4 
 
Table 1 : Aggregate gradation of asphalt rubber and conventional mixtures 
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Figure 1 : Aggregate grading curves 
 
2.2 Crumb rubber and asphalt binders 
 
The crumb rubber modifier (CRM) was obtained by means of a cryogenic process and followed the ADOT 
requirements type B [5]. Cryogenic processing involves the use of liquid nitrogen or other materials/methods to freeze 
tire chips or rubber particles prior to size reduction. The surface of the rubber particles is glasslike, and has a lower 
surface area with particles of similar gradation [6]. Figure 2 presents the morphology of the cryogenic rubber used in 
this study, through the scanning electron microscopy (SEM), in (a) 50 times and in (b) 700 times, where the 
microestructure appearance appears to be angular with smooth cracked surface. 
The conventional asphalt used to produce the reference mixture was a 50/70 penetration asphalt and the conventional 
asphalt used to produce the asphalt rubber was a 35/50 penetration asphalt. 
The continuous blend describes the method of modifying asphalt cement with CRM produced from scrap tire rubber. 
This process requires to mix the CRM in hot asphalt cement (176ºC to 226ºC) and to submit the resulting blend to high 
temperatures (150ºC to 218ºC) during a certain period of time (digestion) to permit an interaction between rubber and 
asphalt [3]. 
The asphalt rubber (AR) produced by continuous blend process was made in laboratory with the following 
characteristics: 21% of crumb rubber; 90 minutes of digestion time; 180 ºC of digestion temperature. The physical 
properties of the asphalts are presented in Table 2. The specifications for the asphalt rubber are given in brackets and 
follows ASTM D 6114 (1997), type II. 



              
 (a) (b) 
 
Figure 2 : SEM of cryogenic crumb rubber 
 

Asphalts binders Test Standard 50/70 35/50 AR 
Penetration (1/10 mm)* ºC ASTM D 5 51,5 33 26,0 (25-75) 
Resilience (%) ASTM D 5329 0 9 40 (20 min.) 
Softening Point (ºC) ASTM D 36 51,5 52,7 65,0 (54,5 min.) 
Viscosity** (cP) 175 ºC AASHTO TP 48 112 175 2826 (1500 min.) 

*100g, 5s, 25; ** Brookfield viscometer, spindle 27, 20 rpm 
 
Table 2 : Characterization of asphalt binders 
 
2.3 Mixture design and specimens 
 
The Marshall Method was used to determine the optimum binder content and the volumetric properties of each mixture. 
The optimum binder content and air voids are presented in Table 3. 
 

Property DNIT Grade “C” ARHM-GG 
Air voids (%) 4,0 6,0 
Optimum binder content (%) 5,5 8,0 

 
Table 3 : Volumetric Marshall design 
 
After mixtures design, the necessary specimens for performing fatigue and permanent deformation tests were prepared. 
In the laboratory, the mixtures were compacted in slabs through the repeated passage of a cylinder with vibration over 
the asphalt mixture to achieve the apparent density of the asphalt hot mixtures defined in the design. Finally, the slabs 
of asphalt mixtures were sawed to provide cylindrical specimens for permanent deformation tests and prismatic 
specimens for fatigue tests. 
 
3. EXPERIMENTAL 
 
3.1 Dynamic modulus and fatigue 
 
Fatigue resistance of asphalt mixtures is the ability to withstand repeated bending without fracture. Fatigue, a common 
way of distress in asphalt concrete pavements, manifests in the form of cracking from repeated traffic loading. The 
fatigue of asphalt mixture is influenced by several factors such as temperature, frequency of applied loads, mixture 
design and material properties [7]. One of the most common methods used to evaluate fatigue life in laboratory is the 
flexural bending beam test. The test apparatus used was a CS7800 Flexural Beam Device, as shown in Figure 3. 
Flexural fatigue tests were conducted according to the AASHTO TP 8-94 (Standard Test Method for Determining the 
Fatigue Life of Compacted HMA Subjected to Repeated Flexural Bending). 
The configuration applied was the four-point bending test in controlled strain. In controlled strain mode, the strain was 
kept constant and the stress decreased during the test. In general, controlled strain testing has been associated with thin 
pavements. The test procedure for all mixtures included two tests: (i) frequency sweep; (ii) fatigue. Prior the tests, the 
specimens were placed in an environmental chamber for approximately 2 hours to reach the test temperature. 
All tests were carried out at 20 ºC and at 10 Hz. For each mixture, nine specimens were tested at three strain levels, 200, 
400 and 800 (E-6). The flexural beam device allows testing beam specimens up to dimensions of 50 mm by 63 mm by 
380 mm. Fatigue failure was assumed to occur when the flexure stiffness reduces by 50 percent the initial value. Before 
the fatigue test, the frequency sweep test was conducted in the same equipment. 



 
 
Figure 3 : Flexural beam device 
 
For linear viscoelastic materials such as asphalt mixtures, the stress-strain relationship under a continuous sinusoidal 
loading is defined by a complex number called the complex modulus E*. The absolute value of the complex modulus 
|E*| is defined as the dynamic modulus. The E* test is generally performed in the laboratory at different temperature 
and frequency combinations. 
The frequency sweep test measures the stiffness (dynamic modulus) of mixtures when subjected to different loading 
frequencies. The parameter phase angle which quantifies the elastic capacity of the material was also measured and it 
was calculated as a function of the time lag between the application of load (F) and the displacement (�) produced in the 
specimen. In this study, seven frequencies were tested (10; 5; 2; 1; 0,5; 0,2; 0,1 Hz) in 100 cycles. The results of the 
tests are shown in Table 4. 
 

Mixtures Phase angle (º) Dynamic modulus (MPa) 
DNIT Grade “C” 19,6 6300 
ARHM-GG 16,8 5190 

 
Table 4 : Frequency and phase angle results 
 
The values of phase angles of the ARHM-GG made with asphalt-rubber are lower than the conventional mixture 
prepared with conventional 50/70 pen asphalt, what indicates improvements on the elastic response of the asphalt 
rubber mixture in relation to the conventional one. Dense graded mixtures with conventional asphalt are stiffer than gap 
graded mixtures with asphalt rubber due to the high dynamic modulus. However, the low dynamic modulus of the 
ARHM-GG indicates that it has a lower stress to strain ratios than stiffer materials like DNIT Grade “C”. The ARHM-
GG has more elastic response to the same level of loading and consequently presents more flexibility to relieve stresses 
and to repair many of the cracks. Figure 4 presents the fatigue laws for both mixtures. 
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Figure 4 : Fatigue laws 
 



The fatigue model used was the same proposed by Monismith et al (1971) [9], as presented in Equation 1: 
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where 
N = number of repetitions to failure; 
�t = tensile strain applied; 
a and b = experimentally determined coefficients. 
Each point of the fatigue law corresponds to three repetitions of the test for each three repetitions of strain levels 
applied. 
The fatigue life curves (Figure 4) show that the ARHM-GG (mixture with asphalt rubber) presented longer fatigue life 
than the conventional mixture DNIT Grade “C”. 
 
3.2 Permanent deformation 
 
Rutting, also known as permanent deformation can be defined as the accumulation of small amounts of unrecoverable 
strains as a result of applied loading to a pavement. Permanent deformation is manifested in longitudinal depressions 
accompanied by upheavals to the side. The deformation pattern creates a loss of drainage capability of the pavement 
resulting in moisture damage. Further, the pavement becomes susceptible to fatigue cracking due to the structure 
retreating under the wheel path. Serious safety situations also arise as a result of the accumulation of water in the 
longitudinal depressions [10] [11]. 
The three constituents of asphalt mixtures (aggregate, binder, air voids) affect asphalt pavement rutting. Permanent 
deformation is caused by a combination of densification (decrease in volume and hence, increase in density) and shear 
deformation. For properly compacted pavements, shear deformations, caused primarily by large shear stresses in the 
upper portions of the asphalt-aggregate layers are dominant [10] [12]. 
Repetitive loading in shear is required in order to accurately measure, in laboratory, the influence of mixture 
composition on permanent deformation resistance. Because the rate at which permanent deformation accumulates with 
high temperatures, laboratory testing must be conducted at temperatures that best simulate the highest levels expected in 
the paving mixture in service [12]. In this study, the permanent deformation was evaluated by the RSST-CH (Repetitive 
Simple Shear Test at Constant Height) test and the mixtures specimens were tested at 60 ºC, which is the temperature 
that corresponds to Brazil in summer pavement temperatures. Figure 5 presents the RSST-CH machine. 
 

 
 
Figure 5 : RSST-CH machine 
 
The RSST-CH test applies a repeated haversine shear stress of 1218 N to test specimens that have a diameter of 150 
mm and are 50 mm high. During the test there is no change in volume (height of the specimen is maintained constant). 
The test specimens are glued to aluminium caps, top and bottom, using an epoxy resin. This process is made in an 
independent machine that ensures the parallelism between the two caps. The applied load has a duration of 0,1 seconds, 
with an unload time of 0,6 seconds. A vertical load applied to the sample during the test to ensure a constant height is 
obtained during the test. The test procedure followed by this test was AASHTO TP7-01, Test Procedure C. The shear 
stress is applied to the sample for 5000 loading cycles, or until the sample reaches 5% permanent shear strain. The 
RSCH-CH test is carried out until the specimens reaches the maximum plastic shear strain of 0,04545, which is 
equivalent to the limit value of 12,7 mm rut depth [12]. 
Table 5 presents the permanent deformation in terms of ESALs (Equivalent Single Axes Loads) for studied mixtures. 
The test data shown in Table 5 indicates that mixture ARHM-GG (with asphalt rubber) has a better performance than 
the conventional mixture. 
 
 



Mixtures ESALs to 12.5 mm rut depth 
DNIT Grade “C” 7,18 E+5 
ARHM-GG 8,14 E+6 

 
Table 5 : Permanent deformation resistance 
 
 
4. CRACK PROPAGATION 
 
Cracks appear in flexible pavements primarily through either fatigue or reflective cracking mechanisms. Classical 
fatigue cracks are associated with weak areas in the pavement structure where heavy truck loads induce high tensile 
strains at the bottom of the asphalt layer. These strains initiate cracks that eventually propagate to the surface. The 
classical fatigue property of asphalt mixtures surface has been under evaluation for over 40 years. Great advances have 
been made in the equipment and understanding of the fatigue mechanism. Reflective cracks, on the other hand, are 
initiated by existing discrete subsurface defects such as joints, cracks, or stripping areas. The cause of reflective 
cracking can be either environmental or load associated. The reflective cracking mechanism has received less attention 
than classical fatigue studies. Reflective cracking is frequently a major performance issue as it is a major concern when 
selecting asphalt mixture overlays. It is well known that when reflective cracks propagate through the overlay, the 
infiltration of water can cause rapid deterioration of the underlying pavement structure and foundation. 
Sousa et al. (2002) [13] developed a procedure to characterize the reflective cracking resistance of asphalt mixtures 
before they are applied on the existing cracked pavements. In this study, the mixtures were evaluated taking the 
cracking propagation phenomenon into account, by using the mechanistic-empirical based overlay design method for 
reflective cracking proposed by Sousa et al. (2002) [13]. 
The application of the design method requires the calculation of the von Mises strain deviator given by Equation 2: 

 � �b-6
VM (m)  hicknessOverlay  ta)(1x10  � ��  (2) 

where: 
�VM = Von Mises strain; 
a and b = statistical coefficients function of the pavement layer thickness and stiffness. 
 
This model results from the application of the finite element method to a cracked pavement with an overlay layer on top 
of it as represented in Figure 6. The pavement is modelled by 4 layers, i.e., an overlay layer placed on a cracked layer, a 
granular layer, and the subgrade layer. 
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Figure 6 : 3D representation of finite element mesh 
 
For the von Mises strain deviator calculation, a typical Brazilian pavement was defined, for medium traffic, as 
characterised in Table 6. The bituminous mixture properties to be included in the reflective cracking model (fatigue 
laws evaluated in four point bending tests and stiffness modulus) are defined in Table 7.  
 

Layers Thickness (m) Stiffness (MPa) 
asphalt 0,125 2000 
granular  0,35 250 
subgrade  100 

 
Table 6 : Pavement used for cracking reflection evaluation 



Mixtures Fatigue law Stiffness @ 10Hz, 20 ºC (MPa) 
DNIT Grade “C” 2,15 x 1015 x (1/�)4,124 6300 
ARHM-GG 9,81 x 1018 x (1/�)5,138 5190 

 
Table 7 : Fatigue laws and dynamic modulus used for cracking reflection evaluation 
 
The application of the overlay design method needs the knowledge of the fatigue life law expressed in terms of Von 
Mises strain against the number of load cycles.  
In flexural fatigue tests, the strain level applied during the tests can be correlated with the Von Mises strain by the 
following expression: 

 � ���� �� 11VM  (5) 
where � is the Poisson ratio. 
 
Thus, the fatigue life laws can be expressed in terms of Von Mises strain if the interception coefficient of the fatigue 
law obtained during the laboratory test is multiplied by the Poisson coefficient. 
The application of the overlay design method for 10% cracking at the end of design life and for a climate environment 
characterized by a maximum air temperature of 42ºC, a mean annual air temperature given by the Shell method of 23 ºC 
and a minimum air temperature of -4 ºC allowed obtaining the overlay life prediction given in Figure 7. 
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Figure 7 : Overlay life prediction due the reflective cracking 
 
The analysis of the predicted overlay life shows that the asphalt rubber mixture exhibits a higher reflective cracking 
fatigue life than the conventional mixture. The difference between the studied mixtures is more significant for higher 
traffic levels where the conventional mixture requires being double the thickness than that of asphalt rubber mixtures. 
Considering the same overlay thickness, asphalt rubber mixtures nearly bear ten times more traffic than conventional 
mixtures. As the overlay thickness increases this difference increases as well. This can be observed by the slope of the 
line in Figure 7. 
 
 
5. CONCLUSIONS 
 
This study has intended to establish a comparison between asphalt rubber mixtures and conventional mixtures usually 
used for pavement rehabilitation.  
The results of asphalt modification by crumb rubber allowed concluding that the addition of crumb rubber in 
conventional asphalt produces an increase of the Brookfield viscosity, the softening point and the resilience, creating a 
modified binder with characteristics different from the asphalt base. 
The performance evaluation of the two mixtures analysed in this study was characterized in terms of fatigue life and 
permanent deformation resistance. The dynamic modulus was also evaluated. The crack propagation resistance was 
estimated by an overlay design method that uses the Von Mises strain and fatigue results. 



The stiffness results allowed concluding that asphalt rubber presents a lower dynamic modulus than conventional 
mixtures what demonstrates there is an elastic response and more flexibility to support stresses originated by the 
movements in the zone above the cracks. 
When the modified binder, i.e. asphalt rubber, is used to produce an asphalt mixture, in comparison with a conventional 
one, the new characteristics influence and improve the results of the fatigue life, permanent deformation and crack 
propagation of pavements. 
The fatigue and the permanent deformation tests showed that the mixture ARHM-GG has a more adequate performance 
than the conventional mixture DNIT Grade “C”. 
In terms of reflective cracking propagation, the results show that the asphalt rubber mixture exhibits higher reflective 
cracking fatigue life than the conventional mixture. The difference between the studied mixtures is more significant for 
higher traffic levels where the conventional mixture requires more than two times the thickness than the asphalt rubber 
mixture. Considering the same overlay thickness, the asphalt rubber mixture bears approximately ten times more traffic 
than the conventional mixture. If the overlay thickness increases this difference will also increase. 
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ABSTRACT 
With respect to the durability of asphalt, polymermodified bitumens are being used more and more frequently in asphalt 
road construction in Germany because of the increased demands made by traffic. Generally speaking, the PmB 45A  
polymer modified bitumen is used in compliance with the German standard. Extended incoming inspections were 
thereby carried out exclusively on polymer modified bitumen PmB 45A of different producers and from different 
polymer bitumen production sites. All PmBs were tested with the classical test methods like softening point r+b, 
penetration and elastic recovery. Additional tests were carried out with the Dynamic Shear Rheometer, Bending Beam 
Rheometer and ductilometer for testing the force ductility. The samples were tested in the state of supply, after 
shortterm and longterm ageing.  
 
The testing method with the Dynamic Shear Rheometer and the Bending Beam Rheometer clearly differentiate the 
polymer modified binders by means of the ageing procedure. Testing the polymer modified bitumen in its original state 
is clearly not enough. Disparities can be made visible by means of longterm ageing which results in a greater spread of 
test data. 
 
Keywords: ageing, incoming inspection, polymer modified bitumen, quality assurance  
 
 
1.   GENERAL 
With respect to the durability of asphalt, polymermodified bitumens are being used more and more frequently in asphalt 
road construction in Germany because of the increased demands made by traffic. Generally speaking, the PmB 45A 
polymer modified bitumen (PmB) is used in compliance with the German standard (Table 1) [1].  Type A is essentially 
an elastomer modified bitumen.  In contrast to mineral aggregates, PmBs are until now not subject of factory production 
control or surveillance by an approved body. In the future EN 14023 [2] does lay down factory production control for 
PmB. The basis for this demand is formed by the European Construction Product Directive of 1988.  
 
Table1: Requirements for  elastomer modified bitumen PmB 45A according to „Technischen Lieferbedingungen     
              für  gebrauchsfertige polymermodifizierte Bitumen,  Ausgabe 2001; TL-PmB” (extract)  

 Property  PmB 45 A Testing accord. 
1 Penetration (100 g, 5 s, 25 °C) 0,1 mm 20 - 60 DIN EN 1426 
2 Softening point r + b °C 55,0 - 63,0 DIN EN 1427 
3 elastic recovery at 25 °C, 20 cm elongation % 	 50 DIN EN 13398 
4* force ductility, 25 °C  J 	 1 DIN EN 13589 
5* deformation behavior,  Dynamic Shear Rheometer  

G *, 60 °C 
�, 60 °C 

 
Pa 

° 

 
	 7000 
� 75 

 
DIN EN 14770 

6*  Low temperature behavior, Bending Beam Rheometer, 
Stiffness, –16 °C 

 
MPa 

 
� 300 

 
DIN EN 14771 

* no contractural requirements 
 
The current ruling in Germany is set out in the “Technische Lieferbedingungen für Asphalt im Straßenbau (TL G 
Asphalt-StB)”[3], which stipulates that the operator of a mixing plant shall carry out one incoming inspection for every 
300 tons of binder supplied. Compliance with this requirement is verified by the half-yearly inspection of an 
independend third party. As a rule, the binder test is limited to the softening point r+b. Meanwhile, it is well known that 
the softening point r+b does not permit any assertions to be safely made about the quality of polymer modified 
bitumens. Consequently, the incoming inspection was extended to include further tests on binders in their original state, 
after shortterm ageing and after longterm ageing. Extended incoming inspections were thereby carried out exclusively 
on polymer modified bitumen PmB 45A of different producers and from different polymer bitumen production sites. 
 
2.   TESTING METHODS 
All binders were tested in the state supplied in line with the testing method, in part after shortterm ageing by means of 
the Rolling Thin Film Oven Test (RTFOT) in accordance with DIN EN 12607-1[4] and, likewise after longterm ageing, 
by means of the Pressure Ageing Vessel method (PAV) in accordance with DIN EN 14769 [5], with prior RTFOT 
treatment. The standard temperature of 100 °C was selected as the PAV ageing temperature. Classical testing methods 
were employed for the binders in their original state following shortterm and longterm ageing, for the softening point 
r+b, in compliance with DIN EN 1427 [6], and for penetration at 25 °C in compliance with DIN EN 1426 [7]. In 
addition, the elastic recovery test method was used at 25 °C in accordance with DIN EN 13398 [8]. Moreover, the force 



ductility was tested at 25 °C in accordance with DIN EN 13589 [9], with evaluation according to DIN EN 13703[10]. 
Further testing methods employed were those to determine behaviour in the Dynamic Shear Rheometer (DSR) in 
accordance with DIN EN 14770 [11] and behaviour at low temperatures in the Bending Beam Rheometer (BBR), in 
compliance with DIN EN 14771 [12]. DSR measurements were performed as a temperature sweep  in the temperature 
range between 30 °C and 90 °C at a frequency of 1.59 Hz. Test temperatures of -10 °C, -16 °C and -22 °C were used for 
the BBR tests. 
 
3.   SAMPLE SELECTION 
Only those polymer bitumen production sites were chosen for sample selection which covered the supply area owing to 
the geographical location of the asphalt production plants. Seven polymer bitumen production sites of altogether 3 
binder manufacturers were tried, which were either independently operated or were provided with master batches for 
treatment by third parties. The specimens of PmB 45A polymer modified bitumen were extracted while the tank for the 
binder was filled. Altogether two series of samples were extracted. In the following, the manufacturer is given capital 
letters (e.g. “A”), the production plants are given small letters (e.g. “b”) and the series throughput is signified by the 
number 1 or 2.  
 
4.   TEST RESULTS AND EVALUATION OF RESULTS 
The test results are recorded in Figs. 1 to 12. The standard testing methods for the bitumen softening point (Fig. 1) and 
penetration (Fig. 2) do not highlight any deviations for the PmB 45A specimen tested in its original state, with respect 
to the TL PmB requirements. The results for softening points of the PmB 45A that was not aged show relatively little 
scattering with respect to each other. However, the characteristic data from the production plants taken together are not 
homogeneous, particularly as regards penetration. Considerable differences can be recognised, partly because both test 
series were carried out by separate manufacturers and production plants. Shortterm ageing appears to shift the 
characteristic softening point values along to the next highest viscosity stage. This is, moreover, the customary 
phenomenon that is experienced and sets in with the extracted and recovered binder directly after production of the 
ready mix. On the other hand, the corresponding penetration values lie within the requisite threshold values for the 
original bitumen. Longterm ageing seems to make relative the spread of softening point and penetration data in the 
original state. They vary less strongly. To be sure, a comparison of the characteristic values for the softening point 
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  Fig. 1: Softening point r+b, original, short- and longterm aged 
 

and penetration creates the impression that the threshold values for PmB 45A penetration have been drawn much too 
broadly, in contrast to those for the softening point. Penetrations determined after the ageing process lie mainly within 
the requirement range for PmB 45A in the original state. In contrast to this, the softening points of the aged binder 
almost exclusively exceed the upper threshold value of the region required. Accordingly, shortterm and longterm ageing 
influence the properties of the PmB 45A with increased service temperature, which is represented by the softening point 
according to EN 14023, if the threshold values determined for TL PmB have been factually correctly interpreted. 

 
In Germany, an elastic recovery of at least 50 % is required for PmB 45A in its original state, according to TL PmB. 
Indeed, this characteristic value does not allot any  qualitative degree for the PmB 45A, but it is very often used 
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  Fig. 2: Penetration, original, short- and longterm aged 
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  Fig. 3: Elastic recovery, original, short- and longterm aged 
 
on the basis of ductilometer testing as a characteristic value for PmB 45A effectiveness. All PmB 45A specimens come 
up to the named requirement (Fig. 3).  It was not to be expected that all the measured values for elastic recovery would 
meet the minimum requirement. In practice, very often an elastic recovery of less than 50% is determined on extracted 
and recovered PmB 45 A, which is comparable to a PmB 45A that has been subjected to shortterm ageing. It is 
conceivable that the PmB 45A is stressed more severely by extraction and ensuing recovery than by RTFOT ageing. 
Generally speaking, the increase in elastic recovery that is observed with some samples after shortterm ageing and also 
after longterm ageing cannot be expected. A reduction of elastic recovery might well be expected as a result of 
hardening through increasing thermal stress, such as is imposed on the PmB 45A by ageing. The cause of this behaviour 
could lie in the insufficient “maturation” of the polymer in the bitumen phase. After this, the appropriate polymer 
modified bitumens were obviously delivered too early. To be sure, there is a spread in the test values, depending on the 
manufacturer and production plant. The remarkable thing is that elastic recovery partially increases after shortterm 



ageing with some deliveries, and in three cases even after shortterm ageing and longterm ageing. This behaviour has 
also been observed with other test series. 
 
Extension length and deformation energy  are  two  characteristic  values  that  can  likewise be measured with the 
ductility force as certained  by the ductilometer. The extension length should amount to at least 400 mm for a 
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  Fig. 4: Extension length, original, short- and longterm aged 
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  Fig. 5: Deformation energy, original, short- and longterm aged 
 
PmB 45 A at 25  °C, according to the TL PmB. This requirement is met by all samples that were not subjected to ageing 
(Fig. 4). Little changes are indicated after longterm ageing for the Aa1, Aa2, Ab1 and Ab2 PmB 45A samples. On the 
other hand, at an extension length of 400 mm a considerable increase in deformation work was recorded for most of the 
remaining polymer-modified bitumens following longterm ageing. Fig. 5 records the deformation work with a strain 
length of 400 mm at a testing temperature of 25 ºC. For reasons of clarity, reproduction of the load deformation curve 
has been omitted. However, it comes as no surprise that the deformation work of all PmB 45A with an extended length 
of 400 mm does not exceed a limiting value of at least 1 J as a result of ductility force.  Because of other tests, it was no 



secret that this minimum value predetermined by the bitumen industry was always undercut by commercial PmB 45 A. 
The tested samples only exceeded the threshold value after thermal and oxidative stress resulting from the ageing 
process. The results of deformation work with the aged PmB  45 A are just as irregular as the extended lengths of PMB 
45 A in the state not subject to ageing and with both stages of ageing. 
 
Generally speaking, binder should be as stiff and elastic as possible in order to prevent rutting. On the other hand, it 
should be easily deformable and yet elastic so as to avoid asphalt fatigue particularly with thin binder films. The 
properties of these binder films can be measured by DSR techniques. The stiffness, or behaviour against deformation, of 
a binder can be measured by means of  complex modulus G*. In contrast to a stiff binder, a deformable binder is 
characterised by a low complex modulus G*. The phase angle ó characterises the elastic properties of the binder. A low 
phase angle ó describes an elastic binder. Threshold values for complex modulus G* and for phase angle ó are 
formulated  for the PmB 45 A that has not been subjected to ageing at 60 °C in the TL PmB (Table 1). These two 
characteristic values are certainly not sufficient for the characterisation of a PmB 45 A, as they merely describe 
behaviour, such as the softening point or penetration, at a single temperature.  Figures 6 to 9 depict the spreads of DSR 
values of PmB 45A in a temperature sweep record in its different states.  
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 Fig. 6: Complex modulus G* and phase angle � at original state 
 
Set against these demands, the complex modulus G* (sample Aa2) and phase angle ó cannot be depicted in one stroke 
in many instances (samples Aa2, Bc2, Bd1 and Cg2). Because of this consideration, the tendency to form ruts has to be 
given more attention, in contrast to the usual PmB 45 A. The conventional testing method for the softening point (RuK) 
and penetration do not permit this differentiation. The lowest value of 6.8 kPa and the highest value of 12.2 kPa are 
measured for the complex modulus G* at 60 °C in the case of the PmB 45 A that has not been subjected to the ageing 
process. The spread of measured values is relatively slight. In the case of sample Bc1 (original), for example, G* at 60 
°C corresponds to the measured value G* of sample Be2 (original) at 55 °C. This goes to show that the same complex 
modulus G* for these two samples corresponds to a temperature difference of 6 °C. In the case of phase angle ó, the 
temperature difference for these two samples amounts to 8 °C, relative to  ó being 72.2º at 60 ºC for sample Be2.  This 
bandwidth of measured values for G* and ó at the same temperature should not be problematic. 
 
Shortterm ageing for the DSR test was only conducted for the samples of the first series with the result that the 
scattering width was optically only slightly out of alignment (Fig. 7). On the other hand, the DSR image of the PmB 
that was subjected to longterm ageing (Fig. 8) shows a large degree of scattering for the characteristic values of 
complex modulus G* and phase angle ó. At 100.2 kPa, the highest value for complex modulus G* at 60 °C (sample 
Bd1) approximately corresponds to the lowest value for complex modulus G* at 45 °C (sample Aa2). The lowest phase 
angle ó is measured for sample Bc1 at 60 °C. This is comparable to the highest phase angle value at 35 °C (sample 
Aa2). For complex modulus G*, these differences of 15 °C and the phase angle ó of 25° are quite problematic. The 
example shows unmistakably that binding agent properties such as stiffness and elastic behaviour are permanently 
changed by ageing. Direct comparisons of behaviour in use must therefore be treated with great caution. These would 
seem to be scarcely possible with respect to one place of origin or supply point, anyway, as fluctuations can be 
discerned between the different series of measurements. 
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  Fig. 7: Complex modulus G* and phase angle � of  shortterm aged PmB 
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 Fig. 8: Complex modulus G* and phase angle � of  longterm aged PmB    
 
The comparison between the complex modulus G* for PmB 45 A that has not been subject to ageing and that which has 
been subject to longterm ageing within a temperature range of 40 °C and 70 °C in Fig. 9 once again shows the 
spreading of results over a whole range of temperatures for longterm ageing, in comparison with the samples that were 
not subjected to ageing. With the highest values for G*, the PmB 45 A samples that were not subjected to ageing, e.g. 
Bc1 and Bd1, almost reach up to the graph curve for the PmB 45 A sample Aa2 that has been subjected to longterm 
ageing.  
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  Fig. 9: Complex modulus G*, comparison of  PmB 45 A at original state and longterm aged 
 
Figures 10 to 13 show the spread of BBR test results. Tests of PmB 45 A in the original state with BBR show that at 
least two PmB 45 A samples  (samples Bc2, Bd1) do not meet the TL PmB criteria (stiffness � 300 MPa at -16 ºC), Fig. 
10. According to the SHARP criteria, the Direct  Tensile  Test would  be carried out additionally on these samples. A 
large spread was also apparent in the BBR test for the 
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  Fig. 10: Stiffness and m-value at original state 
 
individual PmB 45 A samples. The values for the non-aged PmB 45 A vary with the -16 ºC   test temperature between 
150 MPa (sample Ab1, Ab2) and 333 MPa (sample Bd1), where-by the lower value is just above the highest measured 
value of 142 MPa at -10 ºC (sample Bd2). Consequently, the PmB 45 A sample Bd2  must be graded less favourably in 
the low-temperature process than PmB 45 A samples Ab1 and Ab2. This relaxation capability of both samples, 
expressed by the high m-value, must be regarded as considerably better than sample Bd2. 
 



The large spread continues with tests for shortterm and longterm ageing (Figs. 11 and 12). Here a larger range is 
available for all temperatures between the characteristic values for the lowest degree and the highest degree of stiffness 
for longterm ageing, in comparison with the non-aged PmB 45 A. By way of contrast, this cannot be determined for the 
m-value. A comparison of the characteristic values for stiffness of the non-aged PmB 45 A and the PmB 45 A (Fig. 13) 
that has been subjected to longterm ageing shows that the former intersects with stiffness values for the latter. This 
shows that the properties of some PmB 45 A when cold and in the non-aged condition correspond to those of PmB 45 A  
that have been subjected to longterm ageing. These examples reveal the difficulty in selecting a PmB 45 A which shows 
no comparable properties in its cold state behaviour. 
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 Fig. 11: Stiffness and m-value of shortterm aged PmB 45 A 
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Fig. 12: Stiffness and m-value of longterm aged PmB 45 A 
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Fig. 13: Stiffness, comparison of  PmB 45 A at original state and longterm aged 
 
5.   RESULT AND SUMMARY 
Samples from different manufacturers of binders and production plants were taken and examined within the scope of 
incoming inspection for PmB 45 A. In addition to conventional testing procedures such as the RuK softening point test, 
and tests for penetration and elastic recovery, test were also undertaken with the Force Ductilometer, the Dynamic 
Shear Rheometer and the Bending Beam Rheometer. Samples were tested in their original state, after shortterm ageing 
(RTFOT method) and after longterm ageing (RTFOT + PAV method).  
 
 
The test results show that no differentiation of individual polymer modified bitumens is possible, even after ageing 
processes, with respect to properties when used on the basis of softening point and penetration testing methods.  They 
can be brought in solely for the purpose of identifying the PmB 45 A and are only suitable for an assessment on the 
basis of individual experience. Elastic recovery is likewise unsuitable for a qualitative assessment of the PmB 45 A. 
Nevertheless, this testing method can be used to determine anomalies between a PmB 45 A that has not been subjected 
to ageing and one that has been. Such anomalies may presumably come about because of insufficient maturation of the 
PmB 45 A.  
 
The characteristic data for force ductility, the drawn length and deformation work do not provide direct indications of 
properties during use. Perhaps the graph curve for deformation in the ductilometer test provides a better differentiation 
of PmB 45 A behaviour. However, this was not put to the test here. 
 
The testing method with the Dynamic Shear Rheometer and the Bending Beam Rheometer clearly differentiate the PmB 
45 A by means of the ageing procedure for the first time. Testing the polymer modified bitumen in its original state is 
clearly not enough. For the first time, disparities can be made visible by means of long term ageing which results in a 
greater spread of test data. However, it must be feared that the PmB 45 A from one supplier and one production plant 
will have different properties over a period of time. This makes it difficult in the long term to provide a PmB 45 A pre-
selection for particular applications. And testing on delivery and immediately prior to commencing asphalt production 
is not possible for reasons of time. 
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ABSTRACT 
 
The performance of polyphosphoric acid as a modifier of various bitumens and their mixes was studied as a function of 
aggregate, anti-strip agents, and co-modification with polymer additives.  Polyphosphoric acid was found to modify 
bitumen binders at relatively small concentrations, increasing their high-temperature modulus while maintaining 
flexibility at low temperatures.   In polymer-modified bitumens, the use of polyphosphoric acid provides these same 
benefits and also allows for a significant reduction in the level of polymer required.  In mixes with granite-type 
aggregates, polyphosphoric acid was found to result in increased adhesion and superior moisture resistance.  In 
limestone aggregates, good moisture performance is obtained as long as the levels of polyphosphoric acid are kept 
relatively low (typically below 1%).  The use of selective amine or phosphate ester-based anti-strip agents helps 
maintain or enhance moisture resistance. 
 
Keywords:  modified binders, additives, rheology 
 
1.  INTRODUCTION 
 
Polyphosphoric acid has been used for many years in North America as a bitumen modifier and meet demanding 
performance requirements.  The application of polyphosphoric acid in bitumens was first reported in a 1973 patent 
assigned to Tosco-Lion1 and its use in the US has increased steadily since that year.  Today, polyphosphoric acid is 
used in the air-blowing oxidation process, as a catalyst in reactive terpolymer applications, and as a direct bitumen 
modifier.  The latter application involves modification with polyphosphoric acid alone or in combination with 
elastomeric polymers.2-11  In neat bitumen, polyphosphoric acid increases the high-temperature Performance Grade 
(PG) rating of the bitumen while maintaining the low-temperature properties.  Significant improvements in the 
water-sensitivity of mixes are also obtained.  In polymer-modified bitumen, the use of polyphosphoric acid provides 
these same benefits and also allows for a significant reduction in the level of polymer required to meet elastic recovery 
requirements. 
 
The mechanism by which polyphosphoric acid interacts with bitumen to improve its rheology and overall properties is 
still under investigation.  One theory that has been put forward suggests that polyphosphoric acid reacts with various 
organic functional groups in bitumen,12 breaking up asphaltene agglomerates and allowing the individual asphaltene 
units to form a better dispersion in the maltene phase.  The dispersed individual asphaltene units are relatively more 
effective in forming long-range networks and in turn contribute to elastic behavior, Figure 1. 
 
There is significant interest in understanding polyphosphoric acid’s full potential and limitations, as well as the 
chemistry that is taking place in bitumens and mixes.  To that end, this paper presents data and discusses the effect of 
polyphosphoric acid on the rheology and other properties of bitumens and mixes with different type of aggregates, anti-
strip agents and co-modification with polymers. 
 
2.  EXPERIMENTAL 
 
2.1  Materials 
 
Polyphosphoric acids of 105 and 115 concentration from ICL Performance Products LP were utilized as a modifier.  
Some of the key properties of polyphosphoric acid are listed in Table 1 below.   Several bitumen products of common 
use in the United States and representing a wide range of properties were used.  These are labelled Bitumen A, B, C, H, 
S, etc.  In addition, liquid anti-strip agents were tested.  These are labelled LAS1, LAS2, etc and are amines or 
phosphate esters.   The polymer tested was a linear SBS.   For lab tests, the materials were mixed at 170oC for about 15 
minutes. 
 



 
Figure 1.  Possible Mode of Action of Polyphosphoric Acid in Bitumen Modification 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 1.  Typical Properties of Polyphosphoric Acid13-15 
 
2.2  Bitumen Tests 
 
The various test methods performed on the bitumens are as follows:  
 
Viscosity AASHTO T20216/T20117 
Penetration AASHTO T4918 
Softening Point AASHTO T5319 
Dynamic Shear Rheology (DSR) AASHTO T31520,21 
Rolling Thin Film Oven (RTFO) AASHTO T24022 
Pressure Aging Vessel (PAV) AASHTO R2823 
Bending Beam Rheology (BBR) AASHTO T31324 
PG Rating AASHTO M32025 
 
2.3  Moisture-Sensitivity Tests 
 
Moisture-sensitivity evaluations of compacted mixes were conducted using the following test methods: 
 
Effect of Water on Coated Aggregates ASTM D362526 
Hamburg Loaded Wheel Test AASHTO T32427 

Moisture Sensitivity (Lottman) AASHTO T28328 
 
The Lottman test was conducted on compacted mixes.  These were saturated with water and kept at -18° C for 16 
hours, then kept under water at 60° C for 24 hours, and finally kept 25° C for two hours. 

 Polyphosphoric Acid 
105 

Polyphosphoric Acid 
115 

Formula Hn+2(PnO3n+1) 
P2O5 (%) 76.1 83.3 
Equivalent H3PO4 (%) 105 115 
Molecular Weight (avg, g/mol) 126 293 
Specific Gravity (@25° C) 1.94 2.06 
Viscosity @25° C (k Pa s)  800 28,000 
Viscosity @ 100° C (k Pa s)  36 510 
Freezing Point °F (°C) 84 (29) 100 (38) 
Boiling Point °F (°C) 572 (300) 1022 (550) 
pH (1% solution) 1.7 1.7 

Polyphosphoric

Acid

Asphaltene Unit Asphaltene Agglomerate Continuous Maltenes Phase

Polyphosphoric

Acid

Asphaltene Unit Asphaltene Agglomerate Continuous Maltenes Phase



3.  RESULTS AND DISCUSSION 
 
3.1  Classical Parameters 
 
In almost every case tested, the addition of polyphosphoric acid to neat bitumen results in the following changes: 
increased viscosity, higher softening point, lower penetration at room temperature and no change in penetration at low 
temperature.  Results from two examples are shown in Table 2.  The general finding from these and several other 
examples is that polyphosphoric acid changes the rheology of bitumens, making them more viscous and harder at 
relatively high temperatures, while keeping them soft at cold temperatures. 
  

Penetration 
(dmm) 

 

Bitumen Viscosity 
Abs @ 60 C 

(M Pa s) 

Softening
Point 
(�C) 

25� C 4� C 

Approximate 
ASTM D3381 

Viscosity Grade 
Classification 

 

Approximate 
ASTM 946 
Penetration 

Grade 
Classification 

A Neat 285 52 51 24 AC-30 40-50 
A + 0.50% Polyacid 105 697 58 46 26 AC-70 40-50 
       
B Neat 261 48 84 31 AC-30 85-100 
B + 0.50% Polyacid 105 566 55 72 35 AC-50 60-70 
Polyacid  =  Polyphosphoric Acid 

 
Table 2.  Conventional Properties of Bitumens Modified with Polyphosphoric Acid 
 
3.2  Superpave Properties 
 
Addition of polyphosphoric acid to bitumens has a significant effect in the dynamic shear rheology parameters, with 
higher values for the complex modulus (G*) and lower values for the phase angle (�) 
.  The ratio of the two, taken as 
G*/sin�, increases with acid addition at each temperature, as shown in the example in Figure 2, indicating higher 
stiffness as the level of polyphosphoric acid is increased at any given temperature.  For any of the bitumen systems, 
increasing the temperature decreases the stiffness, as expected.  In this example, the minimum original G*/sin� value of 
1.00 kPa required for PG rating is maintained up to 70° C for the system with 0.6% polyphosphoric acid 115 and 76° C 
for the system with 1.2% polyphosphoric acid 115.  The PG ratings obtained for three other bitumens using different 
levels of polyphosphoric acid are shown in Figure 3.  The data in Figure 3 shows that polyphosphoric acid causes an 
increase in the high-temperature grading with no loss of the low-temperature properties.  This extends the useful 
temperature range (UTR).  The same effect has been found across other bitumen systems not shown here.2 - 5, 7 - 10  

 
Figure 2.  Dynamic Shear Rheology of Bitumens with Polyphosphoric Acid.  
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Figure 3.  Bitumen Performance Grade (PG) changes with the use of polyphosphoric acid 
 
Evaluation of polyphosphoric acid in bitumen systems in the presence of SBS polymers demonstrates complementary 
performance.  Table 3 shows results for a system where a portion of SBS is substituted with a relatively smaller amount 
of polyphosphoric acid 115.  The total percent additive is reduced and all performance parameters were found to remain 
within specifications.  Further, the systems with polyphosphoric acid shows a significant wider effective PG range, with 
improvement in both high-temperature and low-temperature performance. 
 
 
 Bitumen 

Plus 4.5% SBS 
Bitumen Plus 
3.5% SBS and 

0.75% Polyacid 115 

 
As Formulated 
Softening Point (deg C) 85 80 
Softening Point (deg F) 184 176 
Elastic Recovery @ 25 deg C (%) 95 83 
DSR, G*/sin� (kPa) 1.63 2.71 
 
After RTFOT 
DSR, G*/sin� (kPa) 2.83 4.3 
Elastic Recovery @ 25 deg C (%) 89 83 
 
After PAV 
DSR, G* sin� (kPa) 1910 1830 
Creep Stiffness, Stiffness, MPa 175 193 
Creep Stiffness, m Value 0.291 0.304 
   
Effective PG Grade 78 - 16 81 - 22 
   
Reported PG Grade 76 - 16 76 - 22 
 
Table 3.  Bitumen Properties with Polyphosphoric Acid and SBS Polymer 
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3.3  Moisture Sensitivity 
 
Resistance to moisture damage is an essential requirement to extend the useful performance life of pavements.29  The 
moisture sensitivities of compacted mixes of 5% bitumen and 95% aggregate were measured by various methods, using 
the Texas Boil test (ASTM D3625) and the Lottman test.  The estimated percent adhesion of bitumens to Lithonia 
granite, a moisture-sensitive aggregate, using the Texas Boil Test is shown in Figure 4.  The use of polyphosphoric acid 
results in a dramatic increase in adhesion in all cases, bringing the adhesion values from a 25-45% range to a 60-80% 
range.  Interestingly, bitumen type D went from being the most water sensitive to the least water sensitive of the 
various bitumens evaluated with this method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Bitumen Adhesion to Aggregates From the Texas Boil Test 
 
 
Lottman test measurements for tensile strength following conditioning also showed significant improvement with 
polyphosphoric acid, as seen in Figure 5 for bitumen AC30 mixed with either Lithonia Granite or Limestone.  In both 
cases, the tensile strength ratios are higher in the presence of polyphosphoric acid, indicating improved adhesion.  
 
3.4  Moisture Sensitivity in the Presence of Anti-Strip Agents 
 
To address the concern of potential interaction between polyphosphoric acid and alkaline anti-strip agents,30,  31 
experiments were conduced using systems with polyphosphoric acid and commercial anti-strip agents.  The moisture  
sensitivities of compacted mixes with Lithonia granite for a bitumen containing 0.5% polyphosphoric acid 105, liquid 
anti-strip agents and hydrated lime were evaluated.  Results from the Texas Boil test, Figure 6, show a significant 
improvement in adhesion for the polyphosphoric acid treatment vs. the neat bitumen.  Also, the polyphosphoric acid 
either increases or maintains the adhesion gained by the use of the anti-strip agents.  Results from the Lottman 
evaluation, Figure 7, show that the tensile strengths are either maintained or enhanced in the presence of 
polyphosphoric acid before conditioning for all cases.  There is no detrimental interaction with the hydrated lime anti-
strip agent and only minimal interaction with the liquid anti-strip agents.  Following conditioning (compacted mix is 
saturated with water and kept at -18° C for 16 hours, kept under water at 60° C for 24 hours, and then at kept 25° C for 
two hours), the tensile strength of the neat bitumen control drops to about 43% of its original value, but retains 90 to 
100% of its original value for all the other treatments (polyphosphoric acid with and without anti-strip agents).  
Polyphosphoric acid at the concentration used here (0.5%) increases adhesion to aggregate on its own and shows little 
or no interaction with common anti-strip agents. 
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Figure 5.  Tensile Strength Ratios from the Lottman Test  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Adhesion to aggregates in the Presence of Anti-Strip Agents: Texas Boil Test 
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Figure 7.  Lottman Assessments in the Presence of Anti-Strip Agents 
 
3.5  Rutting Performance 
 
The Hamburg Loaded Wheel test was used to evaluate the rutting performance and moisture sensitivity of compacted 
mixes of 5 percent bitumen and 95 percent Lithonia granite containing polyphosphoric acid together with both hydrated 
lime and liquid anti-strip agents.  After 8,000 passes, the rut depth of the sample made with the neat bitumen control 
has increased to about 12 mm, as shown in Figure 8.  For the sample made using bitumen modified with 0.5% 
polyphosphoric acid (115), the rut depth after 8,000 passes remained about 4.5 mm, over a 60 percent reduction in 
damage.  All other treatments show the same results, with no detrimental effect from the interaction of polyphosphoric 
acid with the anti-strip agents.  This demonstrates the efficacy of the combined systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Rutting Performance From Hamburg Wheel Test After 8000 Passes. 
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3.6  Process Considerations and Field Performance 
 
There is considerable experience on the safe addition of polyphosphoric acid to bitumen.  The typical operation 
includes delivery of acid in bulk trucks, an acid storage tank, an acid metering pump, and a means of mixing a small 
amount of acid uniformly with a large amount of bitumen.   The storage tank, pump, and acid process lines are heated 
to prevent polyphosphoric acid from freezing.  Further, the preferred material of construction is 316ss to minimize 
corrosion.  The mixing of polyphosphoric acid and bitumen is accomplished by using a mixing tee or by adding the 
acid into the top of a well-agitated bitumen tank. 
 
Polyphosphoric acid has been used successfully in the United States for many years to modify bitumen pavements.32 - 34  
This includes modification with PPA alone and co-modification with polymers.  The best documentation of pavement 
performance thus far is from the NCAT (National Center for Asphalt Technology) test track at Auburn University in 
Alabama.35  The test track allows accelerated performance monitoring by continuously driving a test vehicle (Figure 9) 
around the track.  Each track section sees the same load, use, and environmental conditions.  So performance 
comparisons can be made between sections.  Eighteen track sections with bitumen co-modified with PPA and SBS 
polymer were tested from 2000 to 2002.  After 2 years (10 million ESAL), there was no significant rutting, no moisture 
damage, and no fatigue cracking.33, 34  An additional 19 test sections with bitumen co-modified with PPA and SBS were 
tested from 2003 to 2005.  Again, there was no significant rutting, nor moisture damage and no fatigue cracking.33, 34  
The highway performance of PPA modified bitumen showed similar performance.32 
 
 

 
 
Figure 9.  NCAT Test Track 
 
 
4.  CONCLUSIONS 
 
The addition of polyphosphoric acid to bitumens at relatively small concentrations provided several benefits: 
 

� Increase in the high temperature Performance Grade (PG) rating with no loss of low temperature properties. 
� Increase in the adherence of the bitumen to a moisture-sensitive aggregate, resulting in anti-stripping benefits 

similar to those obtained from liquid amine-based agents and hydrated lime. 
� No detrimental effects when used together with hydrated lime and two types of liquid anti-strip agents. 
� Significant reduction in rutting. 

 
The one-level Performance Grade improvement (from PG 64-22 to PG 70-22 and from PG 64-28 to PG 70-28) resulted 
from the addition of 0.5% polyphosphoric acid 105 or 0.45% polyphosphoric acid 115.  The findings from the 
moisture-sensitivity studies (Texas boil test, Lottman assessment, Hamburg wheel test) all demonstrate polyphosphoric 



acid improve properties on its own or in combination with hydrated lime or liquid anti-strip agents.  The best moisture-
sensitivity results throughout were obtained for a combination of polyphosphoric acid and hydrated lime. 
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ABSTRACT 
 
Recent studies concerning the shear deformation (creep behavior) of asphalt cement have led to new hypotheses about 
the failure mechanisms leading to rutting of the asphalt pavement. It is considered that accumulated strain in asphalt 
binder, as a consequence of traffic, is mainly responsible for the rutting in pavements. As a result, the dynamic creep 
behavior of asphalt cement has gained more interest as a technique to measure binder shear properties at high 
temperature. The main objectives of this work were to study, the dynamic creep behavior of conventional, oxidized, 
polymer modified and tire crumb rubber modified asphalt binders, and investigate  the correlation between binder and 
asphalt concrete mixture performances in creep behavior. Temperature, applied stress level and the material plays an 
important role in the accumulated creep compliance. The feasibility of using preconditioning was investigated to 
improve the homogeneity of the individual cycles through all the creep and recovery cycles. The applicability of the 
time-temperature superposition principle in dynamic creep test data was also investigated.  
 
Keywords: shear deformation, rutting, dynamic creep, compliance, preconditioning 
 
1. INTRODUCTION 
 
1.1 Rutting in asphalt pavements 
 
Rutting is a major form of distress found in asphalt pavements. One of the most important criteria in the mix design of 
an asphalt paving mixture is the mix’s ability to resist rutting. Rutting of asphalt pavements is caused by accumulation 
of irreversible deformation or permanent deformation in any or all pavement layers under repeated traffic loading. The 
permanent deformation mode of distress in asphalt pavements can be resulted from not only traffic-associated causes 
but also other causes. This study focuses on traffic-induced (load-associated) deformation occurring within the asphalt 
paving layer itself. Rutting of asphalt paving layer under various loading conditions is the result of a series of complex 
internal activities. Starting from 1960s, considerable research effort has been devoted to relate the microscopic 
functions to the macroscopic rutting phenomenon. To date, no single universally accepted explanation of the 
mechanism responsible for traffic-induced permanent deformation has emerged from the literature. Some researchers 
[1], [2] stated that the concept of stability may be used to express the resistance of a mix to rutting in an actual 
pavement. Stability in general is a function of interparticle friction, cohesion of the asphalt, and resistance to 
displacement due to viscosity effects. Ameri-Gaznon [2] summarised that rutting in an asphalt surfacing layer was due 
to three major causes: (a) viscous flow of the asphalt binder into the mineral aggregate voids, resulting in reduction in 
the thickness of aggregate coating and reduction in the relative distance between aggregate particles; (b) shearing 
displacements of aggregate coated with a thin film of asphalt binder; and (c) densification of the mixture due to a 
decrease in the air content.  Many researchers [3], [4], [5], [6] observed that rutting occurred as a combination of 
densification (volume change) as well as shear deformation (without volume change), and the shear deformation rather 
than densification is the primary rutting mechanism. The major portion of rutting occurs during the initial phase of 
loading. Initially the asphalt mixture would be load-compacted and stiffened due to rearrangement of particles and 
expelling of air voids, accompanied by shear deformation.  Shear deformation dominates after the initial densification 
phase. The irreversible deformation during the rutting process is strongly loading-time-dependent, primarily due to the 
viscous nature of the asphalt binder.  
 
1.2  Background 
 
The Strategic Highway Research Program (SHRP) conducted a major research program from 1987 to 1993, to develop 
the Superpave performance-based specifications and test methods for asphalt binders and similar tests and a mix design 
practice for Hot Mix Asphalt (HMA) mixes. However, the applicability of the Superpave specifications and test 
methods to modified binders and mixes was questionable and researches found that it underestimated the performance 
of the modified binders. For example, the high temperature specification parameter |G*|/sin � (= 1/J") (� = 10 rad/s) [7], 
which was found to work well for unmodified asphalts, does not give the correct predictions for polymer-modified 
asphalts [8], [9], [10], [11], [12]. Recently, a new test called repeated creep and recovery test (RCRT) has been 
proposed [9], [13] that measures fundamental properties of asphalt binders and can be used to identify the rutting 
potential of asphalt binders. This test consists of a sequence of shear creep and recovery experiments and is usually 
referred to as the dynamic creep. In its recent form dynamic creep test consists of a number of “cycles” of one second 
creep followed by nine seconds of recovery.  



Furthermore as a part of the superpave research program, the National Cooperative highway research Program 
(NCHRP) project 9-19 had a primary objective to recommend a simple performance test (SPT) to evaluate asphalt 
mixtures’ resistance to permanent deformation and fatigue cracking [14]. The outcome of the NCHRP project 9-19 
study was the recommendation of the tertiary flow parameter, Flow number (FN) of cycles from the repeated Load 
Permanent Deformation (RLPD) test as one of the SPT candidates. In this RPLD test, several thousand repetitions of 
load are applied and the accumulated permanent deformation is recorded as a function of number of load cycles over the 
full test period. Studies related to understanding of the relationship between this RPLD test and RCRT test performance 
is yet a new research area and not much recorded in the literature. It is necessary to understand the relationship between 
the quality of asphalt binder and the mixture performance, thus, the reasons for the hot mix asphalt concrete rutting 
potential can be identified as poor non-bituminous components or asphalt binder quality. This paper reports on the 
results and observations of dynamic creep behaviour of several asphalt binders and mixes. 
 
3. EXPERIMENTAL DETAILS 
 
3.1 Materials 
 
3.1.1 Asphalt Binders 
 
Three different conventional (base) asphalts were used: 

� First one was commercially available asphalt of 85-100 penetration grade characterized as PG64-25 (split grade) 
according to the Superpave binder specification, AASHTO M320 [7]. (Referred to as asphalt A). 

� Second one was softer base asphalt which has the penetration of 200/300, classified as PG52-34 (Referred to as 
asphalt B). 

� Third one was softer base asphalt which has the penetration of 300/400, classified as PG46-37 (Referred to as 
asphalt C). 

Oxidized asphalts 
� PG64-28 oxidized asphalt binder (referred to as asphalt D) was obtained by oxidation of softer asphalt from the 

same crude oil source as of base asphalt A. 
Two types of modifiers were used for modifying the binder. 

� Styrene-butadiene-styrene (SBS) copolymer, which is a medium molecular weight radial SBS copolymer 
produced by the Fina Chemical Company.   

� Tire Crumb Rubber material produced by Alberta Environmental Rubber Products (Edmonton, Alberta). 
Polymer-modified asphalts (PMA) 

� PMA was commercially available performance grade (PG) binder in the same high temperature PG category as 
of asphalt A. It was PG64-37 (referred to as PMA) and obtained by blending the asphalt B with 4% (by 
weight) of a styrene-butadiene-styrene copolymer.  

Tire Crumb rubber modified asphalt (CRMA)  
� Tire crumb rubber modified binder (CRMA) were obtained blending asphalt C with 10.5% (by weight) of 

crumb rubber respectively.  
 

Designation Description Performance Grade 
Asphalt A Base asphalt  (penetration 85/100) PG64-25 
Asphalt B Base asphalt  (penetration 200/300) PG52-34  
Asphalt C Base asphalt  (penetration 300/400) PG46-37 
Asphalt D Oxidized asphalt  PG64-28 
PMA Polymer Modified asphalt PG64-37 
CRMA Crumb Rubber Modified asphalt PG64-37 

 
Table 1:  Superpave Performance Grading of the Materials 
 
3.1.2 Asphalt Mixes 
 
The asphalt mixes were compacted using the same gradation, asphalt content (5.3 %) and air voids (4%) according to 
the superpave mix design. The asphalt binders used to prepare the mixes were asphalts A, C, PMA and CRMA. All 
samples were compacted in a gyratory compactor, and sawed and cored to the final dimensions of 100 mm in diameter 
and 150 mm in height.  
 
3.2 Test Descriptions 
 
Two types of rheometers were used in this work. A controlled stress rheometer, CVO-R (Bohlin Instruments, now 
Malvern Instruments), was used for the asphalt binder samples; and, a digital servo-hydraulic universal testing machine, 
UTM-25 (IPC Global) was used for the asphalt mixture samples.  



The CVO-R is a rotational rheometer used to characterize the viscous and elastic behavior of bituminous materials. The 
creep and recovery tests were conducted at 40°C, 50°C and 60°C using plate-plate geometry (diameter of 25 mm and 
gap of 1.5 mm). A set of one hundred cycles of repeated creep and recovery data was taken by the instrument, with a 
loading time of 1 second and unloading time of 9 seconds under a particular stress level.  The studied stress levels 
varies from 100 Pa to 5000 Pa. 
 
The UTM-25 is a servo-hydraulic asphalt mix tester machine with a maximum load capacity of 25 kN. The unit counted 
with an integrated control and data acquisition system (CDAS), in order to provide accurate force or displacement 
waveform generation and control and to enable automatic sequencing of test procedures. RPLD test was conducted and 
mixes were tested with the confining pressure of 138 kPa. An axial stress of 600 kPa was applied to test specimens in 
order to simulate the load level applied by a Superpave gyratory compactor.   
 
4. RESULTS AND DISCUSSION 
 
4.1 Repeated creep and recovery tests (RCRT) 
 
In the shear creep and recovery test, accumulated deformation of the tested material could be observed when the cycle 
of creep and recovery is repeated. The results are presented in terms of shear creep compliance defined as follows:  

( )J t �
�

�                     (1) 

 
4.1.2 Material effect 
 
The total accumulation of compliance, in one hundred cycles for the tested materials is shown in Figure 1. The 
difference between the conventional and modified binders is clearly seen. Generally, the conventional binders show 
very small recovery. Oxidized binder also shows the similar behavior as conventional asphalts. The studied polymer 
and crumb rubber modified binders exhibit a visible recovery in every cycle. Although the PG characterized some of 
these materials in the same high temperature grading (refer Table 1), it can be seen that the behavior of these materials 
are quite different from each other at high temperature. 
 

 
 
Figure 1 Accumulated compliance in asphalts A, B, C, D, PMA and CRMA. 100 cycles. Stress: 1000Pa. T = 400C 
 
4.1.3 The role of temperature 
 
The total accumulation of compliance, in one hundred cycles for asphalt C and CRMA for three different temperatures 
is shown in Figures 2 and 3.  Figure 2 corresponds to the lowest stress tested (100 Pa) whereas Figure 3 corresponds to 
the largest stress (5000 Pa).  Generally with increasing temperature the accumulated compliance is increasing.  Similar 
observations are made for all the tested materials. 
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Figure 2 Accumulated compliance in asphalt C and CRMA.  100 cycles.  Stress: 100Pa. T = 400C, 500C, 600C 
 

 
 
Figure 3 Accumulated compliance in asphalt C and CRMA. 100 cycles. Stress: 5000Pa. T = 400C, 500C, 600C 
 
4.1.4 The Role of Shear Stress 
 
Figure 4 shows the 100 cycles of the creep and recovery for asphalt B and PMA at 400C for all the tested stresses. There 
seems to be almost no dependence on stress in the base asphalt B. On the other hand the shear compliance of PMA is 
stress dependent. Figure 5 shows the 100 cycles of the creep and recovery for asphalt C and CRMA at 400C for all the 
tested stresses. The similar trend was observed in the asphalt C and CRMA. The base asphalt reaches always the same 
final accumulated creep compliance thus showing the independence of this function on the stress (see Figure 4 and 5). 
This observation, does not seem to apply to the modified materials where there is an increase in the final accumulate 
creep compliance as the shear stress increases.  This situation is showed in more detail in Figure 6 where Jr vs. stress is 
depicted. The recovered strain on the test was normalized by dividing by the applied stress to determine compliance 
called Jr. Initial ten cycles were used for this calculation. Both modified materials exhibit uniform behavior at the lower 

C 600C 
 
C 500C   
 
C 400C 
CRMA600C 
 
 
CRMA 500C  
 
CRMA 400C  

 

C 600C 
 
C 500C   
CRMA600C 
 

C 400C  
CRMA 500C  
 
 

CRMA 400C  



stress levels. As the stress level increases it shows the non linear behavior of the materials.  Similar finding was 
observed by Angelo et al. [15].  
 

 
 
Figure 4 Accumulated compliance in asphalt B and PMA. 100 cycles. Stresses: varies from 100pa to 5000Pa.               
T = 400C 
 

 
 
Figure 5 Accumulated compliance in asphalt C and CRMA. 100 cycles. Stresses: varies from 100pa to 5000Pa.  
T = 400C 
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Note: Jr is the recovered strain of first 10 cycles normalized by the applied stress. 
 
Figure 6 Affect of stress level on the compliance of asphalts PMA and CRMA. T = 400C 
 
4.1.5 Homogeneity of the Cycles and Effect of Preconditioning 
 
As depicted in Figure 7 the creep and recovery may vary in different cycles. This was observed in asphalt PMA. It 
increases gradually from cycle 1 to approximately cycle 50 after which the changes are not visible. The homogeneity of 
the creep and recovery cycles is an issue for all the modified materials and we tried to address it by preconditioning the 
sample before the test.  The use of preconditioning before the test improved the situation giving a more uniform shape 
in all the repetitions as shown in Figure 8 where a pre-shear stress of 25Pa during 30 seconds followed by 10 seconds of 
rest time was applied.   
 
 

 

 

 

 

 

 

 

 

 
 
Figure 7 Creep cycle. asphalt PMA. 100 cycles. T: 40°C. Stress: 100Pa 
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Figure 8 Several cycles after precondition. Asphalt PMA. 100 cycles.  T: 40°C. Stress: 100Pa 
 

4.1.6 Time-Temperature Superposition 
 
It is well established that there are advantages in applying the time-temperature superposition principle in linear 
viscoelastic characterization of materials. We have tried to use this principle in dynamic creep tests and check its 
suitability for the tested materials. Figure 9 and 10 present the superposition curves for Asphalt C and CRMA 
respectively. In these Figures, it should be noted that only the creep part of the first cycle was horizontally shifted to the 
reference temperature T = 400C. The applied stress was 1000 Pa. It was found that the time-temperature superposition 
works for the both conventional and crumb rubber modified material and it seems to be possible to obtain a “master 
behaviour after 100 cycles” of the accumulated creep compliance. However this phenomen does not work for the 
polymer modified material as shown in Figure 11.   

 
 

Figure 9 Accumulated creep compliance horizontally shifted to the reference T = 400C in asphalt C. Stress: 
1000Pa 
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Figure 10 Accumulated creep compliance horizontally shifted to the reference T = 400C in asphalt CRMA. 
Stress: 1000Pa 

 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 Accumulated creep compliance horizontally shifted to the reference T = 400C in asphalt PMA. Stress: 
1000Pa 
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4.2 Repeated load permanent deformation (RPLD) 
 
One of the best approaches to determine the permanent deformation characteristics of paving asphalt mixes is to 
perform RLPD test [16]. Test is designed to determine the rutting (permanent deformation) susceptibility of asphalt 
mixes as a consequence of the repeated action of traffic loads. Results of the RLPD test are typically presented in terms 
of the cumulative permanent strain as ordinate versus the number of loading cycles as abscissa. Figure 12 shows such a 
typical relationship. As shown in the Figure12, the permanent strain response is divided into three main stages (Zones 
of deformation): primary, secondary and tertiary [14], [16]. In our experiments, a square or haversine pulse load of 0.1 
second and 0.9 second dwell (recovery time) was applied to the specimens. The load level of 600 kPa was used to 
simulate the load level applied by a Superpave gyratory compactor. The number of load cycles was 10,000 and the 
permanent deformation per cycle was monitored. 
 

 
 
Figure 12 Typical relationship between permanent strain and number of cycles in a repeated load permanent 
deformation test. Asphalt mix prepared with CRMA. T = 40°C. Load: 600 kPa. Loading type: Haversine pulse 
 
Figure 13 presents the accumulated permanent deformation for mixes prepared with asphalt B and PMA. From this plot 
it can be seen that the RPLD test differentiates between mixes prepared with conventional and modified binders (same 
binder content) and same aggregate proportions and mixing conditions. The effect of the binder on the creep 
deformation of the mixes can also be seen in the Figure 13. Modification of the binder by polymer did reduce the 
accumulated creep deformation of the mixes. It is also noted that the tertiary state was not achieved in the mixes with 
the loading condition and the temperature level used.    
 

 
 
Figure 13 Accumulated strain in mixes prepared with asphalt B and PMA. T = 40°C. Load: 600 kPa. Loading 
type: square pulse load 
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5. CONCLUSIONS 
 
Conventional, Oxidized, polymer and tire crumb rubber modified asphalts were studied in dynamic creep test. RCRT 
experiment in conventional asphalt showed that the magnitude of recovery in every cycle (up to 100 cycles) is very 
small. The situation was similar for the oxidized asphalt. However it was quite different for modified asphalts. The 
magnitude of recovery in individual cycles is much “stronger” in these modified materials. The accumulated 
deformation was much smaller in polymer and rubber modified asphalts than in its base asphalts. The role of applied 
stress is very strong in asphalt modified by polymer and tire crumb rubber. In the studied base asphalt, the role of stress 
seems to be week. It was observed that the “boundary” between linear and nonlinear behavior of accumulated 
compliance can depend not only on the material but also on time, applied stresses and temperatures. It was also noted 
that with increasing temperature and stress the recovery in every cycle is diminishing in crumb rubber modified asphalt. 
This does not seem to be the case in binder modified by SBS. Further, for the set of asphalts studied, it was shown that 
the RCRT test can clearly distinguish the materials even if they have the same high temperature characteristics, given 
by the Superpave performance grading. Even if the parameter |G*|/sin � might be useful for conventional asphalts, the 
dynamic creep test seems to be universal in its ability to characterize the conventional as well as polymer and crumb 
rubber modified asphalt binders. RPLD tests in asphalt mixes were more suitable to describe the high-temperature 
performance of asphalt mixes prepared with the same asphalt binder than single dynamic experiments. The dynamic 
creep test in asphalt mixes and binders, and the appropriate modeling of this test offer new elements for the laboratory 
evaluation of these materials.    
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ABSTRACT 
The use of recycled polymers for replacing virgin polymers has been employed in the road building contributing to 
asphalt performance and lower environmental pollution. In this work the copolymer ethylene vinyl acetate (EVA) and 
also the cashew nut shell liquid (CNSL), coconut fibers (CF) and lime were used as modifying agents of the Brazilian 
bitumen. In order to evaluate their use as bitumen modifiers, the binders obtained by adding different wt% additives 
were investigated by rheological behavior, including accelerated aging experiments (RTFOT). Dynamic-mechanical 
analysis were performed in a Rheometer (DSR). Compared to the original binder the modified binder showed non-
Newtonian behavior. The use of the waste polymers helps to improve the aging resistance and proper rheological 
properties. The activation energy of the viscous flux (Ef) for the samples oscillated between 58 and 70 KJ/mol. In the 
presence of coconut fiber the binder exhibited the most pronounced effect on the activation energy. The rut factor 
(G*/sin �) suggest that the polymers and waste can improve the elasticity of the asphalt.  
 
Keywords: rheology, modified binders, waste  
 
1. INTRODUCTION 
 
The use of polymers as a modifier bitumen used in pavement surfaces has been growing along the last years. An 
increase in traffic loads has required materials with improved properties to enhance pavement performance. The use of 
synthetic polymers as additives, via chemical or physical blending, has shown to greatly improve the performance of 
conventional bitumens [1]. Polymer modified binders have been used with success at locations of high stress, such as 
intersections of busy streets, airports, vehicle weigh stations, and race tracks [2]. Styrene-butadiene-styrene copolymer 
(SBS) and ethylene vinyl acetate copolymer (EVA) are frequently used for this purpose and it has been demonstrated 
that they improve bitumen properties [3]. The viscoelastic characteristics of the binder at high temperatures are 
modified, resulting in pavement surfaces more resistant to permanent deformation. The thermoplastic nature of these 
binders has the ability to combine elastic, strength and adhesion properties to increase road life. Improved properties 
also include greater resistance to aging and stability at high temperatures. It is considered that the incorporation of fibers 
to the polymer can result in a composite with good compatibility that improves resistance. It is believed that the 
addition of natural fibers (e.g., coconut fiber) to the conventional binder can be advantageous, in terms of improving the 
material properties, as well as, from an economic and environmental stand point. Viscosity measurements are typically 
used to classify bitumen binders in several countries [1]. For modified binders, it is also important to study whether the 
material behavior is Newtonian or Non-Newtonian. The objective of the present work is to study the benefit of adding 
copolymer EVA, waste coconut fibers, hydrated lime and cashew nut shell liquid (CNSL) addition on to the bitumen 
performance. For this purpose the effect of additives on the viscosity (determined using a Brookfield viscometer) and in 
the dynamic rheological behavior (determined using a dynamic shear rheometer) were investigated. The selected 
parameters are correlated to the thermal susceptibility and resistance of the material.   
 
Experimental 
 
2. EXPERIMENTAL  
 
2.1 Materials 
 
The neat bitumen used as a base for the modified binders was a 50/70 penetration grade obtained from Campo Fazenda 
Alegre (FA) and refinery by Petrobras/Lubnor of Fortaleza. 
Three different types of copolymers, semi-crystaline and amorphous, were used for modifying the bitumen: 
- Semi-crystalline copolymers such as poly(ethylene-co-vinyl acetate), EVA. 
- Additives: Hydrated Lime, Cashew Nut Shell Liquid (CNSL) e Coconut Fiber (CF).  
The modified bitumen binder: (1) EVA 4% w/w; (2) EVA 6% w/w; (3) EVA 4% w/w and coconut fiber 1% w/w; (4) 
EVA 4% w/w and hidrated lime 2% w/w; (5) EVA 4% w/w and cashew nut shell liquid 2% w/w; (6) CNSL 2% w/w 
and (7) CF 1% w/w were prepared using a low shear blender IKA, model RW20, at temperature 160 ± 5 °C using 544 
rpm. The mixing time was 2 hours. The samples are denoted by B+4%EVA, B+6%EVA, B+4%EVA+1%CF, 
B+4%EVA+2%LIME, B+4%EVA+2 CNSL, B+2%CNSL and B+1%CF. 
 
2.2 Aging  



 
Short-term laboratory aging of the binder and modified binder were performed using the rolling thin film oven test [4] 
to simulate the mixing process. The standard aging procedures of 163°C and 85 minutes were used. 
 
2.3 Viscosity  
 
The coefficient of viscosity was measured by the torque required to rotate the spindle at a constant rate of speed while 
immersed in the test fluid. The viscosity was determined according ASTM D4402 [5] at 135, 150 and 175 °C 
temperatures at different shear rates using a Brookfield viscometer model DVII+ with THERMOSEL control system. 
The temperature dependence of the viscosity was used to obtain the activation energy of the flux (Ef) from the 
Arrhenius relationship. The Ef were calculated for the binders to rank  their temperature susceptibility.  
 
2.4. Dynamic Mechanical Analysis 
 
Dynamic rheological measurements were performed in a stress-controlled TA Instrument AR 2000, with temperature 
range (from 46 to 100°C) at a fixed frequency of 10 rad/s. The specimen was prepared in a silicon mold with the 
following approximate dimensions: thickness of 1 mm and diameter of 25 mm. It was then tested with parallel plate 
mode 25 mm diameter, according to AASHTO TP5 [6]. The rheological measured was rut factor (G*/sin �).  
 
3. RESULTS AND DISCUSSION 
 
3.1 Effects of additives on the viscous properties  
 
Figures 1 - 4 show the dependence of shear stress on shear rates for the neat and the modified binders. The additives to 
the binder lead to increased viscosity, which was greater for the sample with coconut fiber. For the neat binder the 
Newtonian behavior was observed for the studied conditions: shear rates (range from 1.0 to 37.5) and temperatures (135, 
150 and 175 °C). The modified binders presented a Newtonian behavior, i.e. their shear stress not depends on the shear 
rate. The most pronounced effect was observed for the sample with fibers which exhibited a remarkable increase on the 
viscosity. This is attributed to the adsorbed layer of binder components on the surface of the fiber particles. Once the 
modified binders have shown that their viscosity depends on shear rates values, implies that zero shear viscosity (ZSV) 
must be calculated to determine the temperature of mixing and compactation [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Viscosity 135°C versus shear rate  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Viscosity 150°C versus shear rate 
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The behavior of the mixtures was examined from the graphs of viscosity in function of the shear rate, illustrated in 
Figures 3 and 4. For the bitumen, resultant viscosities in the conditions of shear and the studied temperatures (135 and 
150 °C) had presented linear behavior e, therefore, the bitumen showed as a Newtonian fluid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Viscosity versus shear rate at 135°C  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Viscosity versus shear rate at 150°C  
 
One observed an increase of viscosity and an alteration in the Newtonian behavior in the bitumen modified, in all the 
studied temperatures, mainly, when lower taxes of shear had been applied [7]. Showing, therefore, a dependence of 
viscosity with the shear rate. The effect sharpest was observed for the bitumen modified with 6% w/w of EVA. Of this 
form, a variation of viscosity with the shear rate is observed, sending regards it determination of viscosity zero shear 
(ZSV) with the purpose of if correctly esteem the temperatures of mixture and modified compacting of the bitumen 
(Lucena, 2005). In relation to viscosity, it is observed that this diminishes with the increase of the temperature, for all 
the samples, as shown in Figure 5. Viscosities for the bitumen modified well more had been raised than for the original 
binder. The addition of polymer EVA provoked the biggest rise of viscosity, typical characteristic when of the addition 
of thermoplastic or plastômero to the bitumen. It was also observed that the presence of the whitewash (2%) in the 
mixture with EVA (6%) reduces the viscosity of mixture bitumen+EVA (6%). The effect of the addition of the CNSL in 
viscosity was less sharp. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Viscosity versus temperature  
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3.2 The activation energy of the viscous flow (Ef)  
 
The Ef of the samples were calculated according to the Arrhenius equation [8]: 
 
ln �= Ef/RT + ln A 
 
Figure 6 shows the Arrhenius plot for the bitumen, B+4%EVA and B+4%EVA+1%FC. To minimize the effects of the 
shear rates related to the temperatures it was used the values of viscosity at 20 rpm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Arrhenius Plot for B, B+4%EVA and B+4%EVA+1%CF 
 
The Ef values were: B 61,313 KJ/mol (± 0,05), B+4% EVA 74,950 KJ/mol (± 0,04) and B+4 EVA+1%CF 76,491 
KJ/mol (± 0,04). The Ef of modified binders was higher than of the neat binder. An even greater effect is observed in 
the presence of coconut fiber. The Ef can be used to evaluate the thermal susceptibility. The smaller Ef, the smaller the 
binder response to a temperature change. The Ef of the asphalts can also be related to the energy involved in bitumen 
application and compactation. In that sense the amount of additives in the binders studied here should be adjusted in 
order to get proper values of viscosity during the mixing operation to reduce the high cost of energy. 
 
3.2.1. Factors that affect the activation energy for flow  
 
3.2.1.1. Aging 
 
Figure 7 shows the effect of aging on the activation energy for flow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Effect of aging on the activation energy for flow. 
 
After aging, bitumen show higher activation energy. Oxidation increases the number of polar molecules in the asphalt 
binders. The higher concentration of polar molecules increases the intermolecular forces leading to stronger 
interactions. These stronger interactions within the asphalt binder result in a higher resistance to flow consequently a 
higher activation energy for flow. The Ef of modified bitumen unaged was smaller than of the neat bitumen. The Ef can 
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be used to evaluate the thermal susceptibility. The smaller Ef, the smaller response to a temperature change. The Ef of 
the asphalts can also be related to the energy involved in bitumen application and compactation. In that sense the 
amount of additives in the binders studied here should be adjusted in order to get proper values of viscosity during the 
mixing operation to reduce the high cost of energy.  
 
3.3 Dynamic Rheological Characterization 
 
Figure 8 shows the rheological parameters G* and as a function of temperature for the bitumen, B+4% EVA and 
B+4%EVA+ 1%CF. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: G* e � as a function of  temperature forbitumen(��), B+ 4%EVA (��) and B+4% EVA+1%CF(��). 
 
It was observed a decrease of G* and an increase in the � with the increase of the temperature for original and modified 
binder [10]. However, the reduction in the � value exhibits a more elastic behaviour for the modified asphalt. According 
to figure 8 the modified asphalt showed higher complex modulus G* for the 4%EVA+1%CF. The results suggest that 
both EVA and EVA+CF can improve the elasticity of the asphalt. 
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Figure 9: G*/ sin � as a function of  temperature for bitumen, B+ 4%EVA and B+ 4%EVA+1%CF 
 
The calculated parameters (G*/sin�) are related to the contribution of the asphalt binder (Figure 9) to the surface 
permanent deformation and reflect the resistance of the binder to deformation under repeated loading (G*) and the 
relative amount of energy dissipated into non-recoverable deformation (sin�). The highest resistance to permanent 
deformation was found for EVA+CF. 
 
3.4 Performance Grade 
 
Table 1 shows the gotten values of the grade performance for the original and modified bitumen. For the specification 
the PG is the temperature in which the value of G*/sen� is superior 1,0 kPa before the RTFOT and the 2,2 superior kPa 
after the RTFOT. In the evaluation, it is considered, according to ASTM D 63736 [9], the lesser value of temperature, 
gotten after the RTFOT. It was verified that the modified binders had evidenced greater joined temperature. The 
G*/sen� parameter is associated with the permanent deformation that occurs in bitumen floors. Thus, one concluded 
that the additives had increased the resistance to the permanent deformation of the studied binders. 
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Amostra B B+2%CNSL B+1%CF B+4%EVA 
+2%LIME 

B+4%EVA+2%CNSL 

T(°C), 
before RTFOT 
(G*/sen� > 1KPa) 

70 76 76 >88 88 

T(°C), 
after RTFOT 
(G*/sen�>2,2KPa) 

70 76 76 >88 >88 

PG 70 76 76 >88 88 

Tabela 1: Classification of the bitumen for grade performance 
 
4. CONCLUSIONS 
A modified binder composed of copolymers and waste cococonut fibers in specific conditions studied have shown 
favorable mechanical properties compared to the original binder. The improvement was more significant in the presence 
of waste. The addition of the copolymers and fiber induced a more flexible bituminous binder which makes it more 
resistant to traffic loading. On the other hand, the additives markedly increased the viscosity of the binder, although the 
values of the viscosity are not above the limit according to ASTM D 6373 [9]. Higher viscosity increases costs reated to 
energy-consumption. 
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ABSTRACT 
 
C-Fix(in this paper called also only “binder”) is a very hard  thermoplastic binder for the construction industry that, 
mixed with aggregates, sand and filler materials, combines the qualities and advantages of asphalt (flexibility) with 
cement concrete (strength). In this paper the research on the improvement of the low-temperature behaviour of the 
binder with a special modifier is reported. At lower temperatures it becomes very stiff and this can be a disadvantage in 
certain applications. For this reason a possible modification of the binder was investigated.  
First the compatibility of the modifier with the binder was investigated and also the amount to be added. The 
microscopic analysis of the result of mixing the binder with modifier is shown. A positive point of modifying the binder 
was that the mixing temperature can be reduced with 20°C. 
On the chosen modified binder, rheological tests with the dynamic shear rheometer (DSR) were performed. From the 
master curves of the stiffness and the phase angle significant improvements with regards low temperature behaviour 
could be detected. The influence of the filler on the rheological properties was investigated with DSR and dynamic 
mechanical analysis on two modified binder/filler systems. The influence of the filler type showed to be significant. 
 
Keywords: Very hard binder, polymer, filler, low temperature 
 
1. INTRODUCTION 
 
Pavements have to accommodate increasing traffic intensity and axle loads in a variety of climate and environments. 
The need for high quality binders for those pavements increases at the same pace. Such binders should withstand high 
loads with no permanent deformation and at the same time show good adhesion property in order to prevent ravelling. 
Still, it should have a good fatigue resistance in order to provide a good life span for the pavement. 
 
In the past twenty years environmental concerns are rising up at the same pace as the need for better roads. Every 
industry has to reduce and prevent pollution emission during the whole life cycle of a product. The regulations have 
become stricter since the last decades and governments and policy makers are probably to follow this trend in the near 
future. Vehicles with a much lower CO2 emission limit is an example of the environmental concerns. 
 
As an answer to the requirements, this very hard binder has been placed in the market. This binder has shown to 
perform well as a binder for hot mix asphalts. It can be a good solution for certain applications. As a “hard bitumen” it 
is able to withstand high axle loads, dynamic and static load with good resistance to permanent deformation.  
 
The binder is produced from a by-product of refined crude oil, a very dense and carbon rich residue. This by-product is 
normally used to produce a low quality fuel used in international shipping vessels or thermo-electric power stations. 
High CO2 emission is unwillingly produced with this fuel combustion. With the production of this hard binder, this 
carbon no longer is burned and brought in to the atmosphere, but fixed in the binder, protecting and keeping the 
environment clean.  
 
This paper presents a laboratory investigation to compare a pure and a polymer modified binder. It has shown in 
previous investigations excellent behaviour in mixes at high temperature. But its low temperature behaviour was not 
satisfactory for certain applications [1]. To reduce its brittle behaviour at low temperatures the polymer modification of 
the binder is investigated. The modifier (including SBS and other substances) is called Altraflex-2006. The polymer 
used in the modifier is a styrene-butadiene-styrene branched polymer. 
 
In this paper the determination of the optimal amount of modifier is described and the influence of the filler on low 
temperature behaviour is investigated. 
 
 



2. MATERIALS 
 
2.1 Binder: C-Fix 
 
It is a very hard thermoplastic binder for the construction industry that, mixed with aggregates, sand and filler materials, 
combines the qualities and advantages of asphalt (flexibility) with cement concrete (strength). A unique characteristic is 
that its use reduces CO2-emissions significantly as explained previously [2]. In this paper it will be called as “binder”. 
 
Technical characteristics of the binder: 
 

Properties Method Binder 

Relative density 25/25 [ton/m3] ASTM D70 1.094 
Penetration @ 25°C [dmm] ASTM D5 6 
Penetration @ 40°C [dmm] ASTM D5 17 
Softening point [°C] ASTM D36 89.7 

Table 1: Binder properties [2]. 
 
2.2 The modifier: Altraflex-2006 
 
Altraflex-2006, produced by Altravie, is a product that consists of more than one component: 

� For the polymer modification: a high molecular weight branched SBS elastomer; 
� For ageing-durability: a material that can absorb free radicals so that the oxidation process is slowed down; 
� An adhesion improving component on stone, that ensures at the same time better water resistance. 

The philosophy behind these additives is that it is ensured that oxygen, and UV have as little as possible influence on 
the interaction between the mortar and the stone area. 
 
It is produced in small grains, meant to be added directly in the pug-mill. This would make its use much more flexible, 
so that it would be feasible to produce relatively small amounts of mix. Stability of the polymer/binder solution would 
be no longer a concern in the asphalt plants when dealing with polymer modified binder. In this paper Altraflex-2006 
will be named “modifier”. 
 
2.3 Filler 
 
Two different types of filler were used in the second phase of the research: 

 Wigro 60K Duras Filler 15 
Type Medium type filler with hydroxide Very weak  
Producer Ankerpoort Winterswijk  Ankerpoort Maastricht 
Components  Limestone               65 – 75%  

Calcium hydroxide 25 – 35%  
Limestone                      100%  
 

Gradation 
� 2 mm 
� 0,125 mm 
� 0,063 mm 

 
                100 % (m/m) 
87       -      97 % (m/m) 
80       -      90 % (m/m)   

 
                100 % (m/m) 
90       -     100 % (m/m) 
76       -      86 % (m/m)   

Density 2,48 – 2,68 [Ton/m3] 2,60 – 2,80 [Ton/m3] 
Water sensitivity � 10% (m/m) � 10% (m/m) 
Bitumen number 56 – 62 28 – 34 

Table 2: Fillers characteristics [3]. 
 

3. POLYMER AMOUNT INVESTIGATION 
 
3.1 Microscopy investigation 
 
To check the compatibility of binder and modifier, different amounts of modifier were mixed. The mixing procedure 
was carried out with a heavy duty laboratory high shear mixer Silverson model L4R. The rotation used was around 
6.000 rpm at 200°C for 10 minutes for the two modifier amounts studied. The modifier contents investigated were 6 and 
12% by weight of binder. In the preparation of the samples, 300 grams of binder was heated to fluid condition (200°C) 
and poured into 900 ml cylindrical flask. Under controlled temperature and with the high shear mixer, a pre-weighted 
amount of modifier was added gradually to the binder. Mixing was performed then for 10 minutes. After mixing, 
samples were poured in aluminium trays to cool down to room temperature. The trays were labelled and stored in the 
freezer at -5°C to be used later. 
 



The microscopic investigation was based on the Standard NEN-EN 13632 (Bitumen and bituminous binders – 
Visualization of polymer dispersion in polymer modified bitumen) [4]. This standard was used to guide the dispersion 
investigation of SBS in the binder. 
 
Small pieces of the modified binder were broken later to be frozen up to -20°C. After being in the freezer for at least 3 
hours (in this case one day), the samples were broken in small flat pieces with appropriate sharp tools. Flat surfaces 
were checked in the microscope. The method used was incident light microscopy and magnifications of 12,5 and 40 
times could be performed in the microscope using UV light. Examples of the results are given in the figure 1. 
 

 
6% modified binder 

 
12% modified binder

 
Figure 1 – Microscopic photographs of the different percentages modified binder

 
As the pictures demonstrate, the modifier is dispersed well in the binder. There were no spots focused where it showed 
bigger droplets of polymer only. For 6% modified binder the distribution of the modifier can be classified as a 
continuous binder phase, homogeneous, small size and roundish shape. For 12%, the homogeneity distorts more to what 
can be classified as medium size. 
 
3.2 Conventional binder tests 
 
Conventional binder tests such as softening point and penetration were carried out to complement the microscope 
investigation. The softening point and penetration determination were performed according to NEN-EN 1427 [5] and 
NEN-EN 1426 [6] respectively. The results are shown in table 3.  
 

  
Bitumen 70/100 

[1] 
Pure Binder - 

C5 
Binder + 6% 

Modifier 
Binder +12% 

Modifier 

Penetration 25ºC [0,1mm] 64 5 10 10 
Penetration 40ºC [0,1mm] 301 15 20 22 
Penetration 60ºC [0,1mm]  - 38 47 49 
Softening point [ºC] 45,6 84 97 106 
Penetration Index  (*) -1,8 0,5 2,9 3,8 

Density [Ton/m3] 1030 1090 - - 
Table 3: Conventional test results for pure and polymer modified binder. 

* Calculated based on penetration and softening point measurements. See next page for further explanation. 
 
As penetration measurements at standard temperature (25°C) were very low, also measurements were done at 40 and 
60°C. For more precision on the decision on the amount of modifier to be used, penetration tests were also performed 
on mixes with 2 and 4%. The results are presented in figure 2. There is an increase in the penetration with an increase of 
the modifier content with a more stable plateau between 6% and 12%. Higher amounts of modifier could give lower 
penetration measurements as suggested by Gayle et al [14]. 
 
The softening point increased steadily with the increase in the modifier content. According to Whiteoak [7] the 
temperatures required to achieve a viscosity of 0,2 Pa s (viscosity at mixing temperature) can be crudely estimated by 
simply adding 110°C to the softening point. The expectation of lowering the mixing temperature based on this fact was 
not reached. The mixing temperature shall be the same as the pure binder. 
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Figure 2: Penetration vs. modifier percentage modification 

 
The Penetration Index here is calculated based on the linearity of the penetration values for different temperatures and 

also the softening point temperature when calculated by &
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valid for so-called straight line standard penetration grade bitumen. This is not the case for the pure binder, either for 
the modifications studied here. So PI numbers here should be seen more as a reference, and relation to binder 
performance should be considered carefully. 
 
3.3 Dynamic Shear Rheometer tests 
 
The Dynamic Shear Rheometer (DSR) was used to characterize the viscous and elastic behaviour of pure binder, as well 
as 6 and 12% modified binder. DSR tests were carried out according to the prNEN-14770 [8] using a Dynamic Shear 
Rheometer – AR200ex (TA Instruments). Parallel plates with a 2 mm gap, Ø 8 mm were used in a temperature range of 
-10ºC to 60ºC and a frequency sweep from 0,1 to 400 rad/s. The effect of thermal expansion of the instrument is 
deducted during the increase of temperature, keeping the normal force at zero by slightly increasing the gap. The results 
are shown in the figures 3 and 4. The so called time-temperature superposition principle is used to build the master 
curves at 20ºC for each sample investigated. 
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Figure 3 – Complex Shear Modulus (G*) master curves at 20°C. 

 
The Complex Shear Modulus (G*) and Phase angle (�) are plotted versus the frequency. There is a decrease of the 
complex shear modulus for both modified binders (6 and 12%). The 6% modified binder has an almost constant parallel 
lower complex shear modulus line, just shifted to lower values. The lower values of complex shear modulus could give 
more elasticity to the modified binder and play a very important role at low temperatures. Comparison of the master 



curves for G* of pure and modified binder has shown that there is a bigger change in the properties of the materials at 
low frequencies (long loading time – high temperatures).  
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Figure 4 – Phase Angle (�)master curves at 20°C. 

 
Also the phase angle has showed a bigger change at low frequencies or high temperatures. Figure 4 shows that in the 
low frequency range the phase angle for the 12% modified binder is lower than that of pure binder. This characteristic 
shows that the modified binder is less viscous under long loading time, improving its permanent deformation resistance. 
For the 6% modified binder, the change is less pronounced, but still more elasticity is present at low frequencies.  
 
The DRS master curves clearly showed reduced complex shear modulus at high frequencies (low temperature) for the 
modified binder. The microscopic investigation and the conventional binder tests together with the DSR results 
supported the decisions made for further steps in this research. The microscopic pictures showed in the 12% mixture 
bigger modifier particles, which could imply an inhomogeneous mixture. During mixing process some difficulty in 
dissolving high contents of modifier in the binder was encountered. Some grains were still visible at the end of the 
mixing procedure. In the DSR tests, not much difference between 6 and 12% was visible. The higher the polymer 
content, the higher the softening point of the modified binder, but the softening point is already very high. For these 
reasons 6% modified binder was chosen for further investigation. 
 
4. FILLER INVESTIGATION 
 
For the 6% modified binder, different filler types and different filler/binder ratios were studied. The filler Wigro 60K 
was chosen based on requirements in NEN-EN 13043 [9]. Wigro 60K has the minimum calcium hydroxide content 
required for medium type or active fillers, to be used in porous asphalt. The filler Duras 15 was chosen because it is a 
kind of inert or weak filler. The binder has higher stiffness in itself with higher modulus of elasticity when compared 
with bitumen, and lower penetration values. When modified, a higher Penetration Index was calculated, implying higher 
resistance to permanent deformation. Also a weak filler absorb less maltenes from the binder in contrary to the Wigro 
60K filler. These reasons supported the idea that the binder is already “strong” enough to withstand the loading in a 
pavement, not needing strong fillers to improve its toughness. In a worst case scenario, an active filler could make the 
binder even more brittle decreasing its toughness. 
 
Different filler binder ratios were used to check the possibility of decreasing the amount of filler which is, according to 
the RAW Standard [13], needed in the asphalt. In the porous asphalt gradation in this standard, the amount of filler 
prescribed by weight is the same amount of binder. For normal bitumen it is reasonable to do so, but for a hard binder 
such as in this case, it could again make it even more brittle. Therefore it was decided to investigate lower filler 
contents. Filler/binder ratios of 1,0 and 0,5 were used in this investigation. 
 
4.1 Dynamic Mechanical Analysis (DMA) tests 
 
DMA tests were performed according to the ASTM E1640 [10]. This test was done for the pure binder, 6% modified 
binder and mastics which were:  
- 6% modified binder plus Wigro 60K - filler/binder ratio 1,0; 
- 6% modified binder plus Wigro 60K - filler/binder ratio 0,5; 



- 6% modified binder plus Duras 15 - filler/binder ratio 1,0; 
- 6% modified binder plus Duras 15 - filler/binder ratio 0,5. 
 
DMA with constant frequency (1 Hz) and temperature increase of 1°C/min (ranges varying according to the material 
from -50°C to 20°C) and amplitude (varying according to the material from 5 μm to 15 μm) were carried out using a 
Rheolyst Rheometer serie AR1000 (TA Instruments). Specimens with 59x12,75x3 mm (LxWxT) were prepared in 
silicon moulds and tested accordingly. Depending on the material tested such as the pure binder, the temperature and 
displacement amplitude should be reduced. The brittleness of the material at low temperature made the pure binder 
samples more susceptible to failure when tested at extremely low temperatures (-40 to -50°C) and higher displacement 
amplitudes (10-15 μm). The 6% modified binder behaved comparably in the same manner as the pure binder. For the 
mastics, higher amplitudes and lower temperatures were suitable. 
 
The results are presented in the figures 5 to 7. The 6% modified binder has presented a lower transition temperature 
than the pure. It shows indeed a promising improvement in the low temperature behaviour of the binder. The transition 
temperature measured dropped from around 0°C for pure binder to -8°C, which indicates a lower temperature at which 
the material starts to behave more as a solid than as a viscous-elastic material. This lower transition temperature would 
make it possible to use this binder at lower temperatures. This would make this modified binder better suitable for 
asphalt mixtures in regions with mild winters than the pure binder. 
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Figure 5 – Transition temperature for pure binder, 6% polymer modified binder and the mastics. 

 
For the mastics tested, the medium type filler Wigro 60K with calcium hydroxide gave lower transition temperature 
than the weak filler Duras 15. The more the filler content the lower the transition temperature for the wigro 60K filler. 
For the Duras 15 the opposite was noticed: the higher the filler content, the higher the transition temperature. 
 





The storage modulus for the modified binder has a drop point with lower temperature than for the pure binder. This 
could give an improvement on its low temperature behaviour. 
 
The differences in the filler types used are also visible. Although Duras 15 showed a lower performance for every 
filler/binder ratio, it is still close to the Wigro 60K results. The use of a filler in fact lowers the transition temperature 
for the modified binder which could indicate a better fatigue behaviour of the mastic.  
 
4.2 Direct Tensile tests 
 
DTT tests were performed according to the ASTM D6723-02 [11] aiming to determine the stress/strain curve and the 
stress/strain failure. This test was done for the pure binder, 6% modified binder and the same mastics used for DMA 
tests already previously described. Specimens were prepared using a mould of silicon. After heating the mixed samples, 
they were poured in the silicon mould and covered with another silicone plate allowing the surplus of mastic/binder to 
overflow. After cooling down to room temperatures, the specimens were trimmed and measured. Not having enough 
end supports for the specimens, it was not possible to prepare specimens for the three different temperatures (-10°C, 
0°C and -10 °C) tested at the same time. This could give some statistical deviation of the results. 
 
At least six specimens were tested for each one of the binders and mastics. The average of the failure stress and strain 
are presented in table 4.  
 

DTT Results 
  Temperature�f mean�f Std. Dev.�f mean�f Std.Dev.Toughness # samples
  [ºC] [Mpa]   [%]   [GJ/m3] Tested 
Pure Binder 1,060 0,13 0,560 0,12 4,318 11 
6% modif. Binder 1,082 0,16 0,798 0,10 5,535 14 
Mastic Wigro 60K - f/b=1,0 2,475 0,43 0,656 0,21 15,548 9 
Mastic Wigro 60K - f/b=0,5 2,208 0,24 0,775 0,07 9,960 14 
Mastic Duras 15 - f/b=1,0 2,467 0,30 0,826 0,16 13,820 6 
Mastic Duras 15 - f/b=0,5 

 -10ºC 

1,659 0,11 0,829 0,05 7,700 10 
Pure Binder 1,112 0,15 1,167 0,13 8,440 6 
6% modif. Binder 1,250 0,07 1,807 0,02 11,557 8 
Mastic Wigro 60K - f/b=1,0 2,782 0,78 1,048 0,20 23,986 9 
Mastic Wigro 60K - f/b=0,5 2,076 0,31 1,295 0,20 18,000 11 
Mastic Duras 15 - f/b=1,0 2,415 0,60 1,187 0,37 26,160 5 
Mastic Duras 15 - f/b=0,5 

 0ºC 

1,651 0,09 1,377 0,17 14,330 6 
Pure Binder 1,001 0,01 2,916 0,10 15,300 6 
6% modif. Binder 0,846 0,06 3,362 0,56 21,736 10 
Mastic Wigro 60K - f/b=1,0 2,998 0,32 1,578 0,10 26,964 10 
Mastic Wigro 60K - f/b=0,5 1,717 0,00 2,065 0,00 31,050 14 
Mastic Duras 15 - f/b=1,0 2,465 0,05 2,598 0,15 37,240 6 
Mastic Duras 15 - f/b=0,5 

 +10ºC 

1,478 0,24 3,689 0,44 37,310 8 
Table 4: Direct Tensile Test results 

 
For clearer visualization, graphics are plotted for each different temperature in the figures 9 to 10. Comparison of the 
pure and 6% modified binder shows that more ductility is present in the modified version. It is reachable higher level of 
strain comparing at the same temperature. In fact, not much higher stresses are found in the modified binder and even 
lower for the +10°C temperature.  
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Figure 8 – DTT test results for -10°C. 

 
Adding filler to the modified binder increased the stress and strain at failure. When comparing the two different filler 
types used, almost similar results were obtained for both on them. The absence of calcium hydroxide does not influence 
too much the results. For the low temperature basically same results in strength were measured. 
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Figure 9 – DTT test results for 0°C. 
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Figure 12 – Calculated toughness using DTT test results. 

 
Adding the modifier to the binder investigated here has increased its toughness for every temperature assessed. The 
toughness of the mastics has increased in general compared to the pure and modified binder. Wigro 60K has given 
higher toughness than Duras 1 for -10°C. Instead, for +10°C wigro 60K presented lower toughness than Duras 15, 
probably because calcium hydroxide would be more active at this temperature. This would give higher stiffness to the 
mastic, but lower ductility decreasing the strain level at breaking point. 
 
5. CONCLUSIONS 
 
The microscopy gave a good insight of the modifier content and its dispersion in the binder. The experience in mixing 
the modifier and binder also helped in defining the optimal polymer content, which appeared to be 6%. 
 
The DSR master curves showed little change in the properties of the modified binder, although in general a decrease of 
the complex shear modulus and the phase angle was observed for the modified binder. Especially the lower stiffness at 
low temperatures is an important result. 
 
The penetration increased with addition of the modifier to the binder. The Softening Point also increased, which did not 
bring the expected lower mixing temperature. The increase in the calculated Penetration Index indicates that adding the 
modifier could improve the already good permanent deformation resistance of the binder. 
 
DMA tests have shown a decrease in the transition temperature when modifying the binder. The addition of filler has 
decreased the transition temperature even more. The mastic with the Wigro 60K filler (filler/binder ratio 1) showed 
lowest transition temperature. 
 
Direct Tensile Tests have shown higher toughness for the 6% modified binder at all temperatures investigated. Duras 
Filler 15 has higher toughness at high temperature for both filler/binder ratio tested. Wigro 60K has higher toughness at 
low temperature also for both filler/binder ratio studied. This filler could make the mastic stiffer, but could decrease its 
ductility and consequently its toughness at higher temperatures when calcium hydroxide is more active. 
 
The tests results show improvements in the modification of C-Fix binder with Altraflex-2006. The addition of a weak 
filler when dealing with this binder seems to be more advisable due to less brittle behaviour of the mastic. Further tests 
should be carried such as relaxation tests, fatigue tests, as well as tests with porous asphalt mixtures. 
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ABSTRACT 
 
Recycling of tyire rubber in the road pavement, may be one of the best way to reduce waste tires in large quantities and, 
at the same time, improve some engineering properties of asphalt mixtures. 
The paper discusses the results of an experimental study, in order to analyse the potentialities of crumb rubber from 
road tyres in bituminous mixtures, using the dry process. Two types of porous asphalt mixtures, over the control 
mixtures without rubber, were formulated by means of the traditional Marshall methodology, and mechanically 
evaluated by means of the Indirect Tensile Stiffness Modulus test (ITSM), the Creep test (with confinement), and the 
Indirect Tensile Fatigue Test (ITFT). 
Results of this study indicate that the tyre rubber could have a different influence on the performance characteristics, 
depending on the grading and volumetric properties of the mix being studied: an interesting increase of the fatigue life, 
a better stiffness behaviour at lower temperatures and a bigger permanent deformation resistance resistance at high 
temperatures.  
 
Keywords: rubber, porous asphalt, mechanical properties, permanent deformation, fatigue cracking 
 
1. INTRODUCTION 
 
For some time now, under pressure from the public’s growing awareness of the environmental problems linked with the 
disposal of materials at the end of their useful life, the scientific community has dedicated a lot of attention to the 
subject of the recovery and recycling of “rubbish”. There are numerous and extremely varied cases, of local and 
international interest, of the reuse of marginal materials. The problem of disposing of the rubber from car and lorry tyres 
is certainly one of the more urgent: approximately 94% of the rubber used in the world is of the thermosetting type and 
therefore cannot be easily recycled by simple melting and hot-working, as happens with thermoplastic materials [1, 2]. 
Even if they represent just a tiny fraction of urban wastes (only a few percentage points), tyres are surely more 
problematic to dispose of than normal wastes, because of their shape, the volume occupied and lengthy decomposing 
times in the tip. Recycling the rubber from used tyres, in the construction of road pavement layers, is potentially one of 
the more interesting and advantageous solutions from both the technical and environmental points of view. In road-
building techniques, a technology, termed “wet”, for modifying bituminous binders with crumb rubber has by now 
become well consolidated. There have been numerous scientific studies conducted on this technology [3, 4, 5] and its 
applications, particularly in the United States, where it has been adopted and codified in specific technical regulations 
(ASTM D-6114). If the wet process can be considered amply tested, the same cannot be said for a second technology, 
termed “dry”, which deserves careful study to evaluate its suitability and advantages. 
In “dry” processes, the rubber is usually used as a partial substitute of aggregate of equivalent grading and mixed with 
bitumen after integrating the crumb rubber in the lithic skeleton [6, 7, 8]. 
Previous studies by the authors [9,10] have demonstrated that the procedure of integration of tyre rubber in the lithic-
bituminous matrix of the mixture is of crucial importance in order to reach a satisfactory performance in terms of 
stiffness and resistance to permanent deformation. It has been verified that the simple addition of the crumb rubber to 
the asphalt, with the maintenance of the same design grading curve, can penalize the mechanical resistance, although 
never to a degree that compromises the suitability of the mixtures with rubber added for use in flexible pavements. The 
trials conducted so far, which also included comparisons between corresponding asphalts with and without tyre rubber, 
both close-textured and open-textured, have also identified porous mixtures as being preferable for the application of 
the dry process to produce high-performance asphalts with high rubber contents. 
In addition, the authors have studied a different way of using the rubber, again with the dry process, by substituting a 
specific grading fraction of the stone aggregate with an equivalent amount of rubber of the same grading, thus 
considering the tyre rubber by the same standards as a stone aggregate. This paper reports the initial results from this 
second line of research, developed specifically for porous mixtures. 
 
2. MATERIALS USED 
 
Two different types of bituminous mixtures were considered in the study:  

1) 0/16 mm Porous Asphalt (PA); 
2) 0/12 mm Non Skid bituminous Surfacing (NSS). 

The mixtures were produced with crushed natural sand (0/5 mm fraction), basalt (5/10 and 10/15 mm), porphyry (4/8, 
8/12 and 12/16 mm), limestone filler and crumb rubber (0/0.4 mm), using a “hard” modified bitumen binder, for both 
the mixtures, 46 dmm pen and 74°C Ring & Ball Softening Point. The crushed natural sand was characterised by an 



Equivalent in Sand of 82%. The porphyry was characterised by a Shape Index of 5-8%, Flatness Index of 4-11%, Los 
Angeles Coefficient of 15.0%. The basalt aggregate instead had a Shape Index of 8-9%, Flatness Index of 9-11% and 
Los Angeles Coefficient of 11.0%. 
The crumb rubber used in the experiments was obtained through processes of mechanical milling, which, starting from 
conventional tyres for commercial vehicles, produced a rubber granulate completely separated from the steel and textile 
fibres and made available in the 0/0.4 mm fraction. 
Lorry tyres are first cut in half lengthwise and the steel wires are removed from the beads of the tyres before they are 
placed in the first crusher, which reduces them to a particle size of between 2 cm and 5 cm. Car tyres are instead 
inserted whole, directly in the first crusher. The material then enters a granulating plant where, through various stages of 
trituration and deferrization, it is reduced to a granulate separated from the steel and textile fibre. Lastly, the material 
with a grain size of less than 0.4 mm is selected and conveyed to storage silos. The entire process is carried out at 
ambient temperature and without the use of external chemicals. 
The material was used as it came, with its characteristic grading, without selecting specific particle-sizes. In this paper 
the mixtures with crumb rubber added are indicated by the subscripts “cr”. 
The design grading compositions of the bituminous mixtures analysed, were built up starting from the individual 
particle-sizes, optimised according to the grading envelopes given in the Italian road specifications. Table 1 reports the 
type and the proportions of the aggregate which compose the mixes, while Tables 2 and 3 introduce the grading curves 
of the asphalt concrete and the respective Italian reference envelopes, for the PA and the NSS respectively. 
 

Dosage [%] Aggregate type and 
particle size fraction [mm] PA NSS 

Basalt 10/15 52 25 
Porphyry 12/16 26 - 
Porphyry 8/12 - 26 

Basalt 5/10 3 28 
Porphyry 4/8 6 3 

Sand 0/5 5 8 
filler 8 10 

 
Table 1:  Aggregate type and particle size distribution of the mixes 
 

Passing [%] Sieves 
(size in 
mm) 0.075 0.18 0.4 2 5 10 15 20 25 30 40 

Envelope 
max 8 12 13 15 20 40 100 100 100 100 100 

Design 
grading 
curve 6.8 7.9 9.0 10.5 13.2 32.1 89.1 100.0 100.0 100.0 100.0 

Envelope 
min 5 5 5 5 8 20 80 100 100 100 100 

 
Table 2:  Grading Envelope and Porous Asphalt Design Grading Curve  
 

Passing [%] Sieves 
(size in 
mm) 0.075 0.177 0.42 2 4.76 6.36 9.52 12.7 15.8 19.1 25.4 

Envelope 
max 12 14 16 20 30 60 100 100 100 100 100 

Design 
grading 
curve 8.8 10.2 11.9 14.8 22.5 40.8 85.4 99.0 100.0 100.0 100.0 

Envelope 
min 7 7 8 10 17 20 68 100 100 100 100 

 
Table 3:  Grading Envelope and Non Skid Surfacing Design Grading Curve 
 
3. MIX DESIGN  
 
For each of the two types of bituminous concrete, two different groups of mixtures were analysed; the first without 
crumb rubber, and therefore used as a control, the second with the granulate. Each group of mixtures results as being 



characterised by the same specific grading curve, the same type of aggregate and bitumen, but variable binder contents 
in the range 4.5 - 6% on the weight of the aggregate. 
As bituminous concrete is a composite material, with a decidedly complex rheological nature, and having introduced a 
further component, the crumb rubber, it was decided to avoid further complicating the study by maintaining the same 
rate of crumb rubber for all the added mixtures, at 2% of the weight of the aggregate. This value derives from a series of 
preliminary calibrations conducted in the laboratory and results as equal to twice that of the typical rubber content used 
in the asphalt rubber made by the wet process. 
Before discussing the results of the experiments, a peculiarity that emerged when producing the laboratory specimens is 
worth mentioning. Because the mixing was done at temperatures lower than that for melting the rubber and given that 
the mixing time was the usual one used for bituminous mixtures of various types, the crumb rubber remained 
substantially intact. The rubber grains were therefore clearly identifiable, both visually and to the touch, on the surface 
of the specimens. 
The Marshall procedure was used (UNI EN 12697-10) for the determination of the optimal content of binder, 
considering the mixtures characterised by the maximum Marshall Stability and Stiffness as optimal. Table 4 reports the 
results of the optimisation, as well as the air voids values (according to Italian CNR standard 39/73) of the various 
asphalts. The percentage variations were then calculated for the Marshall parameters of the mixtures with rubber 
granulate, compared to the corresponding asphalts without rubber. 
 

Mixtures Opt. 
bitumen 
content 

[%] 

Air 
Voids 
[%] 

Marshall 
Stability 

[kN] 

	 
Stability 

[%] 

Marshall 
Flow 
 [mm] 

	  
Flow 
[%] 

Marshall 
Siffness 

[kN/mm] 

	 
Stiffness  

[%] 

PA 4.8 19.13 6.09 - 3.22 - 1.90 - 
PAcr 4.8 21.08 7.05 + 15.76 4.04 + 25.47 1.75 - 7.89 
NSS 5.2 15.58 8.34 - 3.33 - 2.51 - 

NSScr 5.2 16.30 9.14 + 9.59 3.77 + 13.21 2.43 - 3.19 
 
Table 4:  Results of the Marshall optimisation and mixture’s air voids 
 
In consequence of the Stability and Marshall Stiffness values recorded (Table 4), all the mixtures can be considered 
suitable for use in road construction. Compared to the reference mixtures, the asphalts with tyre rubber showed 
increases in Stability of around 15%, however accompanied by corresponding increases of Flow of approximately 25%. 
This result is probably due to the specific elasticity of the rubber granules, which allow the asphalt to develop greater 
deformations, also involve a higher resistance to cracking. As the increase of Flow is more than proportional to that of 
Stability, it follows that the Marshall Stiffness of the mixtures with tyre rubber is inferior to that of the conventional 
asphalts, even if only by around 8% for the PA and 3% for the NSS, so not enough to compromise the judgement of the 
suitability of asphalts with rubber. 
The integration in the aggregate of a component, tyre rubber, with a much lower specific weight than that of the stone 
grains, has also entailed an appreciable increase in the voids percentage in the crumb rubber asphalts: 10.2% for the PA 
and 4.6% for the NSS. Trials are underway at the Experimental Road Laboratory of the University of Padova to 
establish if this increased porosity is in the form of “interconnected” voids and therefore if there is an influence on the 
drainage capacity of the mixtures. 
 
4. PERFORMANCE EVALUATION 
 
4.1 Stiffness Modulus 
 
The investigation continued with a study of the “stiffness” of the materials, through measurement of the Stiffness 
Modulus (Sm), a parameter of primary importance in the rational analysis of flexible pavements, as it is directly linked 
to the capacity of the material to distribute loads. The test protocol adopted was that of the regulation EN 12697-26, 
Annex C. These are repeated tests of indirect tensile strength, so non-destructive, conducted in a regime of control of 
the deformations, fixed at 5 microns, characterised by a loading wave of the impulse type, composed of a semi-sinusoid 
with a rise time and a rest period for the recovery of the viscoelastic deformations, for a total impulse duration always 
of 3 seconds. In the present work the rise-time has been fixed equal to three different values, namely 124ms, 62 ms, 31 
ms, which correspond to frequencies of approx. 2 Hz, 4 Hz and 8 Hz. In order to evaluate the effect of the crumb rubber 
on the thermal sensitivity of the mixtures, indirect tensile stiffness modulus (ITSM) tests were conducted at three 
different temperatures: 0 °C, 20 °C and 40 °C. As there are no indications in the regulations on the minimum thresholds 
of suitability for the acceptance of the mixtures in terms of Sm, the results can be considered useful only for a 
performance analysis to compare the different mixtures considered. 
Table 5 reports all the ITSM results, while Tables 6 presents the percentage variations of the Stiffness Modulus (Sm) of 
the mixtures with rubber granulate, compared to the corresponding asphalts without rubber. 
 

Mix Stiffness Modulus [MPa] 



Temperature 0°C Temperature 20°C Type 
124ms 62ms 31ms 124ms 62ms 31ms 

PA 15,942 16,935 17,777 4,161 4,977 5,892 
PAcr 11,870 12,745 12,948 3,915 4,560 5,366 
NSS 17,114 18,115 18,319 3,978 4,766 5,665 

NSScr 8,046 8,892 9,363 2,259 2,627 3,040 
 
Table 5:  Stiffness Modulus vs Temperatures according to Rise Time variations 
 

	 Stiffness Modulus [%] 
Temperature 0°C Temperature 20°C Mix 

Type 124ms 62ms 31ms 124ms 62ms 31ms 
PAcr 25.54 24.74 27.16 5.91 8.38 8.93 

NSScr 52.98 50.91 48.89 43.21 44.88 46.34 
 
Table 6:  Percentage variations of the Stiffness Modulus between mixtures with and without rubber 

granulate 
 
For all the mixtures analyzed, the Stiffness Modulus depends strongly on the application time of the load (rise time in 
the case of the ITSM tests) and the testing temperature, as would have been expected given the viscoelastic and 
temperature-sensitive nature of asphalts. The mixtures with tyre rubber maintain these typical rheological characteristics 
in their response to dynamic loads and temperature gradients, but also demonstrate another interesting peculiarity, i.e. 
less stiffness, under the same test conditions, than the corresponding basic asphalts. Given that the Stiffness Modulus of 
the mixtures with granulate is anyway in line with that of high-performance asphalts without rubber [11, 12, 13], this 
reduction in stiffness, more obvious at a temperature of 0 °C, translating into reduced fragility of the material, can 
determine higher ductility and resistance to phenomena of low temperature cracking. At 20 °C, the lower stiffness of the 
mixtures with rubber can be considered as positive, in that a more elastic response to dynamic loads offers a potentially 
better absorption capacity of vibrations caused by surface irregularities. 
 
4.2 Permanent deformation 
 
The materials were further investigated in terms of resistance to the permanent deformations of a visco-plastic nature 
(creep), a phenomenon responsible for one of the principal and most serious causes of deterioration of flexible 
pavements, i.e. rutting. A test with clear interpretation was opted for, that of static creep (Constant Load Axial Test – 
CLAT), conducted according to the indications in the British protocol BS 598-111. These are tests of mono-axial 
compression, at temperatures of 40 °C, with a pressure level set at 100 kPa, and a square loading wave, defined by 
application and recovery times both fixed at 3,600 second. With respect to the British Standard, which takes free lateral 
expansion into consideration, in this study, in order to obtain a more complete evaluation of the response of the 
material, specimens of 150 mm in diameter and 50 mm in height, made by means of a gyratory compactor, were tested  
with a constant axial pressure applied using an upper platen 100 mm in diameter. In this way, the specimen is divided 
into a “virtual” internal cylinder with a diameter of 100 mm, directly loaded by the overhead platen, and a “virtual” 
cylindrical ring of surrounding material with a radius of 25 mm, not axially loaded, which develops an effective 
confinement action that impedes the lateral expansion of the sample. The concept is that a stress–strain condition is 
reproduced, similar to that in situ, where the material surrounding the area of pavement directly bearing the vehicle 
tyres exercises a confining action. 
As the reference standard lacks indications on the minimum thresholds of suitability for the acceptance of the mixtures 
in terms of rutting, it should be stressed that the results can only be considered useful for a comparative performance 
analysis between the different mixtures. 
Figures 1 and 2 show that the creep curves of the asphalts with crumb rubber, are qualitatively similar to those of the 
non-added mixtures; therefore, the presence of the rubber does not alter the rheological behaviour of the mixtures 
(development of irreversible creep and phenomenon dependence on the time of load application), whereas it influences 
magnitude of the permanent axial strain and of the viscoelastic recovery, given by the difference between the maximum 
and permanent axial strain. 
Table 7 reports the creep results (permanent and maximum axial strain values), along with the computation of the 
viscoelastic recovery; the percentage variations of both the permanent axial strain and the viscoelastic recovery of the 
mixtures with rubber granulate, compared to the corresponding asphalts without rubber are also indicated. 
The integration of tyre rubber in the stone aggregate of the mixtures reduces permanent deformation, by almost 30% for 
the NSS, and increases the viscoelastic recovery, by more than 64% for the PA, confirming the increased elasticity of 
the mechanical response of the mixtures with rubber previously found in the ITSM tests. Tyre rubber therefore results 
as being an efficacious component to avoid the phenomenon of rutting. 



The creep behaviour of the two open-textures mixtures is substantially similar from the quantitative point of view, 
although that of NSS is slightly better, with permanent deformations 14.2% and 7.7% lower than those of the PA, with 
and without tyre rubber respectively. 
 

Mix Type Permanent 
Axial Strain 

[%] 

	 Permanent 
Axial Strain 

[%] 

Maximum 
Axial Strain 

[%] 

Viscoelastic 
Recovery 

[%] 

	 Viscoelastic 
Recovery 

[%] 
PA 0.398290 0.485121 0.086831 

PAcr 0.301216 - 24.38 0.443889 0.142673 + 64.31 

NSS 0.367525 0.468182 0.100657 
NSScr 0.258323 - 29.71 0.413933 0.155610 + 54.59 

 
Table 7:  CLAT results@ 40°C 
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Figure 1:  CLAT curves for PA mixtures@ 40°C 
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Figure 2:  CLAT curves for NSS mixtures@ 40°C 



 
4.3 Fatigue life 
 
The study was completed with the verification of the resistance to fatigue cracking, at a reference temperature of 20 °C, 
by repeated Indirect Tensile Fatigue Tests (ITFT), following the indications given in the British Standard DD ABF. 
There are close analogies between the fatigue test protocol and that for the determination of the Stiffness Modulus used 
in the ITSM tests: the same type of specimen (Marshall), same wave shape and same reference rise time (124 ms). 
There are two substantial differences: the destructive nature of the tests, conducted until the tested specimen breaks (or, 
in the absence of breaking, until axial deformation of 10mm develops along the load diameter plane), and the loading 
regime, controlled by tension instead of strain. ITFT tests were conducted on each mixture with a set of four load 
application levels (200 kPa, 300 kPa, 400 kPa, 500 kPa), in correspondence to which Indirect Tensile Stiffness Tests 
(ITFT) were also conducted in the regime controlled by tension instead of strain, in order to obtain the initial tensile 
horizontal strain value for each of the four load application levels chosen. 
Combining the number of cycles of load application until cracking (N), obtained from the ITFT tests, with the initial 
value of the tensile horizontal strain value obtained from the ITST tests, the fatigue curves shown in Figure 3 were 
drawn, all characterized by high values of the coefficient of correlation. 
The mixtures with tyre rubber have shown a clearly higher fatigue resistance than the conventional mixtures; for 
example, setting an axial strain of 100 microstrain, the number of cycles of load application until cracking more than 
triple, for both the PAcr and NSScr. The tyre rubber does not have a strong influence on the slope of the curves, instead 
determining a horizontal translation towards higher values of N. 
Focussing the analysis on the types of mixtures analyzed, the fatigue study has confirmed the overall performance 
obtained in the other laboratory tests, in favour of the NSS asphalts, which have a resistance to cycles of repeated load 
application around three times higher than that of the PA, both with and without tyre rubber. 
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Figure 3:  Fatigue curves @ 20°C 
 
5 CONCLUSION 
 
It has been verified experimentally that the use of crumb rubber from the milling of used tyres in the production of 
porous asphalts of different types, following the “dry methodology”, is a technically satisfactory solution. This allows 
the policy to be pursued in the road-building sector of recycling waste materials, to the benefit of the environment and 
the territory. 
With respect to the corresponding asphalts without granulate, all the mixtures with 2% of crumb rubber added, although 
characterised by slightly lower Marshall requisites, showed better performances in terms of both permanent deformation 
resistance and fatigue cracking. The stiffness behaviour, although apparently worse for the crumb rubber mixtures, 
could be considered as a potential benefit at low temperatures, in terms of improved ductility, which would be useful in 
order to reduce the low temperature cracking phenomena (direct tests are currently in progress to verify this). 
Furthermore, it cannot be excluded that the porous surfacings produced using mixtures with granulate rubber may make 
an additional contribution to the abatement of vehicle noise (field tests are required to verify this), thanks to the 
buffering capacity of the crumb rubber integrating with the intrinsic sound-absorbing characteristics of the asphalt. 
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ABSTRACT 
 
The experimental facility of Auburn University, AL, managed by the National Center for Asphalt Technolog,  is used by 
various government agencies throughout the United States to conduct research designed to extend the life of flexible 
pavements [1,2,3]. Since the first pavement construction in 2000, multiple pavement made of mixes produced from binders 
modified with Polyphosphoric Acid (PPA) in conjunction with Styrene-Butadiene-Styrene (SBS) block co-polymer, with 
different design and with diverse aggregate sources have been laid down and monitored.  The NCAT test track monitoring 
constitutes a unique opportunity to assess, under known conditions, the impact of PPA on ultimate pavement performance. 
 Although PPA has been used for decades in the process of producing improved binders, very little pavement performances 
data, over significant period of time and under heavy traffic conditions, were currently available to address remaining 
questions of some transportation agencies. 
This paper will present the results of the monitoring of several sections involving binders, modified with SBS in combination 
with polyphosphoric acid, over the past 6 years in terms of rutting, fatigue cracking and moisture resistance.  
 
Keywords :   test track, polyphosphoric acid, polymers, fatigue cracking, rutting, moisture resistance 
 
1.0 INTRODUCTION 
 
The NCAT pavement test track (NPTT) is a 2.8 kilometer closed-loop facility consisting of forty-six flexible pavement test 
sections each sixty-one meters in length (figure 1). 
 

 
 

Figure 1, Schematic of NCAT Pavement Test Track Layout - 2000 (NPTT-2000) 
 
A uniform foundation ensures that differences in surface performance are the result of the influence of the top 100 mm of 
pavement structure, which is different for each section.  Materials and mix designs are unique to each section as directed by 
section sponsors.  A design lifetime of 10 million equivalent single axle loadings (EASLs) is applied in an accelerated 
manner over a two-year period.  Environmental effects are identical for every mix, axle loadings are precisely monitored 
and an array of surface parameters (smoothness, rutting, cracking, etc.) are monitored weekly as truck traffic accumulates to 
facilitate objective performance analyses. 



  
This paper will present the data collected polymer modified binders used in construction and evaluation of test tracks 
constructed in 2000 (NPTT-2000) and 2003 (NPTT-2003).  Of particular interest are those sections constructed with 
SuperPave™ Performance Grade (PG) binders modified with a combination of polyphosphoric acid (PPA) and styrene-
butadiene-styrene block (SBS) copolymers, (herein after referred to as PPA/SBS).  
 
2.0 BACKGROUND, PPA/SBS MODIFIED BINDERS 
 
The implementation of the SuperPave™ PG binder specification in the mid 1990s, led to use of additives to improve the 
overall properties of asphalt binders.  Among a large variety available, synthetic additives have been more preferred since 
implementation of the PG binder specification as well as for the past forty-five years.  PPA usage has surged over the past 
seven to ten years.  Although synthetic polymers such as Styrene Butadiene Rubber SBR), Styrene-Butadiene (SB) block 
copolymers, Styrene-Butadiene-Styrene (SBS) block copolymers and Ethylene Vinyl Acetate (EVA) have been extensively 
studied [4,5], there has been a lack of information on pavement performance involving PPA modified binders.   
 
Use of PPA in asphalt modification of paving asphalt was first reported in US Patent number 3,751,278 issued August 7, 
1973 [6].  The object of the invention was to provide a method to alter the viscosity- penetration relationship of asphalt.  
More specifically, the object was to substantially increase viscosity of asphalt without significantly decreasing the 
penetration of the asphalt.  Another object was to provide an asphalt composition with unique temperature susceptibility 
characteristics.  Prior to this most of the work using phosphorous compounds and asphalt dealt with the use of phosphorous 
pentoxide (P2O5) as a catalyst in production of air blown asphalts for industrial purposes [7-9].  In the 1970’s viscosity was 
the method used to grade asphalt binders.  Some states specified viscosity grades, with additional requirements for 
minimum penetration values.  These binders were specified in an attempt to obtain binders that would resist rutting while 
providing good performance against thermal cracking.  However, these binders were difficult to produce from conventional 
refining methods, therefore, PPA was employed to increase the viscosity of a standard grade.  
More recently PPA has been used to improve the PG high temperature parameter in unmodified (neat) asphalts or in 
combination with polymers.  Since the PG specification made it necessary to use higher levels of polymers, as much as a 30 
-50% increase, to meet the specification, in particular, binder stiffness after rolling-thin-film oven test (RTFOT) and  
because such increase had a significant impact on rotational viscosity; alternative formulations based on PPA/SBS modified 
asphalt binders have seen increased use since implementation of the PG binder specifications in 1995-1996.  This is 
illustrated in several patents issued since the mid to late 1990s, [10-14].    
 
The effect of PPA on asphalt binders and performance of PPA modified asphalt binders in pavements with respect to 
pavement performance (permanent deformation, fatigue, low temperature cracking and long term aging) has been and 
continues to be extensively studied and documented, [15-25].  NPTT research conducted with NPTT-2000, NPTT-2003 and 
continued with NPTT-2006 has provided and will provide valuable information on the performance of PPA/SBS modified 
binders in asphalt mixtures with a variety of aggregates, fillers and anti-stripping agents.  Such full-scale accelerated 
performance testing (APT) provides the DOTs as well as other agencies with reliable information on the successful 
performance PPA/SBS modified binders in asphalt mixtures.  It would typically take ten to fifteen years to obtain this 
information, with less reliable results, in full-scale testing on open public roadways.  In the meantime, since 2000, thousands 
of miles have been, and continue to be, paved throughout the U.S. Canada and other parts of the world with asphalt mixtures 
containing PPA/SBS modified binders that have exhibited exceptional performance under the SuperPave™ system. 
 
3.0 PPA/SBS BINDER FORMULATION FOR THE NCAT PAVEMENT TEST TRACK 
 
Eighteen sections were constructed using PPA/SBS modified PG 76-22 for NPTT-2000, three sections were constructed 
with PPA/SBS modified PG 70-22 for NPTT-2003 and fifteen sections were constructed with PPA/SBS modified PG 76-22 
for NPTT-2003, nine of which were sections left to traffic from NPTT-2000.  Individual sections and their construction will 
be identified later. 
 
3.0.1 NPTT-2000 Formulation   
 
NCAT did not have a specific objective to select a particular binder or binder supplier for construction of NPTT-2000.  
Track sponsors were relied upon to recommend the desired binder grade and supplier for subsequent construction of the 
sponsored sections.    
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Previous study on the effect of PPA on the PG binder properties with various asphalts were reviewed to aid in selection of a 
binder formulation that would be economical and representative of binders being utilized in daily pavement construction 
[21].  Results obtained with the Venezuelan as well as other asphalts led to the selection of a formula for NPTT-2000 
utilizing 3.5, weight percent, SBS (radial) and 0.25, weight percent, PPA (105%) an additional 0.5, weight percent, of amine 
anti-stripping agent was added just prior to shipment.  SuperPave™ PG binder grading results for the PG 76-22 binder as 
received for NPTT-2000 is given in table 1. 
 

 
 

Table 1, SuperPave Grading Results of NPTT-2000 PG 76-22 
(PPA/SBS)  

 
3.0.2 NPTT-2003 Formulations 
 
PG 76-22 binder formulation for construction of NPTT-2003 was identical to the PG 76-22 formulation used for 
construction of NPTT-2000.  An additional PG 70-22 binder was requested for three sections of NPTT-2003, sections N9, 
N10 and W2.  The formulation for the NPTT-2003 PG 70-22 consisted of 1.4, weight percent, SBS (radial) and 0.25, weight 
percent, PPA (105%), an additional 0.5, weight percent, amine anti-stripping agent was added just prior to shipment.  
SuperPave™ PG binder grading results for the PG 76-22 and PG 70-22 binders as received for NPTT-2000 are given in 
tables 2 and 3.  
  

 
Table 2, SuperPave Grading Results of NPTT-2003 PG 76-22 

(PPA/SBS) 
 

 
 



  
Table 3, SuperPave Grading Results of NPTT-2003 PG 70-22 

(PPA/SBS) 
 
4.0 NCAT TEST TRACK CONSTRUCTION 
 
4.0.1 NPTT-2000 Construction 
 
There were ten sponsoring entities of the first pavement test track, NPTT-2000, which included nine state DOTs and the 
Federal Highway Administration (FHWA).  With guidance from NCAT and continuous interaction with sponsors and a 
sponsor oversight committee NPTT-2000 was designed to suit sponsor experimental needs.  The most common areas of 
interest for NPTT-2000 was in identifying the effect of gradation (above (ARZ) versus below (BRZ) the maximum density 
line) and the effect of PG grade on rutting performance.  When the final experimental design was established two states had 
chosen to study the effect of mix design methodology on rutting performance, two states chose to compare gravel mixes to 
stone mixes and one state chose to compare mixes with different design nominal maximum aggregate sizes.  The underlying 
pavement structure was identical in every section while most sponsors elected to supply their own unique local aggregates 
for pavement structures in their sections.  Sponsors relied on a common representative source for asphalt binders. [1,2].  
 
As a standard, a non-modified “neat” binder grade of PG 67-22 has been commonly used throughout the Southeastern 
United States since early implementation of SuperPave™.  This intermediate grade was adopted to address concerns that the 
standard PG 64-22 might allow construction of asphalt pavement with binders that were known to present performance 
issues with respect to permanent deformation under typical Southeastern climatic conditions.  Polymer modified PG 76-22 
binders are typically used in construction of high volume roadways, interstate highways or in pavements where improved 
performance is desired, such as at intersections or in specialty mixes, e.g. stone matrix asphalt (SMA) or open graded 
friction courses (OGFC).   
 
The asphalt binders selected for construction of NPTT-2000 included binders that were currently being supplied for 
pavement construction in various states throughout the Southeastern states, to include:  neat PG 67-22, PPA/SBS modified 
PG 76-22, SBR modified PG 76-22 and SB modified PG 70-28.  Of the forty-six sections of NPTT-2000, fourteen sections 
contained PG 67-22, twelve sections contained SBR modified PG 76-22, two sections contained SB modified PG 70-28 and 
the remaining eighteen contained PPA/SBS modified PG 76-22.    For the purposes of this paper interest is on the eighteen 
NPTT-2000 pavement sections constructed using PPA/SBS modified PG 76-22.  Figure 2 is a schematic showing the 
locations of the eighteen sections of NPTT-2000 constructed with PPA/SBS modified PG 76-22 these sections along with 
construction parameters are listed in table 4. 
 

 
 

Figure 2, Schematic, NPTT-2000 Section Layout, PPA/SBS PG 76-22 Sections. 
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Table 4, NPTT-2000 Construction of Sections using PPA/SBS  
Modified PG 76-22, [2] 

 
A variety of aggregates were used to construct these sections of NPTT-2000 (cf. Table 4).  All sections presented contained 
liquid amine anti-strip with the exception of sections N11 and N12 which contained hydrated lime.  Seven of these sections 
contained both liquid amine anti-strip and hydrated lime.   Limited work using different wheel track devices was performed 
by Dr. Powell at NCAT with respect to moisture sensitivity of NPTT-2000 mixes, [1,2].  No conclusive issues concerning 
moisture sensitivity of any of the NPTT-2000 mixes were observed.    
 
4.0.2 NPTT 2003 Construction 
 
For NPTT-2003Twenty-three of the 46 original NPTT-2000 sections were left to continued evaluations and 22 new sections 
were re-built.  One section was removed to serve as a transition section for new construction.  Included in the 23 sections 
left to continued traffic were 9 sections containing PPA/SBS modified PG 76-22.  Of the 22  new sections of NPTT-2003, 9 
sections were reconstructed or partially reconstructed using PPA/SBS modified binders, 6 with PPA/SBS modified PG 76-
22 as in NPTT-2000 and 3 with PPA/SBS modified PG 70-22.  As with NPTT-2000, most sponsors elected to supply their 
own unique local aggregates for pavement structures in their sections.  All sections discussed herein are from a single 
source.   Of the 22 new test sections, 8 sections were utilized for a structural experiment, none of these 8 sections contained 
PPA/SBS modified binders.  Fourteen of the new test sections were shallow mill and inlay rutting study sections of which 9 
contained PPA/SBS modified binders.  The primary objective of NPTT-2003 was to evaluate field performance of several 
experimental pavements.  Rutting was expected to be minor in sections left to traffic from NPTT-2000.  A goal of the 
NPTT-2003 project was to evaluate the potential to predict performance.  The 19 sections of NPTT-2003 constructed with 
PPA/SBS modified PG 76-22 are listed in table 5. 
 



  

 
Shaded Sections Left to Traffic From NPTT-2000  
(N11, N12, W5, S2, S3, S8, S11, E4, E5 and E9) 

. 
Figure 3, Schematic, NPTT-2003 Section Layout, PPA/SBS PG 76-22 Sections. 

 

 
Table 5, NPTT-2003 Construction of Sections using PPA/SBS  

Modified PG 76-22 and PG 70-22, [2] 
 
Most of the new Mill/Inlay sections if NPTT-2003 containing PPA/SBS modified asphalt binders were constructed with 
limestone aggregates, only two sections containing PPA/SBS binders were constructed with granite aggregates.  Some 
sections had a combination of limestone and other aggregates such as chert, gravel and RAP. All newly constructed sections 
presented contained liquid amine anti-strip.  Only two of the new sections were constructed with PPA/SBS modified binders 
contained both liquid amine anti-strip and hydrated lime, both were PG 76-22 binders.  
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5.0 DISCUSSION 
 
Test sections constructed with PPA/SBS modified asphalt binders for both NPTT-2000 and NPTT-2003 were designed to 
support the intended traffic loading of 10 million EASLs for each of the 2000 and 2003 pavement test track cycles.  For 
informational purposes, table 6 lists the average high temperature for the hottest seven days, estimated average high 
pavement temperature at 25.4 mm (1 inch) depth, lowest recorded temperature and average rainfall for the NCAT pavement 
test track for each year.  Estimated pavement temperatures at 25.4 mm (1 inch) of pavement depth were calculated using the 
LTPP Bind™ high temperature algorithm. 
 
  Temperature probes were installed at the pavement layer interfaces for both NPTT-2000 and NPTT-2003.  A summary of 
data collected from temperature probes in NPTT-2003 indicated that the pavement temperature at the pavement layer 
interface for the maximum seven-day pavement temperature ranged from 58 to 61°C [27]. 
 

 
  Table 6, NCAT Pavement Test Track Weather Conditions* 

Note:  Average high pavement temperature estimated using LTPP Bind™ algorithm. 
 

The standard SuperPave™ binder grade for the Auburn Alabama region according to LTPP Bind™ (Version 2.1 at time of 
construction) was PG 64-22 (98% reliability):  however, as stated earlier, the specified grade for most of the Southeastern 
states is an intermediate grade of PG 67-22.  Therefore, the non-modified binder supplied for NPTT-2000 was PG 67-22 
from the same crude source and supplier as the PPA/SBS modified binder.  A note of importance is that according to the 
degree/day damage algorithm of LTPP Bind™ (current version 3.1) the actual standard grade for the Auburn AL area would 
be PG 70-16.  The non-modified “neat” asphalt binder used in construction of NPTT-2000 produced to meet the 
requirements of PG 67-22 actually true graded to a continuous grade of PG 68.7-23.0 (post addition of amine anti-strip).   
 
The standard specified grade for increased heavy traffic, which is the case for the NCAT Pavement Test Track, based on 
LTPP Bind™ (version 2.1 at time of construction) was PG 76-22.  The PPA/SBS modified PG binder utilized in 
construction of NPTT-2000 formulated to meet the requirements of SuperPave™ PG 76-22 actually true graded to a 
continuous grade of PG 77.1-25.8 (post addition of amine anti-strip).  PPA/SBS modified PG binders utilized in 
construction of NPTT-2003 formulated to meet the requirements of SuperPave™ PG 76-22 and PG 70-22 actually true 
graded to continuous grades of PG 78.2-26.9 and PG 72.7-24.6 respectfully (post addition of amine anti-strip). 
 
 
 
5.0.1 Rutting    
 
From section 4.0.1 recall that the common area of interest for NPTT-2000 was identifying the effect of gradation (above 
(ARZ) versus below (BRZ) the maximum density line) on rutting performance.  The final experimental design had two 
states which had chosen to study the effect of mix design methodology on rutting performance, two states which chose to 
compare gravel mixes to stone mixes and one state that chose to compare mixes with different design nominal maximum 



  
aggregate sizes.  Table 7 exhibits the rutting performance of the tangent sections of NPTT-2000 constructed with 
PPA/SBS modified binders.   

 
 

 
Table 7, Rutting of NPTT-2000 Sections Containing PPA/SBS 

Modified Binders as Measured by Wire Line [1] 
 

Rutting in all of the sections discussed herein is considered to be minimal to none.   Of the sections constructed using 
PPA/SBS modified binders, Section S2 exhibited the least rutting with a rut depth accumulation of 0.6 mm (0.02 inch) at the 
end of 10 million EASLs while section N13 exhibited the most rutting with an accumulated rut depth of 4.95 mm (0.19 
inch).  Both the N13 and S2 sections were all gravel mixes with course BRZ gradations with the exception that the surface 
mix for N13 was an SMA design.  Both sections contained 1.0 percent hydrated lime plus 0.5 percent liquid amine anti-
strip.  The average rut depth of the sections constructed with PPA/SBS modified binders was 3.2mm (0.13 inch).  In 
comparison, the non-modified PG 67-22 sections exhibited accumulated rut depths from a low 2.1 mm (0.08 inch) for 
Section S6 to the high of 8.1 mm (0.32 inch) for Section N5.  Both sections were constructed from a limestone/slag 
aggregate combination with the gradation of Section N5 being a course BRZ mix and Section S6 being a fine ARZ mix.  
The average rutting for the non-modified PG 67-22 sections was 4.8 mm (0.19 inch).   
 
Ten sections on NPTT-2000 constructed with PPA/SBS modified binders, N11, N12, W5, S2, S3, S8, S11, E4, E5 and E9 
were left in place for application of an additional 10 million EASLs.  Sections S6, S7, S9 and S10 were left to traffic from 
the NPTT-2000 non-modified PG 67-22 sections.   
Table 7 also presents the results of additional traffic loading on tangent sections left to NPTT-2003 extended traffic.  The 
PPA/SBS modified binder sections left to NPTT-2003 traffic accumulated an average additional rut depth of 0.52 mm 
(0.020 inch) with section N11 showing the lowest increase in rut depth of 0.37 mm (0.015 inch) and section S11 showing 
the highest increase in rut depth of 0.75 mm (0.030 inch).  In comparison, the non-modified sections of NPTT-2000 left to 
NPTT-2003 traffic accumulated an average additional rut depth of 0.90 mm (0.035) with section S6 accumulating an 
additional 1.64 mm (0.065 inch) for a total rut depth of 3.64 mm (0.143 inch).  Sections S12 and S13, left to continued 
traffic from NPTT-2000, constructed with SB modified PG 70-28 binder exhibited an average increase in rut depth 
accumulation of 1.12 mm (0.044 inch) with both sections having an average total rut depth of 3.67 mm (0.144 inch).   
 
Though rutting of all sections is considered to be minimal, the PPA/SBS modified binder sections, on average, exhibit the 
least amount of rutting in both NPTT-2000 and NPTT-2003 extended traffic summaries.  Rutting comparisons for the 
tangent sections of NPTT-2000 and those sections of NPPTT-2000 left to extended traffic of NPTT-2003 are presented in 
Figure 4. 
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*SBR Modified Binders 
** SB Modified Binders 

Figure 4, Rut Depth Comparison NPTT-2000 Tangent Sections  
 

The primary objective of NPTT-2003 was to evaluate field performance of several experimental pavements.  Rutting of 
sections left to traffic from NPTT-2000, discussed previously, was expected to be minor.  A primary goal of the NPTT-2003 
project was to evaluate the potential to predict performance.   
 
Sections N1 through N8 of the twenty-two new test sections of NPTT-2003 were designed as a structural experiment, none 
of these eight sections contained PPA/SBS modified binders, however, sections N1, N4, N5, N7 and N8 were constructed 
with SBS modified PG 76-22 binder that did not contain PPA.  Fourteen of the new test sections were NPTT-2000 sections 
replaced by a shallow mill and inlay designed for a rutting study.  Ten of the new sections contained PPA/SBS modified 
binders, table 8 lists the rutting results of the tangent sections included in the rutting and structural studies. 
99 

 

 
Table 8, Rutting of NPTT-2003 Sections Containing PPA/SBS 

Modified Binders as Measured by Wire Line  
 

Rutting of all the tangent sections included in the rutting and structural studies are considered to be minimal ranging from 2 
– 5 mm as measured by wire line.   Of the six new tangent sections of NPTT-2003 constructed with PPA/SBS modified 
binder, section S4 constructed with PPA/SBS modified PG 76-22 exhibited the least rutting at 2.14 mm (0.084 inch) while 
section N10 constructed with PPA/SBS modified PG 70-22 exhibited the most rutting at 4.84 mm (0.191 inch).   In fact, the 
SBS/PPA modified PG 70-22 had the most rutting of the six new PPA/SBS sections.  In comparison, the SBS modified PG 
76-22 structural sections of NPTT-2003 typically exhibited more rutting than the new PPA/SBS modified PG 76-22 
sections, with exception of section N1 which failed due to fatigue at approximately 2 million EASLs, therefore it was not 
included in the rutting comparison.  Rutting comparisons for the structural and rutting study tangent sections of NPTT-2003 
are presented in Figure 5. 
 



  

 
 

Figure 5, Rut Depth Comparison NPTT-2003 Tangent Sections  
 

Superpave™ guidelines recommend that the high temperature PG grade be bumped for higher traffic volume roadways to 
minimize rutting. The results presented for both NPTT-2000 and NPTT-2003 indicate that grade bumping is beneficial in 
reduction of rutting as, though overall rutting was minimal, under similar conditions PG 76 binders performed better than 
PG 70 binders which performed better than PG 67 binders.  Brown, et al reported from NPTT-2000 that the PG 76-22 
binders reduced rutting by more than 60% over the unmodified PG 67-22 [26].  In addition modification with a combination 
of PPA and SBS performed as well or better than SBS modified binders modified without PPA, and those binders modified 
with SBR or SB polymers.  
 
5.0.2 Fatigue 
 
Fatigue (cracking) of NPTT-2000 was only observed in four test sections, S2, S12, E7 and W10 of these four sections only 
S2 was constructed with PPA/SBS modified PG 76-22.  Section S12 was constructed with an SB modified PG 70-28, while 
sections E7 and W10 were constructed with SBR modified PG 76-22.   
 
The four fatigue cracked sections identified from NPTT-2000 were left to continued traffic of NPTT-2003; focus herein will 
be on the PPA/SBS modified section, S2.  Section S2 began to show signs of fatigue cracking near the end of NPTT-2000 
traffic which was only investigated near the end of NPTT-2003 traffic (19M EASLs [27]).  Recall that section S2 was 
among the sections of NPTT-2000 which exhibited the least rutting.  Review of section S2 construction parameters reveals 
that this section was a full depth course BRZ gravel mixture [2].  One construction parameter of particular interest with 
respect to section S2 is binder content in that the binder course contained 6.0% binder and the surface course contained only 
4.9% binder.  At initial observation of fatigue in section S2 the stiff gravel surface mixture and perhaps low binder content 
was considered a contributing factor.  Cores taken on the cracks revealed top down cracking with cracks extending only 
through the upper two to four inches of the pavement structure [27]. 
 
Other fatigue sections of interest, though not containing PPA/SBS modified binders, were sections N1, N2, and N8 of the 
structural study section of NPTT-2003.  The eight structural study sections of NPTT-2003 were designed for varying traffic 
levels at thin, medium and thick design for three sections using an unmodified PG 67-22 binder throughout the pavement 
depth and another, similarly designed, three sections using SBS modified PG 76-22 binder throughout the pavement depth.  
The final two sections of the eight were designed for medium traffic levels with a stone-matrix asphalt (SMA) surface 
course of one 25.4 mm (1 inch) thickness.  Section N8 was constructed with a rich bottom base layer of 50.8 mm (2 inch) 
PG67-22 with an addition 0.5% asphalt content.  Sections N1 and N8 were both constructed with SBS modified binder, 
section N1 being full depth and section N8 25.4 mm (1 inch) of SMA surface as mentioned.  Unlike the top-down cracking 
of the upper pavement layer in the non structural study sections previously mentioned, forensic analysis of sections N1, N2 
and N8 proved to be bottom-up fatigue cracking which permeated the entire pavement thickness [27].   
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5.0.3 Moisture Damage 

 
Rainfall information, from historical weather data, presented in table 6 reveals that the average annual rainfall for the 
pavement test track area is in excess of one meter (~40 inches).  Many of the aggregates used in construction of both NPTT-
2000 and NPTT-2003 are known to be susceptible to moisture damage. Moisture damage was not a mode of failure 
identified in either NPTT-2000 or NPTT-2003.  Even sections exhibiting fatigue failure, and subsequent pumping, did not 
reveal signs of moisture damage.  As discussed, only section S2 constructed with PPA/SBS modified binder experienced 
fatigue failure.  Fatigue cracking was identified as top-down cracking and no evidence of moisture damage was reported.  
Therefore, none of the sections constructed with PPA/SBS modified binders of either NPTT-2000 or NPTT-2003 were 
affected by moisture. 
 
6.0 CONCLUSION 
 
The effect of PPA on asphalt binders and performance of PPA modified asphalt binders in pavements with respect to 
pavement performance (permanent deformation, fatigue, low temperature cracking and long term aging) has been and 
continues to be extensively studied and documented, [15-25].  Use of PPA modified binders is often debated, to the point 
that some agencies have banned the use of acid modified binders.  Such actions result from a lack of understanding of the 
benefits of PPA as a tool to improve the performance of asphalt binders. As presented in section 2.0, PPA serves more the 
purpose of providing a tool necessary to consistently comply with the requirements of SuperPave™ than just reducing 
polymer levels. 
 
Due to a lack of understanding the value of PPA as a binder modifier, it has even been suggested that in states where DOTs 
mandate use of hydrated lime as an anti-strip additive PPA should not be allowed.  This suggestion tends to come from a 
purely, misguided, economic concern as it is believed that if the effect of PPA is neutralized the value of PPA modification 
is lost.  However, as discussed in section 2.0, use of PPA allows for reduction of polymer to maintain the economics and 
performance which has been proven to provide excellent field performance, e.g. 2.5 - 3.0 percent of the early 1990s.    
 
Research of NPTT-2000 and NPTT-2003 has incorporated a variety of materials, constructions and conditions.  Such 
research and evaluation of pavements on existing highways would normally take at least 15 to 20 years.  Accelerated 
techniques utilized provides for pavement evaluation in two to three years.  This was done in a safer environment than that 
of existing highways with reduced cost and no adverse affects on the driving public.  In some cases accelerated testing may 
have been more severe than actual highway conditions.  The NCAT Pavement Test Track program has provided a 
comprehensive evaluation of the performance of PPA/SBS modified binders. 
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ABSTRACT 
 
State Agencies in the United States have known for years the benefits associated with bitumens that are modified with 
elastomer-type polymers to improve the rutting and fatigue cracking properties of the asphalt.  However, in recent 
years, a majority of bitumen suppliers are now using polyphosphoric acid (PPA) in combination with decreased 
percentages of polymers to meet various performance graded bitumen requirements.  This has raised concerns among 
the State Agencies in fear that the combination of PPA and reduced polymer percentages will result in inferior bitumen 
when compared to the same bitumen solely modified by polymer.  To answer this question, a research program was 
developed to examine and compare the laboratory properties of a bitumen modified with and without PPA.  Bitumen 
testing, consisting of PG Grading and Multiple Stress Creep Recovery, and asphalt  testing, consisting of Complex 
Modulus and Flexural Beam Fatigue tested at both short and long-term aged conditions, as well as Repeated Load 
testing to evaluate permanent deformation were conducted on a base binder and the base binder modified in two 
manners; SBS polymer only and reduced SBS polymer + PPA.  The paper presents these findings and shows that PPA 
in formulation with SBS provides an equal performance to the highly SBS modified bitumen.   
 
KEY WORDS 
 
Ageing, Complex Modulus, Fatigue Cracking, Modified Binders, Permanent Deformation 
 
1.  INTRODUCTION 
 

Polyphosphoric acid (PPA) is one of many additives used to modify and enhance paving grade bitumen.  The 
first patent describing bitumen modification with PPA was published in 1973.  Since the early 1990s, PPA has also 
been successfully used across the United States in combination with various polymer modifiers.  Even with this fairly 
extensive use of PPA in bitumen, there is very limited information regarding how PPA modification affects the 
performance of the asphalt.  

State Agencies in the United States have known for years the benefits associated with bitumens that are 
modified with elastomer-type polymers to improve the rutting and fatigue cracking properties of the asphalt.  However, 
in recent years, a majority of bitumen suppliers are now using PPA in combination with decreased percentages of 
polymers to meet various performance graded bitumen requirements.  This has raised concerns among the State 
Agencies in fear that the combination of PPA and reduced polymer percentages will result in an inferior bitumen when 
compared to the same bitumen solely modified by polymer.   

The growing knowledge of PPA usage by state DOTs has raised legitimate questions from engineers in charge 
of pavement performance and durability. How will a PPA modified pavement perform over time? Do the initial 
enhanced binder properties observed in the laboratory with PPA modification change over time on the roadway? Do 
PPA modified mixes perform any differently in the field compared to non-PPA mixes with regards to cracking, aging 
and moisture-related distresses?  

Some states have responded to this lack of understanding in PPA bitumen modification technology by banning 
the use of PPA through specific clauses in their specifications. Other states have examined the issue and decided that 
their current PG and PG-plus binder specifications are sufficient to ensure a quality performing binder.  Any prohibition 
on the use of an effective modification technology without valid reasoning can lead to a more expensive product in the 
marketplace.  

The combined use of PPA and polymers is widely used and has become increasingly popular as state agencies 
move to PG-Plus specs including specifications for items such as elastic recovery and ductility.  A broad range of 
polymers have been claimed to be used beneficially in combination with PPA.  Those preferred have been the 
elastomeric polymers (SBS and SB), which have been used by a wide margin for almost 10 years with PPA.  It is now 
well established that PPA increases the stiffness of the bitumen without degrading the performance at low temperature 
(Orange et al., 2004). However, as PPA does not provide any significant elasticity of the bitumen, there remain some 
questions regarding the impact of PPA onto the fatigue resistance of the mix. 

The paper presents the results of an experimental program developed to examine and compare the laboratory 
properties of bitumen modified with and without PPA.  Bitumen testing, consisting of PG Grading and Multiple Stress 
Creep Recovery, and asphalt testing, consisting of Complex Modulus and Flexural Beam Fatigue tested at both short 
and long-term aged conditions, as well as Repeated Load testing to evaluate permanent deformation were conducted on 
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a base binder (Neat bitumen) and the Neat bitumen modified in two manners; SBS polymer only and reduced SBS 
polymer + PPA.   
 
2.  OBJECTIVES 
 
The research undertaken encompassed comparing bitumen and asphalt properties of SBS polymer and SBS polymer + 
PPA modified to: 

� Compare the permanent deformation of the different bitumens according to the Multiple Stress Creep and 
Recovery developed by the Federal Highway Administration (FHWA); 

� Compare the asphalt stiffness properties at both short and long-term aging conditions; 
� Compare the asphalt fatigue performance at both short and long-term aging condition; and 
� Compare the permanent deformation characteristics from asphalt testing. 

 
3.  MATERIALS SUMMARY 
 
3.1  Material Characterization 

3.1.1  Bitumen 
 
Three different bitumens were studied in the research program. Their characteristics at high temperature as well as their 
composition are reported in Table 1 below.  The True Performance Grade temperature was measured on the original 
binder and the RTFOT Aged binder according to AASHTO T240 and T315.   
 

ORIGINAL RTFOT 
Description TRUE 

GRADE (ºC) 
TRUE 

GRADE (ºC) 
Neat bitumen 68.4 74.1 

4.25% SBS modified 79.8 85.5 
0.5%PPA -2.5%SBS modified 82.8 88.4 

 
Table 1 : True Grade Performance High Temperature of SBS and SBS+PPA Bitumens 
 
3.1.2  Aggregate Materials and Gradations 
 
The primary aggregate source used to develop the asphalt gradation was granitic gneiss from northern New Jersey.  The 
aggregates were used to develop a coarse-graded, 12.5mm Superpave mix at Ndesign level of 100 gyrations.  Gradation 
and design volumetric properties are shown in Figure 1. 
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Figure 1: Gradation and Design Volumetric Properties 
 
4.  RESULTS OF LABORATORY PROGRAM 
 
4.1  Bitumen Testing - Multiple Stress Creep and Recovery 
 
Bitumen testing consisted of performing the Multiple Stress Creep Recovery (MSCR) test developed by the Federal 
Highway Administration.  The MSCR test has been proposed to evaluate the high temperature performance of bitumens 
since it has been suggested that bitumens with lower values of accumulated strain should result in asphalt mixes that are 
less prone to permanent deformation in actual application.  The MSCR test procedure is summarized below:  
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� A 25 mm diameter by 1 mm thick specimen of original and RTFO aged bitumen is tested at the true grade 

temperature.  For this study, these temperatures are reported in Table 1; 
� The specimen is subjected to a 1 second application of a 100 Pascal (Pa) stress followed by a 9 second period 

of zero stress during which the specimen is free to recover a portion of the strain which resulted from the 1 
second stress application;  

� At the end of the 9-second recovery period another 1-second stress application is imposed followed by another 
9-second recovery period;  

� The test is conducted until 10 cycles are achieved; and 
� After the 10 cycles at the 100 Pa stress has completed, a stress of 3200 Pa is then applied following the same 

protocol discussed above.  The 3200 Pa stress is then applied for another 10 load cycles.  The lower the 
cumulative strain after 10 cycles, the higher the resistance to permanent deformation the asphalt is expected. 

 
The accumulated strain versus time for the Neat, SBS modified and SBS+PPA modified from the Multiple 

Stress and Creep Recovery test were measured on the Original aged and RTFOT aged bitumen at two different stress 
levels; 100 Pa and 3200 Pa.  The three different bitumens were tested at their true grade temperature as reported Table 
1.  An example of typical data generated from the Multiple Stress and Creep Recovery test is shown as Figure 2.   

The comparison of the percentage of recovery of the three bitumens at Original and RTFOT aged conditions 
tested at stress levels of 100 Pa and 3200 Pa are shown in Figure 3. 
 
The percentage of recovery is defined by Equation (1): 
 

10

),(
10

1
�
�� r

NA
R

r
�

�
         (1) 

 where,  
A = Stress level either 100 or 3200Pa 
N = Number of cycles = 10 
�r = (�l-�10)*100/�l 
�l = Adjusted strain value at the end of the creep portion = �c-�0 for each cycle 
�10 = Adjusted strain value at the end of recovery portion of each cycle 
�c = strain value at the end of the creep portion of each cycle 
�0 = initial strain value at the beginning of the creep portion cycle. 

 
 

The percentage of recovery is clearly improved by the use of SBS or SBS+PPA modification.  As expected, 
the recovery decreases significantly as the bitumen is aged, even more significantly in the case of SBS modified binder. 
The SBS and SBS+PPA modified binders are showing quite similar behavior after RTFOT aging for 100 Pa applied 
stress.  Once again, as the stress increased to the 3200 Pa stress level, the SBS modified bitumen still obtains the largest 
recovery.  Although, it should be noted that the testing temperature of the SBS+PPA bitumen is quite higher than either 
the SBS or Neat bitumens. 
 
 
4.2  Asphalt Testing 
 
Asphalt performance testing was conducted on laboratory produced samples. The performance-related laboratory 
testing included: 

� Complex Modulus testing of short-term and long-term oven aged samples; 
� Flexural Beam Fatigue testing of short-term and long-term oven aged samples; 
� Repeated Load Permanent Deformation testing of short-term oven aged samples; and 
� Moisture Sensitivity testing using AASHTO T283, Resistance of Compacted Asphalt Mixtures to Moisture-

Induced Damage. 
 

Complex Modulus, Flexural Beam Fatigue, and Repeated Load samples were evaluated at a target air void level of 
6 to 7%, while the Moisture Sensitivity test samples were evaluated at a target air void level of 6.5 to 7.5%. 
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4.2.1  Asphalt Stiffness – Complex Modulus (E*) 
 
Complex modulus and phase angle data were measured and collected in uniaxial compression following a modified 
version of the method outlined in AASHTO TP62, Standard Test Method for Determining Dynamic Modulus of Hot-
Mix Asphalt Concrete Mixtures.  The data was collected at three temperatures; 4, 20, and 35oC (for the Neat bitumen 
only) and 45oC (for both modified bitumens), using loading frequencies of 25, 10, 5, 1, 0.5, 0.1, and 0.01 Hz.  Samples 
were tested in triplicate after short-term and long-term following the procedures outlined in AASHTO R30, Mixture 
Conditioning of Hot-Mix Asphalt (HMA).        

The collected modulus values of the varying temperatures and loading frequencies were used to develop 
Complex Modulus master stiffness curves and temperature shift factors using numerical optimization as recommended 
by Bonaquist (2007).  The reference temperature used for the generation of the master curves and the shift factors was 
20oC.    

The resultant Master Stiffness curves for the short-term (STOA) and long-term aged (LTOA) samples are 
shown in Figures 4 and 5.  The short-term aged results in Figure 4 show that the SBS+PPA modified bitumen obtained 
higher modulus values at the lower loading frequencies (i.e. – at the higher test temperature), while obtaining equivalent 
modulus values at the higher loading frequencies (i.e. – lower test temperature).  The Neat bitumen obtained similar 
modulus values until approximately 1.0E-2 Hz for the short-term aged condition, where the modulus values drastically 
decreased.  This was caused by lower measured modulus values at the high test temperature. 

The LTOA samples shows a similar trend, except that the SBS modified bitumen obtained modulus values 
much closer to the SBS + PPA modified samples when compared to the STOA condition (Figure 4).  This indicates that 
the SBS modified samples underwent greater age hardening due to long-term oven aging than the SBS + PPA modified 
samples.  The extent of ageing was further evaluated by comparing the ratio of LTOA to STOA modulus values (Figure 
6) versus the reduced loading frequency from the master stiffness curves.  The aging results showed that: 

� The Neat bitumen accumulated an average increase in modulus due to LTOA of 20%, with a maximum 
modulus increase of 65% 

� The SBS only modified bitumen accumulated an average increase in modulus due to LTOA of 9%, with a 
maximum modulus increase of 18%. 

� The SBS + PPA modified bitumen accumulated an average increase in modulus due to LTOA of 4%, with a 
maximum modulus increase of 7%. 

 
4.2.2  Flexural Beam Fatigue – Test Results 
 
Fatigue testing was conducted using the Flexural Beam Fatigue test procedure outline in AASHTO T321, Determining 
the Fatigue Life of Compacted Hot-Mix Asphalt (HMA) Subjected to Repeated Flexural Bending).  The applied tensile 
strain levels used for the fatigue evaluation were; 250, 400, 600, and 800 micro-strains.  Samples were tested in 
triplicate after short-term and long-term aging following the procedures outlined in AASHTO R30, Mixture 
Conditioning of Hot-Mix Asphalt (HMA). 

Samples used for the Flexural Beam Fatigue test were compacted using a vibratory compactor designed to 
compact brick samples of 400 mm in length, 150 mm in width, and 100 mm in height.  After the compaction and ageing 
was complete, the samples were trimmed to within the recommended dimensions and tolerances specified under 
AASHTO T321. 
 
The test conditions utilized were those recommended by AASHTO T321 and were as follows: 

� Test temperature = 20oC; 
� Haversine waveform; 
� Strain-controlled mode of loading; and 
� Loading frequency = 10 Hz; 

 
The results to the STOA and LTOA Flexural Beam Fatigue tests are shown in Figures 7 and 8.  Table 2 shows the 
regression constants used to develop the Fatigue Life equation, as originally described by the Hudson et al. (1968), 
shown as Equation (2).    
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Figure 4: Master Stiffness Curves – Short Term Oven Aged  
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Figure 5: Master Stiffness Curves – Long Term Oven Aged 
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Figure 6: Increase in Material Stiffness Due to Long Term Oven Aging 
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where,  
  Nf = number of loading repetitions until fatigue failure (50% of the initial  

             stiffness) 
  k1, k2, k3 = regression coefficients depending on material type and test conditions 
  �t = tensile strain 
  E = initial flexural stiffness 
  
A statistical analysis was conducted using a Student’s t-test analysis (two samples assuming equal or unequal 
variances).  The statistical analysis was utilized to determine if the samples were statistically equal or statistically not 
equal among the common test results and parameters.  A 95 percent confidence interval was chosen for the analysis. 
Based on the average (mean) results of the STOA and LTOA aged samples, the SBS modified bitumen had a slightly 
greater fatigue resistance than the SBS + PPA modified bitumen when comparing the flexural beam fatigue results.  
However, when statistically comparing the full set of STOA fatigue results from each tensile strain level, the SBS 
modified and the SBS + PPA modified bitumens were shown to be statistically equal at a 95% confidence level using 
the Student t-test analysis.   When statistically comparing the full set of LTOA fatigue results from each tensile strain 
level, the SBS modified and the SBS + PPA modified bitumens were shown to be statistically equal at a 95% 
confidence level at the 250 and 600 micro-strain levels.  The SBS modified bitumen had a statistically greater fatigue 
life at the 400 micro-strain level and the SBS + PPA modified bitumen had a statistically greater fatigue life at the 800 
micro-strain level.  In both the STOA and LTOA aged conditions, the Neat bitumen achieved the lowest fatigue life. 
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Figure 7: Flexural Beam Fatigue Results for Short Term Oven Aging 
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Figure 8: Flexural Beam Fatigue Results for Long Term Oven Aging 
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k1 k2 k3

Neat 5.23E-07 3.736 0.260
SBS + PPA Modified 2.91E-03 5.207 2.296

SBS Modified 7.10E-02 5.072 2.539

k1 k2 k3

Neat 8.32E-14 5.021 0.250
SBS + PPA Modified 2.15E-15 6.521 0.462

SBS Modified 6.34E-18 7.545 0.699

Asphalt Binder Type
Long Term Oven Aged

Asphalt Binder Type
Short Term Oven Aged
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Table 2:  Fatigue Life Equation Coefficients 
 
4.2.3  Repeated Load Permanent Deformation – Test Results 
 
Repeated Load Permanent Deformation tests were conducted in uniaxial compression following the procedures outlined 
in NCHRP Report 513, Appendix D, Annex C (Bonaquist et al., 2003). The unconfined repeated load test mode was 
selected because recent research has found it to be highly correlated to field rutting at full-scale test tracks (Witczak et. 
al, 2002) and during Heavy Vehicle Simulator (HVS) testing (Meyers, et al., 2005). The unconfined repeated load tests 
were conducted with a deviatoric stress of 10 psi and a test temperature of 54.4oC (130oF), which, on average, 
corresponds to the 50 percent reliability, 7-day average maximum pavement temperature at a depth of 25 mm for New 
Jersey (FHWA, 2005).  Samples were tested in triplicate and were continued to 10,000 load cycles. 

Figure 9 shows a comparison of the permanent deformation results for the Neat, SBS and SBS+PPA modified 
bitumens.  The permanent deformation plots for the SBS modified and SBS + PPA modified bitumens are extremely 
close to each other, while the Neat bitumen clearly undergoes tertiary flow failure between 2,000 and 3,000 loading 
cycles.  

The permanent deformation data was also evaluated using preliminary guidelines developed by Advanced 
Asphalt Technologies for the Maryland State Highway Association (Advanced Asphalt Technologies, 2004).   The 
guidelines are based on limiting permanent deformation in the bituminous layer to 10mm.  The results shown in Table 3 
indicate that on average, the SBS + PPA bitumen performs slightly better than the SBS modified bitumen.  However, 
when statistically comparing the results using the Student t-test, the tests results are statistically equal at a 95% 
confidence level.  This somewhat contradicts the Multiple Stress Creep Recovery test results that had identified the SBS 
modified bitumen as being more resistant to permanent deformation. 
 
4.2.4  Resistance to Moisture-Induced Damage (Tensile Strength Ratio, TSR) – Test Results 
 
Tensile strengths of dry and conditioned asphalt samples were measured in accordance with AASHTO T283, 
Resistance of Compacted Asphalt Mixtures to Moisture Induced Damage.  The results of the testing are shown in Table 
4.  The testing shows that the SBS+PPA bitumen samples achieved a slightly higher TSR value than the SBS modified 
bitumen, 88.9% and 87.8%, respectively.  On average, the tensile strength of the SBS+PPA samples was also 
determined to be slightly higher than that of the SBS modified bitumen.  The test results indicate that both bitumens 
exceed the AASHTO M323 minimum tensile strength ratio criteria of 80 percent.  Meanwhile, the Neat bitumen sample 
only achieved a TSR value of 76.7%.   
     
5.  SUMMARY AND CONCLUSIONS 
 
Polyphosphoric acid (PPA) has been used successfully in the asphalt field for more than 40 years.  Extensive use of 
PPA either as a solo bitumen modifier or in combination with synthetic polymers has been practiced for more than 10 
years across North America.  This use has grown extensively as the industry has grown more confident in the use, 
application and performance of PPA as a bitumen modifier. PPA modified bitumens have been used to pave roads all 
across the country under a wide variety of traffic and weather conditions and have performed well.  However, many 
state agencies are still skeptical regarding the durability and overall performance of PPA modified bitumens.  Therefore, 
continued work in the field of performance studies that incorporates PPA modified bitumens is needed.  
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Figure 9: Repeated Load Permanent Deformation Results 

 

#1 1.57
#2 1.17
#3 0.82

Average 1.19
Std Dev. 0.38

#1 0.29
#2 0.33
#3 0.34

Average 0.32
Std Dev. 0.03

#1 0.24
#2 0.35
#3 0.33

Average 0.31
Std Dev. 0.06

SBS Modified

SBS + PPA 
Modified 4.5

4.3

1.2

Sample Type Sample ID �P @ 5,000 Cycles 
(%)

Estimated Traffic to 10mm Rut 
Depth (Million ESAL's)

Neat

 
 
Table 3:  Test Data and Rutting Estimates from Permanent Deformation Testing 
 
 

Dry Conditioned
Neat 7.2 164.6 126.2 76.7

SBS+PPA 6.9 230.5 204.8 88.9
SBS 7.1 221.3 194.4 87.8

Specimen Type Average Air 
Voids (%)

Average TSR 
(%)

Indirect Tensile Strength (psi)

 
 

Table 4 : Tensile Strength Ratio Test Results 
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         To help add to the state of knowledge regarding asphalt performance and PPA, a research study was initiated to 
compare an bitumen modified with and without PPA modification. The laboratory testing program selected for this 
study was laboratory mechanical tests that have been found to correlate to field performance and mechanistic design 
requirements. The modulus properties of bituminous material are know to be a function of temperature, rate of loading, 
age, and mixture characteristics such as binder stiffness, aggregate gradation, effective binder content, and air voids 
(Applied Research Associates, 2005). Hence, the dynamic modulus (AASHTO TP62) properties of short-term and 
long-termed aged bituminous specimens were evaluated.  
         Fatigue cracking was assessed using the Flexural Beam Fatigue apparatus (AASHTO T321).  The fatigue life 
determined with this procedure can be used to estimate the fatigue life of bituminous pavement layers under repeated 
traffic loading.  The field performance of the bituminous mixture can be more accurately predicted when these 
properties are known along with an estimate of the strain level induced by the traffic wheel load traveling over the 
pavement.  The form of the fatigue life equation generated from the test results, shown in Table 2, is also the general 
format used in the Mechanistic Empirical Pavement Design Guide (Applied Research Associates, 2004). 
 The permanent deformation properties of the bituminous mixtures were evaluated using a uniaxial, unconfined 
repeated loading test.  The test procedure followed in this study was the result of a multi-year effort to select the most 
appropriate laboratory test method that correlated to measured field performance (Witczak, et al., 2003).  Recent 
research regarding this test procedure has resulted in a recommended test device and procedure, called the Simple 
Performance Tester, for the final performance check in the Superpave Mixture Design procedure.   
 The evaluation of the moisture sensitivity in the bituminous mixtures was conducted using the Tensile Strength 
Ratio (AASHTO T283) test. AASHTO T283 is a fairly reliable indicator of moisture induced adhesive failure, which is 
the one of the major mechanisms in stripping and moisture-induced damage.  And since one of the major concerns 
regarding PPA modified bituminous mixtures is stripping potential, it was essential that it be evaluated in the study.   

Therefore, based on the work conducted in this study using a laboratory testing scheme to evaluate the potential 
field performance of the different mixtures, the following results were found:  

� SBS+PPA modified bitumens can provide fatigue and durability resistance as well as bitumens solely 
modified with SBS.  Flexural Beam Fatigue test results on short-term and long-term oven aged samples were 
statistically equal at a 95% confidence level.  Meanwhile, results from the Tensile Strength Ratio (TSR) tests 
concluded that the SBS+PPA modified bitumen achieved a slightly higher TSR value than the SBS modified 
samples. 

� Complex modulus testing conducted on SBS+PPA and SBS modified bitumens that were laboratory aged 
under short-term and long-term oven aging (LTOA) conditions as specified in AASHTO R30, showed that 
both modified bitumens provided very similar modulus values after undergoing long-term oven aging.  The 
SBS+PPA modified bitumen achieved slightly higher modulus values at higher test temperatures at the short-
term oven aged (STOA) condition.  When evaluating the ratio between LTOA and STOA modulus, the 
SBS+PPA bitumen achieved slightly lower ratios than the SBS modified bitumen.  This may indicate that the 
SBS modified bitumen underwent a greater extent of age hardening when compared to the SBS+PPA 
modified bitumen. 

� Repeated Load Permanent Deformation testing conducted on asphalt samples showed that both the SBS and 
SBS+PPA bitumens achieved almost identical resistances to permanent deformation when tested in uniaxial 
compression.  This was somewhat contradicting to the Multiple Stress Creep Recovery (MSCR) test that 
concluded the SBS modified bitumen should provide a greater degree of permanent deformation resistance.  
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ABSTRACT 
 
The paper presents the results of laboratory tests for two additives ADIROL ALCAMID F and ADIROL ALCAMID FS. 
Three mixtures were made in laboratory, with two types of bitumen of 4 dosages each, in order to assess characteristic 
physical and mechanical values of mixtures made with bitumen having 0,5 % additives. 
The analysis of results shows a substantial improvement of the characteristic physical and mechanical values of these 
mixtures as compared to mixtures made with non-additive bitumen. 
 
Keywords: bitumen, additives, aggregate 
 
1. INTRODUCTION 
 
The use on a large scale of natural ballast-pit aggregates - which have a content of SiO2 exceeding 65 % - in the 
composition of asphalt mixtures requires the fact that we should consider special measures on insuring the bitumen’s 
adhesiveness to these acid aggregates. One of these measures is to aditivate bitumen with different tensioactive 
substances.      
 
2. ADDITIVES TESTED IN THE LABORATORY 
 
In order to study the influence of the following additives: ADIROL ALCAMID F and ADIROL ALCAMID FS over 
road bitumen, there have been made tests in the ROADS laboratory at the Technical University of Iai, Faculty de Civil 
Engineering, on two types of bitumen: the first type manufactured by Astra refinery from Ploieti and the second 
manufactured by Suplacu refinery from Barc�u (Bihor-Romania). 
Both types of bitumen have been determined the main characteristic values, both in pure state and in mixture with 0.5 % 
(of weight) with the two previously mentioned additives - everything is presented in the Table 1. 
 

Characteristics 

Type of bitumen Penetration 
at 25°C, 
1/10 mm 

Softening point 
(I.B.) 

Penetration index 
(P. I.) 

‘a’ susceptibility 
to heat 

ASTRA PLOIE�TI Refinery 
Witness bitumen 84 51,8 -0,615 0,037 
Bitumen +0.5% additive F 91 49,6 +0,278 0,038 
Bitumen +0.5% additive FS 76 51,2 -0,166 0,039 

SUPLACU DE BARC�U Refinery 
Witness bitumen 103 47,2 -0,017 0,040 
Bitumen +0.5% additive F 101 48,1 +0,185 0,039 
Bitumen +0.5% additive FS 86 49,0 -0,059 0,040 

 
Table 1: Characteristics of both types of bitumen 

 
Both pure state (witness) and aditivated types of bitumen have been used as binding material in the composition of three 
mixtures: an asphalting concrete rich in chippings - BA 8 and an asphalting concrete rich in chippings – BA 16, both 
with chippings of 4-8, 8-16 and crusher sand of 0-4 from Turcoaia (Tulcea) quarry: granite, and an asphalting concrete 
rich in chippings – BA 8 with chippings of 4-8 and crusher sand of 0-4 from Homorod (Harghita) quarry: andesite. 
The granulometric curves of natural aggregates as well as the dosages used for each mixture as well as the 
granulometric curves of mixtures of aggregates are presented in the Table 2, and the values of the impurities from the 
natural sands are presented in the Table 3. 

 
 

Mixtures  
I – BA 8 II – BA 16 III – BA 8 

Ø 25 - 100,00 - 
Ø 16 - 95,59 - 
Ø 10 100,00 71,13 100,00 Pa

ss
ed

 
(%

) 
th

ro
ug

h:
 

Screen: 

Ø 8 89,16 61,60 93,38 



# 4 60,64 47,57 72,10 
# 2 48,37 39,50 53,63 
# 1 39,54 32,92 42,66 

# 0,63 34,47 29,15 36,38 
# 0,2 17,92 16,42 17,79 
# 0,1 11,97 10,82 1012 

Sieve: 

# 0,071 9,34 9,13 7,90 
Chippings 4-8 (Turcoaia) 45,00 20,00 - 
Chippings 8-16 (Turcoaia) 20,00 35,00 - 
Chippings 4-8 (Harghita) - - 45,00 
Crusher sand 0-4 (Turcoaia) - 15,00 - 
Crusher sand 0-4 (Harghita) - - 22,00 
Natural sand (Tecuci) 23,00 18,00 - 
River sand (Timieti)  - 25,00 
Filler (Bicaz) 12,00 12,00 8,00 

 
Table 2. The composition of mixtures of natural aggregates and granulometric curves 

 for mixtures I, II and III. 
 

Characteristics 
Natural aggregate Part that can be levigated 

(%) 
Content of humus 

(the colour of the solution of 3% NaOH) 
Natural sand 0 ... 4 Tecuci 0,94 Light yellow 
Natural sand 0 ... 4 Timieti 1,95 Light yellow 

 
Table 3. Values of the content of impurities in the river sands, used for mixture composition 

 
The granulometric curves of natural aggregates are framed in the SR 174-1/2002 (mixtures I and II) and the SR 174 -
1/2002 (mixture III). 
In the laboratory there have been made asphalting mixtures with 4 dosages of bitumen for each type of asphalting 
concrete out of which there have been produced 8 Marshall-type cylinder samples for each (D = 10.16 cm and H = 6.35 
cm) for which there have been determined the values of the physical and mechanical characteristics presented in the 
Tables 4 and 5. 

 
Marshall trial Swelling, (%) vol. after … days No. 

crt. 
Mixture 

type 
Bitumen 

type  

Bitumen 
dosage 

(%) 


a 
(kg/m3) 

A vol. 
(%) S (kN) I (mm) S/I 

(kN/mm) 7 14 21 28 

1 
I-BA 8 

WITNESS 
(Turcoaia) 

ASTRA 
Ploieti 

5,00 
5,25 
5,50 
5,75 

2367 
2387 
2393 
2383 

1,678 
0,501 
0,248 
0,198 

7,6 
7,9 
9,7 
9,3 

1,90 
2,70 
3,93 
4,70 

4,000 
2,926 
2,468 
1,979 

0,000 
0,000 
0,000 
0,000 

0,013 
0,079 
0,112 
0,146 

0,020 
0,013 
0,000 
0,066 

0,287 
0,191 
0,092 
0,258 

2 
I-BA 8 

F 
(Turcoaia) 

ASTRA 
Ploieti 

5,00 
5,25 
5,50 
5,75 

2374 
2379 
2396 
2390 

1,252 
0,859 
0,132 
0,020 

10,0 
8,5 
10,0 
8,6 

2,60 
3,70 
4,33 
4,93 

3,846 
2,194 
2,309 
1,744 

0,000 
0,026 
0,000 
0,000 

0,000 
0,000 
0,000 
0,000 

0,039 
0,065 
0,020 
0,033 

0,170 
0,269 
0,172 
0,147 

3 
I-BA 8 

FS 
(Turcoaia) 

ASTRA 
Ploieti 

5,00 
5,25 
5,50 
5,75 

2368 
2381 
2394 
2392 

1,544 
0,718 
0,126 
0,093 

8,8 
10,5 
10,6 
8,4 

3,55 
4,20 
4,40 
5,48 

2,479 
2,500 
2,409 
1,533 

0,000 
0,065 
0,039 
0,106 

0,364 
0,287 
0,190 
0,178 

0,039 
0,055 
0,125 
0,160 

0,117 
0,190 
0,164 
0,099 

4 
II-BA16 

WITNESS 
(Turcoaia) 

ASTRA 
Ploieti 

4,25 
4,50 
4,75 
5,00 

2404 
2407 
2414 
2410 

1,093 
0,701 
0,461 
0,266 

12,2 
11,9 
9,0 
8,3 

3,77 
4,46 
4,53 
5,27 

3,236 
2,668 
1,987 
1,575 

0,107 
0,139 
0,033 
0,109 

0,000 
0,000 
0,000 
0,040 

0,047 
0,086 
0,127 
0,047 

0,000 
0,000 
0,000 
0,000 

5 
II-BA 16 

F 
(Turcoaia) 

ASTRA 
Ploieti 

4,25 
4,50 
4,75 
5,00 

2393 
2397 
2414 
2405 

1,414 
0,838 
0,272 
0,258 

11,2 
13,4 
10,0 
10,2 

3,43 
4,33 
4,78 
5,47 

3,265 
3,095 
2,092 
1,865 

0,000 
0,000 
0,000 
0,000 

0,020 
0,000 
0,106 
0,060 

0,119 
0,000 
0,000 
0,000 

0,020 
0,000 
0,046 
0,060 

6 
II-BA 16 

FS 
(Turcoaia) 

ASTRA 
Ploieti 

4,25 
4,50 
4,75 
5,00 

2392 
2407 
2413 
2410 

1,223 
0,423 
0,310 
0,288 

9,2 
10,0 
9,6 
10,2 

2,45 
3,17 
4,20 
4,33 

3,755 
3,155 
2,286 
2,356 

0,000 
0,000 
0,106 
0,027 

0,000 
0,000 
0,099 
0,000 

0,000 
0,000 
0,086 
0,073 

0,067 
0,119 
0,205 
0,147 

7 
III-BA 8 

WITNESS 
(Harghita) 

ASTRA 
Ploieti 

5,50 
5,75 
6,00 
6,25 

2349 
2356 
2362 
2355 

2,993 
2,583 
1,768 
1,420 

9,1 
8,7 
10,4 
9,0 

2,20 
2,43 
3,43 
3,93 

4,136 
3,580 
3,032 
2,290 

0,000 
0,098 
0,000 
0,040 

0,766 
0,540 
0,204 
0,337 

0,806 
0,628 
0,145 
0,516 

1,254 
0,903 
0,394 
0,621 



8 
III-BA 8 

F 
(Harghita) 

ASTRA 
Ploieti 

5,50 
5,75 
6,00 
6,25 

2324 
2347 
2353 
2351 

3,918 
2,936 
2,267 
1,723 

8,3 
8,8 
8,1 
10,5 

3,13 
3,20 
3,35 
4,13 

2,652 
2,750 
2,418 
2,542 

0,060 
0,072 
0,109 
0,013 

0,381 
0,287 
0,424 
0,033 

0,689 
0,267 
0,128 
0,000 

1,162 
0,847 
0,700 
0,190 

9 
III-BA 8 

FS 
(Harghita) 

ASTRA 
Ploieti 

5,50 
5,75 
6,00 
6,25 

2311 
2343 
2366 
2363 

3,710 
2,015 
0,911 
0,408 

7,8 
9,1 
10,0 
9,8 

2,95 
3,80 
3,95 
5,47 

2,644 
2,395 
2,532 
1,792 

0,000 
0,000 
0,000 
0,000 

0,489 
0,210 
0,032 
0,000 

1,096 
0,413 
0,221 
0,007 

1,434 
0,597 
0,739 
0,039 

 
Table 4. The values of physical and mechanical characteristics of mixtures made with bitumen ASTRA Ploie�ti. 

 

Marshall trial Swelling, (%) vol. after … 
days No. 

crt. Mixture type Bitumen 
type  

Bitumen 
dosage 

(%) 


a 
(kg/m3)

A vol. 
(%) S 

(kN)
I 

(mm)
S/I 

(kN/mm) 7 14 21 28 

1 
I-BA 8 

WITNESS 
Turcoaia 

Suplacu 
de Barc�u

5,00 
5,25 
5,50 
5,75 

2377 
2378 
2386 
2380 

1,116
0,769
0,248
0,239

9,3 
8,4 
8,3 
8,8 

3,07 
3,83 
4,23 
4,80 

3,029 
2,193 
1,962 
1,833 

0,000 
0,000 
0,000 
0,000 

0,069 
0,000 
0,000 
0,000 

0,000
0,000
0,000
0,000

0,000
0,000
0,000
0,000

2 
I-BA 8 

F 
Turcoaia 

Suplacu 
de Barc�u

5,00 
5,25 
5,50 
5,75 

2378 
2384 
2398 
2396 

0,921
0,667
0,205
0,027

9,5 
8,7 
9,2 
8,3 

2,67 
3,60 
3,70 
4,75 

3,558 
2,417 
2,486 
1,747 

0,000 
0,000 
0,000 
0,000 

0,000 
0,000 
0,000 
0,027 

0,000
0,000
0,000
0,000

0,007
0,013
0,000
0,027

3 
I-BA 8 

FS 
Turcoaia 

Suplacu 
de Barc�u

5,00 
5,25 
5,50 
5,75 

2389 
2391 
2405 
2397 

0,848
0,604
0,013
0,000

10,2 
8,8 
8,0 
7,4 

3,17 
3,40 
4,07 
4,33 

3,218 
2,588 
1,966 
1,709 

0,000 
0,000 
0,000 
0,000 

0,013 
0,000 
0,093 
0,066 

0,000
0,000
0,086
0,013

0,000
0,039
0,000
0,000

4 
II-BA 16 

WITNESS 
Turcoaia 

Suplacu 
de Barc�u

4,25 
4,50 
4,75 
5,00 

2385 
2400 
2413 
2411 

1,663
0,763
0,318
0,139

10,8 
10,3 
10,7 
10,2 

3,03 
4,25 
4,60 
5,38 

3,564 
2,424 
2,326 
1,896 

0,000 
0,000 
0,000 
0,000 

0,000 
0,000 
0,007 
0,000 

0,000
0,000
0,000
0,007

0,000
0,000
0,000
0,000

5 
II-BA 16 

F 
Turcoaia 

Suplacu 
de Barc�u

4,25 
4,50 
4,75 
5,00 

2388 
2408 
2411 
2407 

1,272
0,486
0,304
0,192

11,4 
9,2 
8,4 
9,5 

3,00 
3,55 
4,00 
4,50 

3,800 
2,592 
2,100 
2,111 

0,000 
0,000 
0,000 
0,000 

0,000 
0,000 
0,000 
0,000 

0,000
0,000
0,000
0,000

0,000
0,000
0,000
0,000

6 
II-BA 16 

FS 
Turcoaia 

Suplacu 
de Barc�u

4,25 
4,50 
4,75 
5,00 

2397 
2408 
2410 
2404 

1,058
0,766
0,424
0,265

12,3 
9,8 
9,4 
9,6 

2,60 
2,80 
3,42 
4,00 

4,731 
3,500 
2,749 
2,400 

0,000 
0,000 
0,000 
0,000 

0,010 
0,000 
0,000 
0,000 

0,100
0,066
0,000
0,046

0,040
0,000
0,000
0,000

7 
III-BA 8 

WITNESS 
Harghita 

Suplacu 
de Barc�u

5,50 
5,75 
6,00 
6,25 

2339 
2362 
2368 
2364 

3,346
2,225
0,692
0,297

10,5 
9,7 
9,8 
8,1 

2,27 
2,60 
2,93 
3,90 

4,626 
3,731 
3,345 
2,077 

0,000 
0,000 
0,000 
0,000 

0,171 
0,118 
0,000 
0,039 

0,020
0,033
0,000
0,000

0,237
0,138
0,000
0,000

8 
III-BA 8 

F 
Harghita 

Suplacu 
de Barc�u

5,50 
5,75 
6,00 
6,25 

2335 
2337 
2342 
2335 

2,654
2,033
1,698
1,458

8,3 
7,8 
8,2 
8,8 

1,85 
2,48 
3,07 
3,80 

4,486 
3,145 
2,671 
2,316 

0,000 
0,000 
0,000 
0,000 

0,000 
0,000 
0,000 
0,000 

0,000
0,000
0,000
0,000

0,000
0,000
0,000
0,000

9 
III-BA 8 

FS 
Harghita 

Suplacu 
de Barc�u

5,50 
5,75 
6,00 
6,25 

2348 
2363 
2373 
2367 

2,667
2,363
0,669
0,573

9,7 
10,6 
11,9 
10,0 

2,73 
3,47 
3,83 
4,36 

3,552 
3,055 
3,107 
2,294 

0,484 
0,231 
0,000 
0,007 

0,729 
0,442 
0,007 
0,027 

0,749
0,336
0,000
0,007

1,108
0,501
0,013
0,066

 
Tabelul 5. The values of physical and mechanical characteristics of mixtures made 

with bitumen SUPLACU  DE  BARC�U - Bihor 
 

The variations of the values of physical and mechanical characteristics of experimental mixtures as comparing to 
witness mixtures are presented in the Table 6 for optimal dosages of bitumen. 
 
 
 
 
 
 



 

Bitumen 
type 

Mixture 
type 

Optimal 
dosage 
( %) 

Additive 

Apparent 
density 


a 
(%) 

Water 
absorption, 

vol 
(%) 

Marshall 
Stability (S) 

(%) 

Running 
Index (I) 

(%) 

BA 8 (I) 5,50 F 100,13 53,23 103,09 110,18 

BA 8 (III) 6,00 F 99,62 128,22 77,88 97,67 

BA 16 (II) 4,75 F 100,00 59,06 111,11 105,52 

BA 8 (I) 5,50 FS 100,04 50,81 109,28 111,96 

BA 8 (III) 6,00 FS 100,17 51,53 96,15 115,16 
ASTRA 

PLOIE�TI BA 16 (II) 4,75 FS 99,96 67,25 106,67 92,72 

BA 8 (I) 5,50 F 100,50 82,66 110,84 87,47 

BA 8 (III) 6,00 F 98,90 245,38 83,67 104,78 

BA 16 (II) 4,75 F 99,92 95,60 78,50 86,96 

SUPLACU 
DE 

BARC�U 
BA 8 (I) 5,50 FS 100,80 50,24 96,39 96,22 

 
Table 6. Variation of physical and mechanical values of experimental mixtures 

as comparing to witness mixtures (optimal dosages). 
 

3. CONCLUSIONS 
 
From the analysis of the results obtained after the research there has been found that: 

1. Using the additives does neither remarkably modify the values of the main characteristics of the bitumen 
(penetration at + 250 C and softening point) and neither the initial type of structure (sol-gel) characteristic to the 
road bitumen; 

2.  All the physical and mechanical characteristics of the experimental mixtures suffer net improvements with the 
exception of the apparent density whose value remains practically unchanged; 

3.  For the experimental mixtures made using optimal bitumen proportions there has been remarked that: 
- the water absorption reduces, with three exceptions, with 38 % on the average comparing to the witness 

mixtures; even in the case of the three exceptions the values of the water absorption are much below the 
maximum admitted limit - 5 %  - of SR 174-1/2002: table 13 (ANEXA I); 

- both the values of the stability and of the Marshall running index are practically constant, the variations 
being reduced: (- 22 % .... + 21 %) to the Marshall stability and (- 26 % ...  + 31 %) to the Marshall 
running index; 

- although determining the swelling values is not compulsory according to the latest standard SR l74-1/2002 
there have been determined the swelling values at: 7, 14, 21 and 28 days. As it can be observed in the 
tables 4 and 5, the values obtained are very low (under 0.8 %) signaling a good behavior of the mixtures in 
time to water corrosion. 

Considering the facts we have proved so far, we can state that using the additives ADIROL ALCAMID (Variants: F and 
FS) the characteristics of the road bitumen are not practically modified, but significantly diminish the values of water 
absorption to the mixtures made with natural acid aggregate (granite de Turcoaia) to which the road un aditivated 
bitumen have a reduced adhesiveness.  
That creates the premises of a good behavior in time of asphalt mixtures and, implicitly, of an improved resistance to 
freezing and de-freezing, which insures the improvement of the road pavement viability realized with these mixtures in 
the wearing layer. 
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ABSTRACT 
 
Mastic, composed of bitumen and filler, plays an important role in the bituminous mixture. An experimental campaign 
has been performed at the ENTPE/DGCB laboratory in order to measure the linear viscoelastic properties (shear 
complex modulus G*) of bituminous mastics with a specifically developed experimental device (annular shear 
rheometer). Different fillers have been used to formulate mastics, among which a new type of filler only composed of 
ultrafine particles. 
The use of these ultrafine particles mixed with bitumen allows to highly improve the complex modulus of mastics at high 
temperature and/or low frequencies (less than 1 Hz at 10°C) in comparison with mastics with classical filler. The 
stiffening of bitumen with filler is quantified by the reinforcement complex coefficient RM

* introduced in this paper. At 
low temperature (less that 0°C, 1 Hz), it is observed that the effect of ultrafine particles is negligible. All the results are 
verified with four different binders including a polymer modified binder and an aged binder. 
The ultrafine particles have also been used in bituminous mixtures by substituting a part or the totality of the classical 
filler. Complex moduli of the mixtures have been measured with a tension compression test. As it is observed for the 
mastics, at high temperature, an important increase of the stiffening is observed for the mixtures with ultrafine filler in 
comparison with those made with classical filler, even at small concentration. 
 
Keywords: mastic, filler, bitumen, ultrafine particles, complex modulus  
 
1. INTRODUCTION 
 
Mineral fillers are known to affect the properties of  asphalt concretes and play an important role in their compaction 
and their performance [1; 2]. Filler actually completes gradation of aggregates in filling a part of air voids between 
coarse aggregates. The mastic, composed of bitumen and filler, is generally admitted to be the real binder in the 
bituminous mixture. Measuring its mechanical properties may contribute to correlate the behaviour of bitumen with the 
one of the bituminous mixture. In addition, filler effect can be determined in mastic better than in mixture. 
A general research topic aimed at analyzing and modelling the influence of the type, the size, the gradation and the 
concentration of filler on mastic behaviour, for different types of bitumen (ageing effect is also considered), has been 
conducted at the ENTPE/DGCB laboratory [3]. The study has been realized within the framework of a partnership with 
the company TOTAL. A new experimental device, the annular shear rheometer (ASR), has been specifically designed 
at the ENTPE/DGCB laboratory to measure the viscoelastic properties (complex shear modulus G*) of bitumen and 
mastics [4]. With the same sample, it allows the measurement of G* on a wide range of temperatures and frequencies. It 
covers a range of complex modulus over 7 decades (from about 1 kPa to 10 GPa). In the present paper, only a part of 
the general study is presented. It focuses on the analysis of the filler effect while a unique binder is used. In this study, a 
new filler type only composed of ultrafine particles (size less than 1 μm) is introduced. Its influence on the linear 
viscoelastic (LVE) behaviour of mastics is determined. Note that the influence of the size (maximum diameter of 
grains), spreading of grading curve and concentration have been described in previous publications [4; 5]. 
First, the experimental campaign is presented, including the description of the annular shear rheometer prototype and 
the details of the tested bituminous materials. A new reinforcement complex coefficient (RM

*) is introduced to quantify 
the behaviour evolution between bitumen and mastic. The great interest of this coefficient is that the whole range of 
temperatures and frequencies is characterized. Then, the stiffening potential of fillers is investigated on a large range of 
frequencies and temperatures. The effect of the new ultrafine particles on the LVE (linear viscoelastic) properties of 
mastics and mixtures is identified. 
 
2. EXPERIMENTAL PROGRAM 
 
2.1 Annular shear rheometer (ASR) 
 
The annular shear rheometer (ASR) has been well described in previous publications [3; 5]. The principle of the test 
consists in applying sinusoidal shear stress or sinusoidal shear strain (distortion) on a hollow cylinder of bitumen or 
mastic, at different temperatures and frequencies. The hollow cylinder has a rather large size: 5 mm thickness, 105 mm 
outer diameter and 40 mm height. With these geometrical features, the test is homogenous as a first approximation. 



Materials with aggregates up to 1 millimetre can be tested still considering interpretation within the framework of 
continuous medium. A schematic view of the apparatus is presented in figure 1. 
A sinusoidal cyclic excitation is applied in stress or strain mode using the control system of a 50 kN capacity hydraulic 
press on which the ASR is fixed. Strain is measured by three displacement transducers placed at 120° around the 
sample. The control strain tests are monitored with the mean value of the three displacement measurements. The 
transducers measure the displacement between outer lateral surface and inner lateral surface of the bituminous hollow 
cylinder. The range of the cycle amplitudes is from 1 μm to 250 μm. In terms of shear strain �, it corresponds to 
amplitudes from 2.10-4 m/m to 5.10-2 m/m. The inner surface of the sample adheres to the aluminium core, which is 
linked to the load cell. The outer surface sticks to the aluminium hollow cylinder linked to the mobile piston of the 
press. 
The complex shear modulus (G*) of the material can be obtained from the data. Expression of the complex shear 
modulus G* is given in equation (1): 

 * *
1 2

iG G e G iG�� � �   (1) 

|G*| is the norm of the complex shear modulus, � is the phase angle of the complex shear modulus, G1 is the storage 
modulus and G2 is the loss modulus. G* is measured at 10 to 12 temperatures from about –25°C to 80°C and 6 
frequencies (fr) from 0.03 Hz to 10 Hz. |G*| is the ratio between the amplitude of distortion �0 with �(t) = �0 sin( t - �), 
and the amplitude of shear stress �0 with �(t) = �0 sin( t), where  =2!fr. Phase angle � is calculated by measuring the 
phase lag between load and displacement signals. 

 

Figure 1. Schematic view of the annular shear rheometer (ASR) for bitumen and mastic. 
 
At high temperatures (from about 30 to 80°C), a specific procedure is used to prevent bituminous materials from 
creeping and seeping. Air pressure, obtained by a difference of water level, is applied under the specimen (see figure 1). 
This pressure is applied through the medium of a thin membrane (negligible stiffness) which is placed against the lower 
surface of the sample. In addition, in order to cover a wide range of load (shear stress), a high sensitivity load cell (200 
N) is used, at high temperatures, to determine the low complex values. It can measure load cycles with amplitude as low 
as 1 N, which means a complex modulus close to 1 kPa for a distortion of 1%. This cell is placed in series with the main 
load cell of the press (50 kN). A by-pass system ensures a transition between the load cell of the press and the accurate 
load cell while keeping the same sample. When the tested material has a high modulus, the small load cell is 
disconnected and the 50 kN cell is used. 
 
2.2 Materials 
 
The linear viscoelastic properties of 15 materials designed with a unique 50/70 penetration grade bitumen have been 
measured with the ASR (annular shear rheometer). The bitumen is denoted as B5070. Six fillers reported next are 
associated to the 4 binders. 
A limestone (LS) filler has been selected and sieved to obtain three different gradation curves plotted figure 2: 
- The 0-100μm gradation corresponding to the initial filler (the reference filler not sieved). It is considered as well-
graded (W) filler as its coefficient of uniformity CU, defined in equation (2), has a value of approximately 5.6 (higher 
than 3). The maximum particle size is about 100μm. It is denoted as W100μ. 
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where d60 is the particles diameter corresponding to 60% passing in volume and d10 is the particles diameter 
corresponding to 10% passing in volume 



- The 63-100μm gradation obtained from the reference filler sieved at 63 μm. It is a uniformly-graded (U) filler with a 
low coefficient of uniformity CU = 1.8. This filler is called U100μ. 
- The 0-10 μm distribution built from the reference filler sieved at 15 μm. With CU = 5.1, it is considered as a well-
graded filler, denoted as W10μ. 
One filler (the fourth) is a diorite filler, obtained from an igneous rock and denoted as D. Its gradation curve is plotted 
in figure 2 and its coefficient of uniformity is close to 8.3. 
The fifth filler is a new type of filler only composed of ultrafine particles, which is actually silica fume (denoted as S). 
Ultrafine particles are small size particles of silica (SiO2) whose diameter is between 0.1 μm and 0.5 μm. Their specific 
areas are close to 23 m2/g. It can be considered as a uniformly-graded filler. A microscopic analyze of the ultrafine 
particles in alcohol (scanning electron microscope), given in figure 3, has been performed at the Research Centre of the 
company TOTAL (CReS). The picture reveals that the average diameter of the particles is close to 0.2 μm. A gradation 
curve, plotted in figure 4, has been built from the microscopy result and from the data provided by the manufacturer. 
Additional filler (the last filler), composed of a mixing of fillers LSW100μ (33% in volume), LSW10μ (33%) and 
ultrafine particles (33%), is considered in this study. It is denoted as Wr100μ (reconstituted W100μ). The corresponding 
grading curve, obtained from the grading curves of limestone filler and of the silica fume, is also given in figure 2. 
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Figure 2. Gradation curves of the fillers 
 

 

Figure 3. Microscopy of ultrafine particles in alcohol 
 
For each formulation of mastic, two volume concentrations (cf = Vfiller/Vmastic) of filler have been selected, form 30% to 
55%. To differentiate the mastics, a reference name is attributed, composed of the binder name followed by the filler 
type (LS = limestone, D = diorite, S = silica fume or Wr100μ = limestone + silica fume) and the filler content (cf, in 
percent of volume).  
 
3. RESULTS AND DISCUSSION 
 
3.1 Shifting procedure 
 
The 50/70 pen bitumen (B5070) exhibits a thermorheologically simple behaviour, which means that the Time 
Temperature Superposition Principle (TTSP) holds. Then, a unique shear modulus master curve of G* (for the norm and 
the phase angle) can be plotted as a function of equivalent frequency fe defined in equation (3), using the shifting 
procedure. The reference temperature is chosen at Tref = 10°C. 

 ( , ).e T ref rf a T T f�  (3) 



where aT  is the shift factor at temperature T, Tref is the reference temperature which means that aT(Tref, Tref) = 1 and fr is 
the real frequency of solicitation. 
The shift factor aT(T) used for the construction of the master curve at Tref = 10°C is a function of the temperature. Its 
evolution can be simulated by the Williams, Landel and Ferry (WLF) law reported in equation (4) [6]: 
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where 1
refC  and 2

refC  are the constants of the WLF law, Tref the reference temperature fixed at 10°C. The expression of 
equation (4) does not depend on the choice of the reference temperature Tref [7]. Then, equation (4) can be written at any 
reference temperature Tref’, associated to the constants '

1
refC  and '

2
refC . The relations between ( '

1
refC , '

2
refC ) and 

( 1
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refC ) are given in equation (5): 
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In previous works, it has been suggested that the shift factors of the binder and the ones of the corresponding mixture 
could be considered as equal [8; 9; 10]. As expected for the mastics investigated during this experimental campaign, the 
translation coefficients aT of the different mastics designed with the same bitumen are very close on the whole range of 
temperatures (from -30°C to 80°C). It is plotted as a function of the temperature for the 15 materials made with the 
binder B5070 (cf. figure 4). In addition, this result has been validated with 4 different binders on the large range of 
temperatures, while different fillers and different concentrations were selected [3]. As a consequence, as a first and 
good approximation, the binder completely defines the shift factor values of the corresponding mix (mastic or mixture) 
whatever the type and content of mineral aggregates. 
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Figure 4. Shift factors vs. temperature for the bitumen B5070 and 14 mastics made with this bitumen 
3.2 Complex reinforcement coefficient RM

* 
 
The complex reinforcement coefficient RM

* is introduced to quantify the reinforcement effect of the filler on the 
complex modulus of the mastic (filler + bitumen) [3]. RM

* is defined as the ratio between the complex modulus of the 
mastic at the equivalent frequency fe and the one of the bitumen at the same frequency fe, as written in equation (6): 
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RM
* is calculated at an equivalent frequency fe. It means that complex modulus of mastic at frequency fem and complex 

modulus of binder at frequency feb must be considered at the same equivalent frequency fe = fem = feb for the calculation. 
RM

* is a complex number, as shown in equation (7). Its norm, calculated by equation (8), is the ratio of the norms of the 
complex modulus of the mastic and the one of the binder. Its phase angle �M is the difference between the phase angle 
of the mastic and the one of the binder. 
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It has to be underlined that as the binder and the associated mastics have the same shift factors, complex moduli of 
binder and mastics are considered at the same physical couples temperature – frequency. 



 
The complex moduli G* of the 50/70 pen bitumen and mastics made with this binder and with the limestone filler 
LSU100μ (uniformly-graded) at four volume concentrations (30%, 40%, 50% and 55%) are plotted in figure 5 (norm 
and phase angle). For this four mastics, the complex reinforcement coefficient RM

* has been calculated on the whole 
range of temperatures and frequencies and its master curve is presented in figure 6. 
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Figure 5. G* master curves of the bitumen B5070 the four mastics B5070LSU100μ30, B5070LSU100μ40, 
B5070LSU100μ50 and B5070LSU100μ55; interpretation of RM

* is given for mastic B5070LSU100μ55 
 
The use of RM

* gives better information than the simple comparison of the complex moduli master curves. It is in 
particular observed that |RM

*| increases when decreasing frequency and/or increasing temperature. This phenomenon is 
more pronounced for high filler content mastics. It means that the filler effect increases with temperature. The 
reinforcement is not a constant as it has been frequently suggested in the literature. Concerning the phase angle, it is 
observed in figure 6 that �M is close to zero at low temperatures and/or high frequencies, which means that the G* phase 
angles of the mastics and of the binder are close. At high temperatures and/or low frequencies, �M is negative which 
means less “viscous” type behaviour. 
Note that the influence of the concentration on the mastic behaviour is described more in detail in previous publications 
[4; 3; 5]. 
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Figure 6. Complex reinforcement coefficients RM
* of the four mastics made with bitumen B5070: 

B5070LSU100μ30, B5070LSU100μ40, B5070LSU100μ50, B5070LSU100μ55 
3.3 Effect of ultrafine particles on the complex modulus of mastics 
 
Filler effect is analyzed using the complex reinforcement coefficient RM

* presented in previous section. It is plotted as a 
function of the equivalent (reduced) frequency for six materials corresponding to the six fillers associated to the same 
50/70 pen bitumen (B5070). Results are presented in figure 7 for the concentration cf = 30%. This figure reveals that 
coefficients RM

* (norm and phase angle) are close at high frequency and/or low temperature. When temperature 
increases, it is observed that |RM

*| increases for all the fillers. In particular, the reinforcement highly increases for the 
mastic made with ultrafine particles. It means that the potential for reinforcement of ultrafine particles is much higher 
than the one of “classical fillers”. The influence of the gradation (size and spreading of the gradation curve) is low on 
the whole range of temperatures. 



Concerning the phase angle �M, it is very close for all the material on the whole range of temperatures and frequencies, 
except for the mastic with ultrafine particules B5070S30 which exhibits low negative phase angle. 
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Figure 7. Complex reinforcement coefficient RM
* (master curve) for the mastics at 30% content 

B5070LSW100μ30, B5070LSU100μ30, B5070LSW10μ30, B5070S30, B5070Wr100μ30 and B5070D30 - Norm 
(left) and phase angle (right) 
 
Results for the concentration cf = 40% are presented in figure 8. It reveals again that coefficients RM

* of the six mastics 
are close at high frequency and/or low temperature. When temperature increases (and/or frequency decreases), two 
types of materials can be distinguished: 
- Mastics designed with limestone fillers: their potentials for reinforcement are close also in the high-temperature 
region. |RM

*| increases when frequencies decreases, which means that the filler effect increases when temperature 
increases. In addition, the phase angles are always close to zero. It can be concluded that filler size and spreading of the 
gradation curve have no significant effect on the complex modulus of mastics (norm and phase angle). 
- Mastics containing ultrafine particles: for these mastics, complex reinforcement coefficient |RM

*| highly increases 
when decreasing frequency. These mastics are stiffer than mastics made with classical fillers. Note that the 
reinforcement of the mastic made only with ultrafine is clearly the highest. At the reduced frequency fe = 10-5 Hz (which 
means about 0.1 Hz at 50°C), the stiffening is nearly 20 times higher than the one of the mastics containing limestone 
fillers. Concerning the phase angles, figure 8 reveals that the �M of the mastic containing filler S only is much smaller 
(materials “less viscous”) than the other ones. 
As a consequence, it can be concluded that the potential for reinforcement of ultrafine particles is much higher than the 
one of the “classical fillers”. 
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Figure 8. Complex reinforcement coefficient RM
* (master curve) for the mastics at 40% content 

B5070LSW100μ40, B5070LSU100μ40, B5070LSW10μ40, B5070S40, B5070Wr100μ40. Norm (left) and phase 
angle (right) 
 
3.4 Effect of ultrafine particles on the complex modulus of mixtures 
 
Complex modulus measurements using tension compression test on cylindrical samples were also performed to measure 
the effect of the new filler (ultrafine particles) on the linear viscoelastic properties of mixes. Two mixture formulations 



were proposed, based on the same 50/70 bitumen proportioned at 6% (dry weight of the aggregate) and on a continuous 
0/10 mm diorite grading: 
– one mixture with limestone filler which accounts for 7.5% by weight of the aggregate. It constitutes the reference 
mixture which is denoted as Mix5070LS100. The specimen has about 2.3% voids content. 
– one mixture with limestone and ultrafine, obtained by substituting half of the previous limestone filler content by 
ultrafine particles (3.75% of LS and 3.75% of S). This mixture is denoted as Mix5070LS50S50 and the sample has 
3.7% voids content. 
An hydraulic press was used at the ENTPE laboratory on a 0.03 to 10Hz frequency range, on a large range of 
temperatures ranging from -20°C to 70°C (one isotherm every 10°C). 120 mm high cylindrical (diameter = 80 mm) 
specimens were cored from cylindrical PCG (Gyratory Compactor, EN 12 697 - 31) samples which were prepared at the 
TOTAL research centre. The samples were tested in tension compression. At each cycle, the strain was considered as 
the mean value of the measurements given by the three displacement transducers placed at 120° around the sample. The 
hydraulic press was controlled in strain mode on the mean value of the transducers, with amplitude fixed at 60.10-6 
m/m. The strain amplitude is below the viscoelastic linearity limit of mixes, which is around 10-4 m/m [11; 9; 12]. 
Stiffness modulus (&E*&) master curves are plotted using the shifting procedure in figure 9. It has to be underlined that 
the obtained translation coefficients aT are very close for the binder and the associated mixes (not presented in this 
paper). This is in agreement with the results of previous works conducted at the ENTPE laboratory [11; 10]. It can be 
concluded again that the binder entirely define aT of any material designed with this binder.  
Figure 9 reveals that complex moduli of both mixes are very close at high frequencies and/or low temperatures (fr > 100 
Hz at Tref = 10°C), for the norm and for the phase angle. Then, as observed on mastics, ultrafine particles have similar 
effect as limestone filler on the low-temperature behaviour of mixtures. When temperature increases, mixture 
Mix5070LS50S50 exhibits a stiffer modulus |E*| than the one of the reference mixture. At 15°C and 10 Hz, which 
accounts for the French pavement design method, this stiffening is close to 20%. The ultrafine reinforcement increases 
with temperature to reach nearly 500% at 70°C and 0.03 Hz. The phase angles of E* are close on the whole range of 
temperatures and frequencies. 
Finally, a significant improvement of the stiffness is observed for the mixture formulation using ultrafine particles. In 
addition, the tested sample of this mixture has higher air voids content than the one of the reference mixture. Physically, 
the introduction of ultrafine particles may encourage the development of contacts between solid particles, and then 
increase the stiffness at high temperature. 
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Figure 9. E* master curves at Tref=10°C for mixes Mix5070LS100 and Mix5070LS50S50 - norm (top) and phase 
angle (bottom) 
 
4. CONCLUSIONS 
 
This study is a part of a general research topic on mechanical properties of mastics. A new kind of filler consisting of 
ultrafine particles having size of some 1/10 microns is considered. The linear viscoelastic properties of bitumens and 
mastics are investigated on a wide range of temperatures and frequencies using one single sample (over 7 decades for 
|G*|) with a specific apparatus (annular shear rheometer) designed and developed at ENTPE/DGCB laboratory. 
Analyzes of the influence of filler type is proposed when considering six fillers including limestone, diorite and a new 
type of filler only composed of ultrafine particles (diameter close to 0.2 μm). The potential for reinforcement of the 
selected fillers are quantified on the whole range of temperatures and frequencies by the complex reinforcement 
coefficient RM

*. The following conclusions can be drawn: 
– in the low-temperature region, complex moduli of mastics does not depend on the filler nature. Only the volume 
fraction of filler seems to affect the mastic behaviour; 
– at high temperature, small effect of filler is observed, except for filler composed of ultrafine particles. Mastics 
composed of silica fume are actually much stiffer than the ones made with classical fillers. The increase in stiffness is 



probably not explained by the chemical properties of the filler. The small size of the inclusions may be more 
appropriate to explain the physical origin of the results. 
Effect of the ultrafine particles on the linear viscoelastic properties of mixtures is also proposed in this paper. The 
results reveal that the introduction of ultrafine particles in mixtures highly increases the stiffness at high temperature, as 
observed for mastics. 
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ABSTRACT 
 
In April 2006, test sections in high-modulus asphalt were constructed on the right-hand lane of the Brussels-Antwerp 
motorway, which is intensively used by heavy goods vehicles. The test site stretches over a length of 1.6 km and 
comprises nine variants of high-modulus asphalt and one reference section with conventional asphalt concrete.  The 
variants were chosen after extensive research in the laboratory. Among the parameters tested in the variants are the 
type of mixture (stony or sandy skeleton), the type of binder, binder content, and the addition of recycled materials or 
not. 
 
The work on site was carried out in successive stages including the removal – by milling –  of existing layers to a depth 
of 12 cm, the laying of a 9 cm thick binder course in high-modulus asphalt, and the application of a 3 cm thick surface 
course in stone mastic asphalt (SMA). 
 
This paper discusses the investigations prior to the choice of the site, the preparation of the work, and the tests and 
measurements made during and upon the completion of the work. With a view to monitoring the behaviour of the test 
sections, the site was equipped with temperature gauges and loop sensors to record climate and traffic data. 
 
Although it is too early to compare the performance of the various products tested, a number of important conclusions 
can already be drawn, particularly with respect to the feasibility of the process. 
 
Keywords: heavy-duty pavements, high-modulus asphalt, test sections 
 
1. INTRODUCTION 
 
Designing a durable road surfacing remains a challenge to most road managers.  Recent progress in mix design for 
surface courses has left the binder course to be the weakest link in the structural chain.  According to our contacts and 
the literature, high-modulus asphalt, a technology developed in France, provides an excellent compromise for all 
aspects relating to the durability of that course (rutting, cracking, resistance to water, etc.).  A research project in this 
field was, therefore, initiated in Belgium four years ago.  This project was supervised by a working group with 
representatives from BRRC and from the road administrations concerned (MOW and MET).  It comprised two major 
parts: mix design and performance testing in the laboratory, and the construction of test sections.  The laboratory work 
is described in another paper written for this E&E08 conference [1]. This paper focuses exclusively on the test sections. 
 
2. OBJECTIVES 
 
Test sections were constructed in order to collect useful information on possible problems with the manufacture and 
laying of the tested asphalt mixtures.  They were also to allow comparison of the performance of various high-modulus 
asphalt mixtures under realistic and equal conditions of traffic and climate, and verification whether promising 
performance obtained in the laboratory is actually achieved in the field. 
 
3. CHOICE OF THE SITE 
 
With a view to these objectives, the following criteria were set for the choice of the test site: 

 traffic: high volume, heavy, constant speed; 
 road situation: straight stretch, unshaded, allowing construction work under optimum conditions of safety and 

with minimum disruption to traffic; 
 size: minimum one traffic lane wide and about 2 km long, to accommodate some ten test sections; 
 structure of the pavement: homogeneous, adequately designed for the expected traffic and no severe 

deficiencies; 
 existing surfacing: must allow the laying of a new asphalt surfacing to a thickness of at least 10 cm (70 mm 

high-modulus asphalt + 30 mm surface course). 
 
After various contacts with the road administrations, a stretch of motorway E19 (Brussels – Antwerp) off Kontich was 
selected. 
 



 
 
Figure 1 : Layout plan of the test sections 
 
Before the choice was finalized, the selected stretch was subjected to a thorough condition survey, to make sure that the 
road structure was sound and that its characteristics were sufficiently constant.  A visual inspection was made, core 
samples were drilled, and bearing capacity and longitudinal and transverse evenness were measured.  The structure of, 
and layer thicknesses in, the pavement were determined and the shallow ruts detected were investigated.  The survey 
showed that the pavement was suitable for the experiment, although there were some departures from the selection 
criteria.  One of them was the presence of two different types of surface course: stone mastic asphalt (SMA) 
approximately over the length of the first eight sections and porous asphalt (PA) extending over the other two. 
 
4. DESCRIPTION OF THE PROJECT 
 
Given the characteristics of the selected site, the project consisted in constructing a 12 cm thick inlay on the right-hand 
lane of the motorway (carrying virtually all heavy goods vehicles), composed of a 9 cm thick binder course in ten 
variants of high-modulus asphalt and a 3 cm thick surface course in SMA-6.3 type 2.  Each variant was applied in a test 
section over a length of 140 m. 
 

DESIGN TEST SECTIONS SEC-
TION TYPE Bitumen 

(*) 
Binder 
content 
(%) 

Mixture(*) 

 
Surface aspect Voids 

(%) 
Wheel track 
tester Pi  (%) 

1 Reference: AC-20 type 3 + 
40 % of recycled asphalt 
(RA) 

B 50/70 4.6 1 Relatively fatty + locally 
heterogeneous 

2.8 5.1 

2 High-modulus asphalt 
(sandy skeleton)  

1 5.5 2 Locally slightly 
heterogeneous 

3.6 3.6 

3 High-modulus asphalt 
(sandy skeleton) + 25 % 
of RA  

1 5.5 3 Tracks of pneumatic-
tyred roller + locally 
fatty 

1.9 4.2 

4 Rut-susceptible high-
modulus asphalt (sandy 
skeleton) 

1 6.1 9 Very fatty 3.3 6.2 

5 High-modulus asphalt 
(stony skeleton) 

1 5.5 4 Locally fatty  4.2 3.5 

6 High-modulus asphalt 
(stony skeleton) + 25 % of 
RA  

1 5.5 5 Very fatty 3.1 5 (5.03) 

7 High-modulus asphalt 
(stony skeleton) 

2 5.5 6 Locally fatty 2.9 3.9 

8 Crack-susceptible high-
modulus asphalt (sandy 
skeleton) 

1 4.9 10 No special observations 4.6 2.3 

O49 

O50 B51

Paved central berm  

27.450

27.400 

27.940

28.870
28.800

29.150 
Antwerp 

Kontich

Grass 

27.6 27.7 27.8 27.9 28.0 28.1 28.2 28.3 28.4 28.5 28.6 28.7 28.8 28.9 29.0 29.1 29.2 

Test  sections



9 High-modulus asphalt 
(stony skeleton) 

3 5.5 7 Locally fatty 3.1 3.5 

10 High-modulus asphalt 
(stony skeleton) 

4 5.5 8 No special observations (R) 5.2 
(L) 4.6  

5 (4.96), (L) 
5.1 

(*) See [1]. 
Table 1 :  Variants used in the test sections, with a few characteristics 
 
Among the parameters tested in the variants are the type of mixture (stony or sandy skeleton), the type of binder, binder 
content, and the addition of  25 % of recycled materials or not.  The mix designs for the variants were developed in the 
laboratory study [1]. 
 
Since the behaviour of a road surfacing depends on traffic and climatic factors, the surfacing on the test site was 
equipped with temperature gauges and loop sensors.  
 
5. SPECIFIC TENDER SPECIFICATIONS 
 
Specific tender specifications had to be drawn up for the construction of the test sections, clearly stating the objectives 
of the project and the tasks of the various partners.  As the test site is situated in the Flemish region, standard tender 
specifications SB250 were taken as reference, while developing certain aspects in more detail and introducing some 
modifications.  The most striking technical clauses are reviewed below.  
 
Composition 
 

 Contrary to the usual procedure, the mix designs (as well as the characteristics of certain components such as 
the bitumen and the recycled asphalt (RA) for the different variants to be tried in the binder course were to be 
specified just before laying, from the studies reported in ref. 1. 

 The contractor was to choose the binder he intended to use in each variant from a list of specified binders (all 
hard bitumens, or bitumens with a positive penetration index).  The specific tender specifications set the rules 
for this choice.  

 The contractor was free to choose (within certain limits) the aggregates he intended to use, as far as the 
gradings of the mixtures remained within the specified envelopes. 

 The RA was to be reclaimedfrom the upper binder course in the existing road surfacing on the test site, by 
milling. 

 
Studies 
 

 As a result of the above requirements, the contractor did not have to present a mix design study for the 
different variants of high-modulus asphalt.  However, the gradings of the materials he wished to use had to 
remain within the specified limits. 

 About six months were allowed between the approval of the contract (the designation of the contractor) and the 
construction of the test sections.  This time was needed to finalize the designs of the various high-modulus 
asphalt mixtures with the materials suggested by the contractor. 

 
Laying 
 

 A special procedure was developed for the manufacture and laying of the mixtures, in view of the small 
quantities of high-modulus asphalt to be produced for each test section. 

 As special binders were to be used, requirements were also made for the observation of manufacturing and 
compaction temperatures.  These requirements were to be refined just before laying, in consultation with the 
suppliers of the binders.  

 To minimize the duration of traffic disruption, the work was scheduled to be completed within twenty-five 
working days. 

 
Requirements for the surfacing 
 
The requirements made in standard specifications SB250 for binder courses applied – except those relating to the voids 
ratio and the rate of compaction of the high-modulus asphalt mixtures, since their compositions were specified in the 
specific tender specifications.  For these characteristics of the variants only targets were set, i.e., the same values as 
required for conventional binder courses in asphalt concrete AC-20 type 3. 
 



6. PREPARATION OF THE WORK 
 
Characterization of the existing structure 
 
As a complement to the earlier condition survey for the choice of the test site, at least four core samples were taken per 
test section, to determine the thicknesses and uniformity of the asphalt layers in the existing structure.  This data was 
needed to allow better evaluation of the performance of the test sections after construction. 
 

 
 
Figure 2 : Characterization of the existing structure  
 
Thicknesses 
 
Total asphalt 
surfacing 

Surface course First binder course Surface course + 
first binder course 

274 (260 to 287) 38 (31 to 47) 74 (58 to 93) 113 (99 to 130) 
 
Table 2 :  Average (extreme) thicknesses (mm) in the area with an SMA surface course 
 
Although the dispersion in the individual thicknesses measured was rather wide, the data was still suitable for use where 
necessary in interpreting the performance of the test sections. 
 
Analyses 
 
The analysis of the materials situated between 5 and 12 cm below the surface confirmed a clear difference in 
composition between the binder courses in the SMA area (aggregate size: 0/20) and those in the PA area (aggregate 
size: 0/14).  
In both areas (SMA and PA) the materials between -5 and -12 cm were fairly homogeneous and, therefore, suitable for 
recycling.  
Implications for the project 
 

 Because of the variation in thickness of the surface course, care was taken to mill away the top 50 mm in a first 
pass of the machine, to make sure that the entire layer was removed.  This was necessary to preserve the 
quality of the RA to be reclaimed from the underlying layer. 

 The milling depth in the second pass was maintained at 12 cm, as originally planned.  This resulted in (locally) 
leaving a maximum of 1 cm of the existing first binder course in place.  It would probably have been better to 
remove all the residues of the existing course, but on the other hand we did not wish to increase the thickness 
of high-modulus asphalt (9 cm) provided for in the design of the new structure. 

 The 0/20 RA from the SMA area was used in the reference variant (section 1), whereas from the 0/14 material 
under the PA was recycled in the high-modulus asphalt mixtures. 



 In view of the amounts of RA required in the various high-modulus asphalt mixtures, it was decided to extend 
the area for extracting RA to the portion of the second traffic lane next to the last section (No. 10) of the test 
site. 

 
Finalization of the completion schedule and discussion of the details of execution 
 
As soon as the contractor had been designated as a result of a limited tendering procedure, several meetings were held 
not only with the contractor and the administration, but also with the suppliers of the binders.  This enabled the partners 
to finalize the completion schedule while allowing the necessary time for the various measurements and tests.  
The discussions on the details of execution were concluded with success as well.  Among the topics discussed were the 
asphalt production procedure, the temperature ranges to be observed in manufacturing, laying and compacting the 
mixtures, and the compaction procedure. 
 
7. COMPLETION OF THE WORK 
 
Operation Date 
Closing of the site to traffic (laying out of the sections) 3/4/06 
Milling of the surface course (down to -5 cm) 4 and 5/4/06 
Milling of the underlying course (down to -12 cm) 5/4/06 
Local repair of surfaces exposed by milling (at level -12 cm) 6/4/06 
Application of the tack coat at level -12 cm 7/4/06 
Laying of high-modulus asphalt mixtures (+ reference mixture) in sections 1 to 4 10/4/06 
Laying of high-modulus asphalt mixtures in sections 5 to 8 11/4/06 
Laying of high-modulus asphalt mixtures in sections 9 and 10 12/4/06 
Application of the tack coat at level -3 cm 18/4/07 
Laying of the surface course in SMA 19/4/06 
Measurements on the surfacing (evenness, skid resistance, … ) + road markings 20/4/06 
Opening to traffic 21/4/06 
 
Table 3 :  Timing of the main stages in the completion of the work 
 
Thanks to good organization and to relatively mild weather conditions, the work could be completed sooner than 
required in the special tender specifications.  This reduced the disruption to road users even further. 
 
Milling of the existing surfacing 
 
Milling was performed in two passes.  In the first, the surface course was removed to a depth of 5 cm; in the second, the 
binder course to a depth of 12 cm.  Milling was followed immediately by dry brushing.  At the lower level (-12 cm), the 
exposed surface was subsequently jetted with pressurized water (200 bars).  After this treatment, it could be considered 
as clean. 
 
In removing the existing binder course, care was taken to keep the millings intended for recycling in the high-modulus 
asphalt mixtures strictly separated from those to be recycled in the AC-20 type 3. 
 
A visual inspection was made after cleaning.  Several patches of loose or still bonded material (residues of the overlying 
layer) were found in the area of the future sections 1 and 2.  An additional pass of the milling machine (1 cm deep) was 
decided.  This extra treatment reduced the problem, but did not solve it completely.  The protruding edges of the 
remaining patches were prodded with a shovel, to remove any loose parts.  It was decided to leave the remaining parts 
of the patches in place, as they were sufficiently bonded to the substrate. 
The rest of the milled surface could be considered as sound – except for a few cracks, the widest of which were sealed.  
 
Milling depths and the texture of the milled surfaces were checked and proved to meet the requirements. 

 
 

 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 :  Vues of the work site 
 
Manufacture of the high-modulus asphalt mixtures 
 
The mixtures were produced in a batch mixing plant.  The weighing of the materials for each batch was given extra 
attention.  This among other things allowed corrective action for binder content, which was falling a little short of the 
targeted (required) value for three of the four bitumens; apparently the settings of the binder feed pump were not 
optimally adjusted to these harder bitumens.  The temperatures reached (outlet of dryer drum, binder and mixture) were 
carefully monitored as well.  Batches exceeding the temperature range specified by the supplier of the bitumen were not 
transported to site. 
 
Laying of the binder courses (high-modulus asphalt mixtures and reference) 
 
A tack coat (bitumen emulsion not sticking to vehicle tyres) was applied at least 12 h before the mixtures were laid. 
 
Spreading 
 
The asphalt mixtures were spread with a conventional finisher. 
The following items were checked or measured for each lorry: delivery tickets, temperatures, the time of delivery, and 
the location and thickness (before rolling) of the layer. 
Hardly any interruptions were recorded during spreading. 
The average travelling speed of the finisher was 5.5 m/min. 
The tack coat was not damaged by the delivery lorries. 
 
Temperatures 
 
 Section 1 

(reference) 
Sections 2 to 10 (high-modulus asphalt) 

 Average Average Max. Min. 
Tipping 175 182 194 170 
Spreading 173 179 190 163 
First pass of roller 166 174 185 163 
 
Table 4 : Mix temperatures measured (°C) 
 
Air temperature during the three days of spreading ranged between 5 and 12.5 °C. 
 



The first pass of roller was sometimes slightly postponed, to allow mix temperature to drop below the upper limit 
specified by the supplier.  However, most suppliers did not object to this limit being exceeded. 
 
Rolling 
 
Compaction was performed with a pneumatic-tyred roller and a tandem roller fitted with a horizontal vibration system. 
 
The compaction schedule suggested by the contractor included precompaction with the pneumatic-tyred roller and main 
compaction with the vibrating tandem roller (four vibratory passes). 
 
The density measurements made with a gamma ray gauge during and after the laying of the binder courses in the first 
three sections with high-modulus asphalt (sections 2 to 4) suggested very low voids ratios.  This impression was 
confirmed by the close-textured and sometimes fatty aspect of certain sections.  It was, therefore, decided to adapt the 
original compaction schedule by reducing the number of vibratory passes of tandem roller from four to two.  Since no 
real improvement (fattiness, results of gamma density measurements) was obtained in laying sections 5 to 7, it was even 
requested to perform no vibratory passes in sections 9 and 10R (right-hand part).  In section 8 the number of passes was 
deliberately increased to three, as the mixture had a lower binder content.  Two vibratory passes were requested for 
section 10L (left-hand part), to allow comparison with section 10R (no vibratory passes). 
 
Measurements during and immediately after the laying of the high-modulus asphalt mixtures 
 
Density measurements during compaction 
 
On at least one spot per section, bulk density was measured as a function of the number of roller passes, using a gamma 
ray gauge.  Voids ratios were calculated from the measured values and the available values of maximum density.  The 
object was to adjust the compaction procedure where necessary. 
 
The measures made it possible to monitor the development of bulk density as compaction proceeded and, more 
specifically, to detect the moment when maximum density was achieved – as shown in figure 4. 
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Figure 4 : Density measurements on spot 4.2 
 
However, it has not been possible to use the voids ratios calculated from the measurements, owing to a conjunction of 
three factors: 

 failure to consider a correction factor internal to the gauge; 
 the use of an underestimated value for maximum density (obtained by calculation); 
 unknown correlation between bulk densities measured with the gamma gauge and bulk densities measured on 

core samples. 



These factors can nevertheless be controlled on future work sites: the unknown correlation can be replaced with a 
correlation established for a mixture with a similar composition.  It has been proved [2] that voids ratio can be predicted 
with sufficient accuracy in that case. 
 
Aspect of the surface right after laying 
 
Most variants looked fatty at the surface, except variants 8 (poor in binder), 10 (whether the compaction effort had been 
reduced or not) and 2 (sandy skeleton mixture without RA) (see table 1).  The few heterogeneities observed (mostly due 
to stops of the finisher) did not raise any problems. 
Evenness 
 
Ten measurements (five transverse and five longitudinal) with a three-metre straightedge were made in each section, in 
the apparently poorest places.  The results were satisfactory, with individual values not exceeding 5.5 mm. 
Evenness was also measured with the ARAN.  The good results of the measurements with the three-metre straightedge 
were confirmed. 
 
Density measurements upon completion of the courses 
 
Bulk density was measured on ten spots in each section after final compaction, using a gamma ray gauge.  The spots 
were evenly spread over the area of the section, while considering any differences in aspect of the surface (e.g., fatty or 
heterogeneous).  The three spots yielding the lowest and highest bulk densities, respectively, were chosen for core 
sampling.  The results from these six spots were used to establish regressions between bulk density by gamma gauge 
and bulk density on core samples.  These regressions may be useful on other work sites. 
 
Manufacture and laying of the SMA for the surface course 
 
The surface course in SMA was laid simultaneously on the two lanes of the carriageway, with two finishers working 
abreast.  Manufacture and laying were monitored in the same way as for the binder courses. 
 
8. DETERMINATION OF THE CHARACTERISTICS OF THE NEW BINDER COUSES (HIGH-MODULUS 
ASPHALT AND REFERENCE) 
 
Binders 
 
The binders were sampled in the mixing plant while construction was in progress.  Their characteristics were 
determined and compared to those of the binders used in the mix design study [1] and with the values declared by the 
suppliers. 
All conventional characteristics (penetration, ring-and-ball) measured on site were within the ranges specified by the 
suppliers, except the ring-and-ball softening temperature of bitumen 1. 
 
Mixtures 
 
All the high-modulus asphalt mixtures were analysed three times, both by the contractor (hot sample taken during 
manufacture) and by BRRC (upon completion).  The analyses were limited to binder content and the grading of the 
mineral fraction. 
 
The deviation of average bitumen content from the value determined in the mix design study remained within the 
tolerance set in the tender specifications, for all the mixtures.  For high-modulus asphalt this tolerance is ± 0.50 % from 
the design value (three to seven analyses). 
 
Except for the reference AC-20 type 3, the gradings of the various mixtures agreed well with the design values.  No 
percentage passing (or retained) fell outside the tolerances set in the tender specifications. 
 
Courses 
 
The characteristics of the courses were determined on cores extracted from the surfacing (nine per test section). 
  
Thickness and visual inspection 
 

 The thickness of the binder course in each section averages between 90 and 99 mm – except in section 10, 
where the average is only 76 mm. 



 A visual inspection of the lateral surfaces of the core samples reveals that in most of them the binder course is 
homogeneous over its full height.  Some cores have a heterogeneous aspect, mostly owing to the presence of a 
few cavities in the top or bottom centimetres. 

  
Voids ratio and rate of compaction 
 
The voids ratios were determined by hydrostatic weighing.  The results can be found in table 1.  They give rise to the 
following main conclusions: 

 except for the sandy skeleton mixture with RA (section 3), the average voids ratios in all the sections are 
within the permitted range for conventional AC-20 type 3 (> 2 %), albeit in the lower part of it; 

 high-asphalt mixtures with a sandy skeleton: 
o as expected, lower binder content leads to higher voids content (compare sections 2 and 8).  This is 

less clear for sections 2 and 4, with similar measured values of voids ratio; 
o the effect of adding RA is certainly not negligible (for voids ratio) and rather adverse in this case 

(section 3);  
 high-modulus asphalt mixtures with a stony skeleton: the addition of RA has some reducing effect on voids 

ratio (sections 5 and 6), but to a smaller extent than in the high-modulus asphalt with a sandy skeleton (section 
3); 

 the presence of fatty areas or spots seems to be related to voids ratio; 
 a link between the number of vibratory passes of roller and voids ratio can only be made for section 10: voids 

ratio drops by 0.6 % with two additional passes. 
 
The cores exhibiting a difference in aspect between the top and bottom parts were sawn in two.  Bulk density was 
determined again by hydrostatic weighing, on each part.  The voids ratios measured on the entire cores agreed very well 
with the average values of voids ratio measured on the two halves.  It can, therefore, be concluded that high-modulus 
asphalt, even in thick layers, can be evenly compacted to the full depth of the layer provided the compaction effort 
applied is adequate. 
 
The rates of compaction were measured as well.  They all exceed 99 % – except in section 10, where they range 
between 97.4 and 98.7 %. 
 
Resistance to rutting 
 
Resistance to rutting was determined on cores 400 cm² in sectional area, tested at 50 °C as described in ref. 3.  The 
results are given in table 1.  It can be seen that: 

 except in section 10, all high-modulus asphalt mixtures with a normal binder content are below the limit (5 %) 
set for heavily trafficked roads in Belgium; 

 the high-modulus asphalt with a high binder content (section 4) confirms its susceptibility to rutting; 
 adding RA increases susceptibility to rutting: compare sections 3 and 2 and section 6 and 5; 
 except in section 10, the high-modulus asphalt mixtures perform better than the reference AC-20 type 3 

(section 1); 
 the best performance for rutting is obtained with the high-modulus asphalt poor in binder (section 8); 
 the rutting performance of stony (section 2) and sandy (section 5) skeleton mixtures is similar; 
 the binder has (virtually) no effect (sections 5, 7 and 9) – except in the mixture with bitumen 4, which has a 

lower resistance to rutting (section 10). 
As a conclusion from these tests, binder content appears to be the predominant factor in the susceptibility of high-
modulus asphalt to rutting, with the reservation that the mixtures were designed within very narrow limits. 
 
9. MONITORING 
 
Performance monitoring 
 
Performance monitoring focuses on surface condition, longitudinal evenness, and rutting.  Observations and 
measurements are made every six months, i.e., in April and September.  Three series had taken place by the time this 
paper was drafted (April 2006 = initial condition, September 2006, and April 2007). 
 
Visual inspection 
 
No deterioration (cracking, deformation, stripping) has been found so far. 
  



Longitudinal evenness 
 
The CP values (evenness coefficients) for the wavelengths of 2.5 and 10 m, as measured with the APL or the ARAN, 
have hardly changed since construction and remain below the limits (35 and 70) set in SB250. 
 
Rutting 
 
The average rut depths (in mm) in the right-hand wheel path as measured with the ARAN in April 2007 are given 
below. 
 
Section 1 2 3 4 5 6 7 8 9 10 
Rut depth 6.5 2.5 2 3.5 3.5 2 4 2.5 3 4.5 
Table 5 : Average rut depth (mm) 
 
No actual rutting can be reported at this stage.  Nevertheless, it may be noted that all high-modulus asphalt mixtures 
perform better in this respect than the reference AC-20 type 3 in section 1. 
 
Monitoring of traffic and climate factors 
 
Traffic counting loops have been installed in the surfacing on the test site.  They operate continuously and make it 
possible among other things to discriminate between light and heavy traffic. 
 According to the measurements made, the traffic volume on the right-hand lane is 13,500 vehicles/day, including 7,150 
vehicles (53 %) with a length > 5 m. 
 
Temperature gauges have been inserted at different levels in the surfacing (0, -3 and -12 cm) on the hard shoulder for 
emergency use along section 9.  Recording is continuous. 
The histogram below illustrates one of the ways the measured data are processed. 
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Figure 5 : Temperatuurmaxima 
 
CONCLUSIONS AND PROSPECTS 
 
Test sections comprising nine variants of high-modulus asphalt and one reference section with conventional asphalt 
concrete were constructed with success on one of the most heavily trafficked motorways in Belgium.  The variants were 
chosen after extensive research in the laboratory.  Among the parameters tested in the variants are the type of mixture 
(stony or sandy skeleton), the type of binder, binder content, and the addition of recycled materials or not. 
 



The high-modulus asphalt mixtures tried in the test sections have the following characteristics: 
 the basic binder is a hard bitumen or a binder with a positive penetration index; 
 binder content is higher (  5.5 %) than in other asphalt mixtures commonly used in binder courses; 
 they meet specified performance requirements (e.g. class 2 in [4]) among other things for voids ratio and 

resistance to rutting, fatigue and stripping. 
 
In constructing the test sections a number of observations were made which call for attention when using high-modulus 
asphalt, or depart from usual practice in Belgium: 

 because special binders are used, ranges of temperature to be specified by their producers must be observed; 
 the ratio between maximum particle size in the mixture and layer thickness as commonly used in Belgium does 

not apply to high-modulus asphalt.  The experiment showed that high-modulus asphalt of aggregate size 0/14 
could be laid to thicknesses as great as 9 to 10 cm without raising any problems; 

 the mixtures tested were easy to compact with traditional equipment (pneumatic-tyred roller + vibrating roller); 
 compaction temperatures can be higher (+ 10 °C) than on conventional mixtures; 
 the fatty aspect that may appear after compaction does not necessarily indicate overcompaction, which would 

be detrimental to the performance of the course; 
 the values for voids ratio and rate of compacted remained within the ranges usually specified for binder 

courses; 
 although the effort was not very successful when constructing the test sections, later investigations have shown 

that voids ratios can be correctly estimated from gamma ray density measurements during construction; 
 evenness in the sections with high-modulus asphalt was comparable to that of ordinary binder courses; 
 there were no significant differences between high-modulus asphalt mixtures with mix designs differing only 

in binder type; 
 no difference was observed according to the type of skeleton (stony or sandy) of the mixtures used in the test 

sections; 
 one year after construction, all sections were still in perfect condition.  At the utmost a slight tendency to 

rutting could be reported for the reference section. 
 
With the experience gained through four years of research and the successful outcome of the experiment, high-modulus 
asphalt may well become the recommended mixture for base courses of heavy-duty pavements in Belgium.  For that 
purpose, a draft specification was developed with the competent administration in the Flemish Region, for inclusion in 
standard tender specifications SB250 [5]. 
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ABSTRACT 
 
On the E19 motorway between Brussels and Antwerp, large test sections containing nine different high-modulus asphalt 
base courses and one asphalt concrete base course were constructed in April 2006. This paper presents the results of 
the laboratory research program, which preceded the construction. The first goal of the laboratory research was the 
selection of the variants to be applied on the test sections. The variants cover two types of aggregate grading (one with 
sand skeleton and another with stone skeleton), four types of binders, the use of reclaimed asphalt and different binder 
contents. The second goal was to study the impact of mix design and material properties on the performance of high-
modulus asphalt. Therefore, more variants were considered than the ones of the test section. Workability, 
compactibility, resistance to permanent deformation, high stiffness, good fatigue life and limited water sensitivity were 
considered as the essential requirements for a long life durable base course. Performance related laboratory tests were 
carried out to verify these requirements. This paper discusses test results, draws conclusions on the impact of material 
characteristics and mix design on performance and hence provides important knowledge related to the design of high-
modulus asphalt mixes. 
 
Keywords: high-modulus asphalt, stiffness, mixture design, performance testing, reclaimed asphalt pavement (RAP) 
 
1. INTRODUCTION 
 
Today, rutting is still one of the major damage mechanisms on the Belgian highways. In the last years, a lot of attention 
has been given to the application of surface layers with high resistance to permanent deformation. Consequently, the 
origin of rutting has gradually shifted to the sub-layers. Learning also from the experience in other European countries, 
the Belgian Road Research Centre believes that Belgium can make an important progress in the struggle against rutting 
by optimizing the performance of these sub-layers. High stiffness is probably the most important requirement, which 
explains the name “high-modulus asphalt”. 
A 4-year research project was carried out to bring this idea into practice. The project plan covered all steps that had to 
be taken before high-modulus asphalt could be successfully implemented: mix design, laboratory study of the impact of 
material characteristics and mix composition on performance, large highway test sections, constructed with the aim of 
validating the laboratory study, comparing the performance of different variants and acquiring the necessary know-how 
on production and compaction of these mixes and finally, the development of a framework of specifications, in 
cooperation with the road administration.  
The test sections are situated on one of the most heavily trafficked highways in Belgium: the E19 motorway between 
Brussels and Antwerp. The preparation, construction and follow-up of the test sections are described in another paper 
written for this E&E08 conference [1].  
The present paper deals specifically with the mix design and the laboratory study. The scope of the laboratory study was 
larger than the optimization and testing of the mix variants for the test sections. It also covered a more detailed study of 
the impact of other parameters on performance (such as aggregate type, binder content, filler content, percentage of 
reclaimed asphalt pavement and effect of adhesion promotors).  
 
2. SELECTION OF THE VARIANTS 
 
Two families of high-modulus asphalt were considered in the project: one with a stone skeleton and one with a sand 
skeleton. The first one was based on the French mix type EME (Enrobé à Module Elevé), a mix that has already proven 
its efficiency to prevent or delay rutting. A logical approach was to design and test mixes, according to the French 
specifications of EME class 2 [2], with materials that are commonly used in Belgium. The second family of mixes has a 
higher sand content than the French EME, but is also made with the same type of high-modulus binder. The idea to 
investigate this mix type, in comparison with the French EME, came from an earlier laboratory study made by BRRC 
and the Flemish Administration – Department of Mobility and Public Works (MOW). The study had shown that this 
mix type gives good results for fatigue resistance, thanks to the sand skeleton and the low void content, as well as good 
rut resistance. Figure 1 compares the target grading of the two mix families. 
 

 

 
 



 
Figure 1:  Target grading of the high-modulus asphalt mixes  
 
The highway test sections allowed to test and compare ten different mixes. A pre-selection of the most interesting 
variants was made (see table 1), to be further optimized in the laboratory study: 

- The first one is a typical asphalt concrete AC 0/20, the most commonly used type of base course in Belgium. 
This variant served as a reference throughout the study.  

- The following variants are the high-modulus asphalt mixes with sand and stone skeleton, both with and 
without reclaimed asphalt pavement (RAP). Belgium has got a long tradition of re-using large amounts of 
reclaimed asphalt in base courses and also wishes to do so in high-modulus asphalt.  

- Next, there are three variants, which only differ from the fourth variant by the type of binder. The selection of 
the binders followed from an enquiry made with the different bitumen producers that are active on the Belgian 
market. Four of them proposed a high-modulus binder to be used in the project. The binders were subjected to 
empirical tests (Penetration grade and R&B softening point) and to more performance related rheological tests 
(DSR, BBR, DTT, ZSV).  The rheological test results are not discussed in this paper.  Table 2 shows the 
empirical test results of the unaged binders.  

- Finally, the last two mix variants were meant to be respectively more sensitive to rutting and to cracking than 
the other high-modulus variants, but still acceptable. The intention of these two variants was to learn more 
about the long term performance and the most critical types of failure. 

 
variant type binder 
1 AC 0/20 (with 40% of RAP) B50/70 
2 High-modulus asphalt with sand skeleton Binder 1 
3 High-modulus asphalt with sand skeleton (and 25%  of RAP) Binder 1 
4 High-modulus asphalt with stone skeleton Binder 1 
5 High-modulus asphalt with stone skeleton (and 25%  of RAP) Binder 1 
6 High-modulus asphalt with stone skeleton Binder 2 
7 High-modulus asphalt with stone skeleton  Binder 3 
8 High-modulus asphalt with stone skeleton Binder 4 
9 High-modulus asphalt (slightly more sensitive to rutting) Binder 1 
10 High-modulus asphalt (slightly more sensitive to cracking) Binder 1 

Table 1:  Selection of the variants for the test sections 
 

Binder Pen (0.1 mm) R&B (°C) 
1 23 66.4 
2 18 66.0 
3 17 69.8 
4 23 68.6 

Table 2:  Empirical characteristics of the binders (unaged) 



 

3. MIX DESIGN 
 
For the test sections, the contractor had the liberty to choose the mineral aggregate, with the only restriction that it had 
to be limestone, as this is the most commonly used aggregate for base courses in Belgium. The filler had to be natural 
limestone filler. The RAP was provided by the old base course on the highway E19, that was milled before construction 
of the test sections.  
First of all, the following characteristics were measured on the materials delivered by the contractor: 

- on the aggregates: grading and specific mass; 
- on the filler: grading, specific mass and Rigden void content; 
- on the RAP: grading, specific mass, binder content and binder properties (Pen and Ring &Ball softening 

point). 
These characteristics were necessary as input to BRRC’s mix design software PradoWin. The software calculates the 
volumetric composition of the mix from the grading of the dry aggregates and the mix composition. The void content in 
the mineral aggregate is optimized, so that the mix can contain sufficient binder and an appropriate void content. The 
void content of high-modulus asphalt shall be low, in order to obtain a good fatigue resistance and durability. On the 
other hand, it shall not be too low, to avoid the risk of rutting.  
For each mix variant, the void content predicted by the analytical mix design with PradoWin was verified using the 
gyratory compactor. According to the French standard specifications for EME class 2 [2], the void content at 100 
gyrations shall be less than 6%. A lower limit is not specified. In this project, the mix design aimed at a void content of 
2.5 to 4.5% at 100 gyrations. 
In France, the binder content is determined using the method of the “module de richesse, K”. Basically, this method 
specifies that the binder film around the aggregate particles shall be sufficiently thick. The larger K, the richer in binder 
the mix will be. For EME class 2, it is specified that K shall be 3.4.  Making an approximate calculation of the specific 
surface of the dry aggregate mix then allows to estimate a minimum binder content. To verify the mix designs following 
from PradoWin, the minimum binder content was also calculated using this French method. For the mixes with stone 
skeleton, this gave almost exactly the same binder content, while for the mixes with sand skeleton, the binder content 
was larger. That is because the French method overestimates the binder content of mixes containing a high amount of 
finer particles, which is a known limitation of the method. 
Table 3 shows the mix composition of the final high-modulus asphalt mixes for the test sections, as designed with 
PradoWin, and the results in the gyratory compaction test. Only variant 9, designed for higher sensitivity to rutting, has 
a void content lower than 2.5%. The last row also shows the binder content, calculated according to the French method.  
 

variant 2 3 4 5 6 7 8 9 10 
Family sand sand stone stone stone stone stone sand sand 
% RAP (*) 0% 25% 0% 25% 0% 0% 0% 0% 0%
Bitumen Bit.1 Bit.1 Bit.1 Bit.1 Bit.2 Bit.3 Bit.4 Bit.1 Bit.1 
binder content (on aggregate mass) 5.5% 5.5% 5.5% 5.5% 5.5% 5.5% 5.5% 6.1% 4.9%

component Composition (% by mass) 
limestone 8/14 33.0% 27.7% 41.5% 39.2% see  see  see  see  see  
limestone 2/8 20.6% 11.7% 18.3% 13.8% var 4 var 4 var 4 var 2 var 2 
limestone 0/2 30.8% 23.5%              
limestone 0/4     34.1% 16.0%           

course natural sand 5.4% 4.1%              
fine natural sand 5.4% 4.1%              

limestone filler 4.84% 1.86% 6.14% 3.07%           
reclaimed aggregate (from RAP)   27.0%   27.9%           

Sieve size (mm) Grading (% passing by mass) 
20 100.0 100.0 100.0 100.0           
10 80.1 81.1 75.0 74.0           
6,3 60.1 61.5 52.6 49.1           

2 45.1 45.6 31.4 28.6           
0,25 21.6 21.1 11.3 12.3           

0,063 5.2 5.2 6.4 6.2           
Void content at 100 gyrations (%) 2.5 2.6 3.6 3.2 3.6 4.0 3.6 1.8 4.4 

binder content for K=3.4  (French 
method) 5.7% 5.8% 5.4% 5.5% 5.4% 5.4% 5.4% 5.7% 5.7%

(*) 25%  RAP means that the binder consist for 25%  of reclaimed binder  
 
Table 3:  Final mix designs for the test sections 



 
Other mix designs were made with aggregates from a different quarry and RAP from a different source, to study also 
the impact of these parameters and carry out a more detailed laboratory study. 
 
4. ASPHALT PERFORMANCE TESTING 
 
4.1 Compactability 
 
Compactability was verified using the gyratory compactor, according to NBN EN 12697-31. This test also played a role 
in the mix design, which aimed at a void content of 2.5 to 4.5% at 100 gyrations. Figure 2 shows the gyratory curves of 
the variants for the test sections.  
 

 
Figure 2:  Gyratory compaction curves of the variants for the test sections 
 
The general conclusions from all gyratory tests are summarized as follows: 
- Achieving a sufficiently low void content presented no problem for any of the mix variants, so the specification of 

the French standard for EME class 2 (void content  6% ) was largely satisfied. 
- The impact of the binder was studied with the mix with stone skeleton, which was tested with the four different 

binders (variants 4, 6, 7 and 8). The gyratory curves are practically identical. This was to be expected, since the 
gyratory test is only weakly sensitive to the viscosity of the binder, and the four binders are rheologically similar. 

- The binder content has a clear impact on the curves, as for any type of asphalt mix. This is seen in figure 2 when 
comparing variants 9 and 10 to variant 2. 

- For the mix with stone skeleton, adding RAP while keeping the same grading resulted in a mix that was more 
compactable, but also more sensitive to rutting. After adapting the grading to obtain a more rut resistant mix, the 
compaction curve shifted towards the curve of the mix without RAP. For the mix with sand skeleton, adding RAP 
had no impact on compactability. 

- Typically for mixes with stone skeleton, the initial void content is higher than for mixes with sand skeleton. 
 
4.2 Resistance to permanent deformation 
 
Resistance to permanent deformation was measured using the wheel tracking test (large size device), according to the 
European method NBN EN 12697-22. The Belgian road administrations perform the test at a test temperature of 50 °C. 
According to their specifications, mixes with less than 5% proportional rut depth after 30 000 cycles belong to the best 
category.  
Figure 3 shows the results for the ten variants used on the test sections.  
 



 
Figure 3:  Wheel tracking tests on the variants for the test sections 
 
Other mix variants were tested, to obtain a better insight in the effect of the most important parameters. This has lead to 
the following conclusions: 
- Both families of mixes, with sand skeleton or stone skeleton, show a similar and very good resistance to rutting. 
- Although the four variants in binder type (stone skeleton, variants 4, 6, 7 and 8) all had a rut depth well below 5%, 

there were small differences depending on the binder used. The ranking showed a fair correlation with the complex 
modulus G* of the binders.  

- Below a certain threshold, the binder content only has a limited impact on rut depth. However, when the binder 
content goes above that threshold, a rapid increase in rut depth is observed.  This is shown in figure 4 for the case 
of the mix with sand skeleton.  
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Figure 4:  Rut depth as function of binder content for mix with sand skeleton 

 
- While the use of RAP in traditional AC base courses generally leads to an improvement of the rutting resistance, 

this is not always the case for high-modulus asphalt. The reason is that in AC mixes, the old aged binder is much 
stiffer than the new binder. Therefore, adding more RAP leads to a mix with higher stiffness. With high-modulus 
asphalt, the stiffness of the new binder is so high that the opposite effect may occur. Therefore, only RAP with a 
sufficiently stiff binder shall be used in high-modulus asphalt. It was observed that the rut depth of the mix with 
stone skeleton was more sensitive to the addition of RAP than the mix with sand skeleton. Possibly, the angularity 
of the stones plays a more important role in the mixes with stone skeleton, and the angularity is expected to 
decrease when adding RAP. Still, it was feasible to design mixes with 25% of RAP and a proportional rut depth of 
less than 5% .  



 
4.3 Water sensitivity 
 
The water sensitivity of high-modulus asphalt mixtures was evaluated by indirect tensile strength (ITS) measurements 
carried out before and after conditioning in water, using the test method NBN EN 12697-12 in combination with NBN 
EN12697-23.  The indirect tensile tests were performed at 25 °C. Routinely, the test specimens were manufactured by 
roller compaction according to NBN EN 12697-33 by applying the ‘heavy compaction regime’. The water sensitivity of 
the crack sensitive variant was investigated on roller compacted specimens, compacted while applying both the heavy 
as well as the light compaction regime. 
In order to facilitate the interpretation of the test results, the air void content of the test specimens was determined 
according to NBN EN 12697-8. Moreover, the volumetric swelling following the conditioning was measured by 
hydrostatic weighing of the test samples. 
 

 Before conditioning After conditioning 

Variant ITS (MPa) % Air voids ITS (MPa) % Air voids ITS ratio (%) v-% swelling 

1 1.12 ± 0.18 5.8 ± 0.4 0.86  ±  0.02 5.7 ± 0.2 76 ± 7 1.1 ± 0.2 
2 1.90 ± 0.01 3.6 ± 0.2 1.69 ± 0.12 3.5 ± 0.2 89 ± 4 0.2 ± 0.0 
3 1.67 ± 0.05 3.8 ± 0.5 1.48 ± 0.03 3.5 ± 0.5 89 ± 2 0.4 ± 0.0 
4 1.24 ± 0.01 5.8 ± 0.5 1.11 ± 0.09 5.7 ± 0.5 90 ± 4 0.4 ± 0.1 
5 1.28 ± 0.03 3.0 ± 0.7 1.23 ± 0.09 2.7 ± 0.5 97 ± 4 0.1 ± 0.0 
6 1.81 ± 0.09 5.6 ± 0.4 1.67 ± 0.08 5.4 ± 0.3 92 ± 4 0.3 ± 0.1 
7 1.91 ± 0.07 5.1 ± 0.2 2.01 ± 0.09 4.9 ± 0.2 105 ± 4 0.1 ± 0.1 
8 1.43 ± 0.03 6.3 ± 0.4 1.3 ± 0.03 6.2 ± 0.4 91 ± 2 0.6 ± 0.1 
9 1.62 ± 0.08 3.2 ± 0.5 1.51 ± 0.08 3.1 ± 0.3 94 ± 4 0.1 ± 0.1 
10 1.52 ± 0.01 6.4 ± 0.3 1.03 ± 0.08 6.3 ± 0.4 67 ± 3 0.9 ± 0.1 
10* 1.09 ± 0.17 7.4 ± 0.7 0.6 ± 0.09 7.4 ± 0.8 55 ± 7 1.6 ± 0.3 

 
* Test specimens prepared according to the ‘light compaction regime’ (NBN EN 12697-33) 
 
Table 4:  Overview of the water sensitivity of the high-modulus asphalt variants as probed by ITS ratio 
 
The results of the test series performed on the specimens prepared by roller compaction reveal that the ITS ratio is 
excellent (> 89%) for all the high-modulus asphalt variants used in the test sections, except for the crack susceptible 
sand skeleton variant.  With this single exception, this means that the mixtures have very low water sensitivity.  Their 
durability can, therefore, be rated as excellent. 
The significantly higher water sensitivity (ITS ratio: 67%) of the crack susceptible variant can be explained by a less 
effective coating of the aggregates due to the lower binder content (4.9%, as compared to the 5.5%  normally applied in 
the sand skeleton variants), and by the relatively high air void content (6.4%) of the mixture. The higher the air void 
content, the more the mixture is deemed to be exposed to the action of water.  This explanation is confirmed by 
comparing with the water sensitivity of the same crack susceptible variant as determined on test specimens equally 
prepared by roller compaction, but in the ‘light compaction mode’.  A further decrease in ITS ratio (from 67% to 55%) 
was found, in agreement with the increase in air voids content: 6.4% as compared to 7.4%. 
Furthermore, the following findings can be pointed out when analysing the test results in greater detail: 
- The ITS ratio of 76% for the type AC 0/20 reference mixture cannot be rated higher than ‘fair’. Here too, the 

relatively low binder content of 4.6% may provide an explanation. 
- The addition of 25% of recycled asphalt has no adverse effect on the water sensitivity, both for stone as well as for 

sand skeleton mixtures. 
- The swelling values of the test specimens are low (< 0.75 v-%), except for the crack susceptible variant (0.9 and 1.6 

v-%, respectively) and the AC 0/20 reference mixture (1.1 v-%).  These relatively high values are in excellent 
correlation with the higher water sensitivity of these mixtures, i.e., with their respective ITS ratios of 67% (‘heavy 
compaction mode’), 55% (‘light compaction mode’), and 76%. 

- Using the test results as summarized in table 4, an estimate was made of the uncertainty of the measurements. 
Expressed as standard deviation, this uncertainty is about 5% (under repeatability conditions and for the mean of 
two individual measurements). 

 
In a separate paper written for the E&E08 conference [3], the water sensitivity of additional variants of high-modulus 
asphalt will be presented in more detail (e.g. with 40% of RAP). Moreover, the influence of the compaction method 
while preparing test specimens (roller compaction versus impact compaction) will be discussed and related to field 



experiences. Furthermore, an attempt is made to evaluate the failure mode (e.g. adhesive, cohesive,…) from the fracture 
profiles of the test specimens.  
 
4.4 Stiffness 
 
The stiffness modulus was determined at different temperatures (from -20 to 30 °C) and for different frequencies (from 
1 to 30 Hz) by the two point bending test on trapezoidal specimens according to NBN EN12697-26 annex A.  Two 
specimens were tested per mix.  The impact of the following mix parameters on the stiffness modulus was studied: 
- High-modulus asphalt compared to conventional asphalt concrete for base courses 
- Sand skeleton versus stone skeleton 
- Influence of the binder content and type 
- Impact of reclaimed asphalt 
- Performance of the variant with higher sensitivity to cracking  
- Performance of the variant with higher sensitivity to rutting 
Table 5 gives an overview of the results obtained at 15 °C and 30 °C for a frequency of 10 Hz.  Besides the variants 
designed for the test sections, some additional variants with porphyry (mixes 399 and 400) and with limestone from 
another quarry (mixes 446,447 and 450) are shown. The results of the stiffness modulus as a function of temperature for 
a frequency of 10 Hz are also represented in figure 5. 

 

Mix Variant Type skeleton b-content 
(%) 

b-type RAP 
(%) 

E* (15°C,10Hz) 
(MPa) 

E*(30°C,10Hz)
(MPa) 

399  AC 0/14 
(porphyry) 

sand 4.8 50/70 0 11,010 ± 1070 3470 ± 700 

400  High-mod. asph. 
(porphyry) 

sand 5.7 10/15 0 14,770 ± 600 7090 ± 600 

446  High-mod. asph. stone 5.5 3 0 12,740 ± 800 5340 ± 700 
447  High-mod. asph. sand 5.5 3 0 11,860 ± 800 4740 ± 200 
450*  High-mod. asph. stone 5.5 3 40 12,830* 5570* 
495 1 AC 0/20 sand 4.6 50/70 40 12,860 ± 1700 3300 ± 400 
497 9 High-mod. asph. sand 6.1 1 0 11,470 ± 800 4690 ± 80 
498 10 High-mod. asph. sand 4.9 1 0 13,490 ± 300 5690 ± 600 
465 4 High-mod. asph. stone 5.5 1 0 12,350 ± 600 4680  ± 600 
466 2** High-mod. asph. sand 5.3 1 0 13,620 ± 700 5050  ± 100 
472 7 High-mod. asph. stone 5.5 3 0 14,550  ± 30 5670  ± 300 
473 6 High-mod. asph. stone 5.5 2 0 14,600 ± 50 5710  ± 700 
474 8 High-mod. asph. stone 5.5 4 0 14,270 ± 300 5920 ± 400 
505 5 High-mod. asph. stone 5.5 1 25 11,950 ± 100 5420 ± 150 
506 3 High-mod. asph. sand 5.5 1 25 12,070 ± 200 5740 ± 700 
481*  High-mod. asph. sand 5.3 1 25 11,990* 4410* 

Notes:  
 The uncertainties represent the differences between both tested samples 
 All mixes are prepared with limestone, except if mentioned otherwise 
 *Only one sample tested 
 **: This variant is the same as variant 2, except for the binder content (5.3 instead of 5.5%) 

 
Table 5:  Results for the stiffness modulus at 15 °C and 30 °C and for a frequency of 10 Hz  

 
 



 
 
Figure 5: Stiffness modulus as a function of temperature for a frequency of 10Hz  
 
The following conclusions follow from table 5 and figure 5: 
- At high temperatures the stiffness modulus of high-modulus asphalt is considerably higher than that of the 

reference AC-mixes for base layers (399 and 495).  At 15 °C the stiffness modulus of high-modulus asphalt is 
somewhat higher or is comparable to that of the reference AC 0/20. Hence, there is a preference to put 
specifications for stiffness for high-modulus asphalt rather at 30 °C than at 15 °C. This option is however not 
foreseen in the current European specifications (NBN EN13108-1). 

- High-modulus asphalt mixes with sand skeleton have in most of the cases lower high temperature stiffness than 
mixes with stone skeleton.  (mixes 497 and 498 should not be considered is this comparison, as these are the mixes 
that are more sensitive to respectively cracking and rutting) 

- The French specification for EME class 2 (E* 14000 MPa at 15 °C and 10 Hz) is not always attained for the high-
modulus asphalt mixes in table 5.  However, it appears that this limit can be more easily met for high-modulus 
asphalt with stone skeleton than with sand skeleton.  The fact that this specification is not always met, is most 
probably due to the type of stone (limestone) used in the majority of the mixes in this study and the exclusive use of 
stone skeleton mixes in France (see also previous conclusion).  

- An increase of the binder content leads to a reduction of the stiffness modulus (compare mixes 497, 466 and 498). 
- The stiffness modulus of the rutting susceptible mix (497) is one of the lowest of all high-modulus asphalt mixes.  

However its stiffness is still higher than that of conventional AC-bases.  Hence, there is no real risk for a too low 
bearing capacity for high-modulus asphalt compared to conventional AC-mixes for base layers. 

- There are differences depending on the type of binder (compare mixes 465, 472, 473 and 474). 
- Concerning the use of reclaimed asphalt, mixes with equivalent as well as with comparable stiffness have been 

found in this study (the following pairs of mixes with comparable composition can be compared for that purpose: 
mixes 446 and 450, mixes 466 and 481, mixes 465 and 505).  Hence, the performance in stiffness of high-modulus 
asphalt with RAP depends highly on the properties of the RAP and its binder, and the proportion of new and old 
binder.   

 
4.5 Fatigue 
 
Resistance to fatigue was determined at 15°C and 30 Hz according to the BRRC-method [4]. This test method differs 
slightly from NBN EN12697-24 (annex A) : the dimensions of the samples are different and larger in the BRRC-test.  
The test is stress controlled whereas NBN EN12697-26 uses strain controlled mode. Hence, the results cannot be 
directly compared to the values foreseen in NBN EN13108-1, neither to the French specifications.   
The influence of the following mix parameters was studied: 
- High-modulus asphalt versus conventional AC-mixes for base layers 
- Sand skeleton versus stone skeleton 
- Influence of the binder content and type 



- Impact of reclaimed asphalt 
- Performance of the variant which is supposed to be more sensitive to cracking 
The mixes with their main differences in mix composition and with their results are given in table 6. The fatigue curves 
are represented in figure 6. 

 

Mix variant Type skeleton b-content 
(%) 

b-type RAP 
(%) a 6 

( strain) 
N 

strain 

399  AC 0/14 
(Porphyry) 

sand 4.8 50/70 0 0.173 57 14200 

400  High-mod. asph. 
(Porphyry) 

sand 5.7 10/15 0 0.112 845 43800 

446  High-mod. asph. stone 5.5 3 0 0.156 123 1197300 
447  High-mod. asph. sand 5.5 3 0 0.137 131 1918000 
450  High-mod. asph. stone 5.5 3 40 0.146 120 1007000 
495 1 AC 0/20 sand 4.6 50/70 40 0.135 69 17600 
498 10 High-mod. asph. sand 4.9 1 0 0.123 107 397200 
465 4 High-mod. asph. stone 5.5 1 0 0.118 121 1043400 
466 2** High-mod. asph. sand 5.3 1 0 0.146 131 1831300 
472 7 High-mod. asph. stone 5.5 3 0 0.159 111 606800 
473 6 High-mod. asph. stone 5.5 2 0 0.129 102 286400 
474 8 High-mod. asph. stone 5.5 4 0 0.137 116 772700 
505 5 High-mod. asph. stone 5.5 1 25 0.104 117 788200 
506 3 High-mod. asph. sand 5.5 1 25 0.142 118 910300 

481*  High-mod. asph. sand 5.3 1 25 / / 875200 
Notes:  
 All mixes are prepared with limestone, except if mentioned otherwise 
 *Only three samples tested for this mix (initial strain was 120 microstrain) 
 **: This variant is the same as variant 2, except for the binder content (5.3 instead of 5.5%) 

 
Table 6:  Mixes considered in the fatigue study and fatigue results: slope a, initial strain for failure at 1 

million loading cycles ( 6), and number of cycles at failure corresponding to an initial strain of 
120 microstrain (N  120 strain) 

 

 
Figure 6:  Fatigue curves 

 
 
 



The following conclusions follow from figure 6 and table 6: 
- All high-modulus asphalt mixes show a better resistance to fatigue than the conventional AC-mixes for base 

courses (399 and 495). 
- An increase in binder content leads to a higher resistance to fatigue (compare 466 to 498 and 481 to 506 ) 
- Mix 498 (variant 10, designed for higher sensitivity to cracking) belongs to the worst performing mixes for fatigue.  

However, it performs better than the conventional AC-mixes for base layers.  High risks are therefore not to be 
expected. 

- High-modulus asphalt with porphyry performs less in fatigue than high-modulus asphalt with limestone.  
Limestone is known to adhere better to bitumen than porphyry. The adhesion of the aggregate to the bitumen seems 
very important for the resistance to fatigue: the better the adhesion, the better the resistance to fatigue.   

- High-modulus asphalt with sand skeleton performs better in fatigue than high-modulus asphalt with stone skeleton. 
(mix 498 may not be considered for this comparison, because this is the crack sensitive variant with much lower 
binder content). 

- There are differences depending on the binder used (compare mixes 465, 472, 473 and 474). 
- Concerning the use of reclaimed asphalt, mixes with equivalent as well as with reduced fatigue performances have 

been found in this study (the following pairs of mixes with comparable composition can be compared for that 
purpose: mixes 446 and 450, mixes 466 and 487, mixes 465 and 505.  Hence, the fatigue performance of high-
modulus asphalt with RAP depends highly on the properties of the RAP and its binder, and on the proportion of 
new and old binder.   

 
5. CONCLUSIONS 
 
A laboratory research program was carried out with the aim of studying high-modulus asphalt mixtures for base 
courses. The impact of various parameters, such as grading (sand skeleton versus stone skeleton), binder type, binder 
content and the use of reclaimed asphalt, was investigated. The laboratory study was the basis for the selection of the 
ten variants which were placed on the test sections on the E19 highway between Brussels and Antwerp [1]. 
The mixtures were designed using BRRC’s PradoWin software, combined with gyratory testing to optimize the void 
content. All variants, except the one designed for higher sensitivity to rutting, had a void content between 2.5 and 4.5% 
at 100 gyrations. For the mixes with stone skeleton, this design procedure lead to the same binder content as the French 
method based on the “module de richesse”.  
Although the four binders used in this project all satisfied the requirements, the type of binder has some effect on the 
performance characteristics.  
Reclaimed asphalt can be used in high-modulus asphalt without adversely affecting performance, depending on the 
characteristics of the RAP. For the test sections, the amount of RAP was limited to 25 %, but the laboratory tests 
showed that up to 40 % could be used. This conclusion can not be generalized for any type of RAP, since the 
performance characteristics of high-modulus asphalt with RAP depend on the properties of the RAP and its binder.   
The improved stiffness of the high-modulus asphalt, compared to the reference AC, is clearly seen at temperatures at 
elevated service temperatures (e.g. at 30 °C). However, the French specification for EME class 2 (E* 14000 MPa at 15 
°C and 10 Hz), is not always satisfied. This is probably due to the type of stone (limestone) used in this study, since the 
mix variant with porphyry showed a stiffness well above 14000 MPa. Also, it should be noted that the mixes with sand 
skeleton are in general less stiff than the mixes with stone skeleton and the French EME class 2 is a mix with stone 
skeleton. This explains why the mixes with sand skeleton have more difficulties to attain the value of 14000 MPa. 
While the high-modulus asphalt mixtures with stone skeleton show a higher stiffness, the mixtures with sand skeleton 
perform better in fatigue. Also, the mixtures made with limestone have a better fatigue resistance than the mixtures 
made with porphyry stones. The high-modulus mixtures with sand skeleton and limestone aggregates are thus the best 
performing mixtures in fatigue testing.  
The main conclusion of this study is that high-modulus asphalt mixtures, with either sand skeleton or stone skeleton, are 
capable of combining high resistance to rutting with low water sensitivity, high stiffness and good fatigue resistance. 
The most important requirements for a durable base course are thus fulfilled. 
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ABSTRACT 
 
Over the last decade there has been a general trend in the UK to use progressively stiffer base materials, due to their 
expected ‘long life’ performance.  However, recent concerns over the durability of these materials have led to the 
introduction of high modulus asphalt with higher binder content, originally developed and used in France, known as 
Enrobé à Module Élevé class 2 (EME2).  Although the performance of EME2 has been documented in France, there is 
little UK experience of the material, in particular relating to its 'buildability' and durability.  Therefore, the early sites 
with EME2 are being monitored in order to ensure that the anticipated benefits are actually being achieved.  The 
assessment of EME2 will help to contribute to the longer life of road materials, with better value for money, reduced 
need for maintenance and improved sustainability.  Any extension of the life of asphalt roads will increase the time 
intervals between maintenance, with benefits to the road user in terms of reduced congestion, and improved safety.  The 
results from the early sites are reviewed to show the actual performance achieved on site by a range of contractors with 
this base material. 
 
Keywords: compaction, durability, heavy-duty pavements, mixture design, physical properties 
 
1. INTRODUCTION 
 
The Highways Agency is re-investigating the potential advantages of using high modulus asphalt materials on UK 
pavements despite the unsatisfactory experience of the initial use during the mid to late 1990s [1].  The re-investigation 
has been prompted based on the continued success the French have experienced with these materials. 
The failure in the UK in the use of these materials was identified as being mainly due to the use of too low binder 
contents, inappropriate aggregate gradation and a failure to realise the materials specific compaction and laying 
requirements. 
The re-introduction is mainly based on the high modulus asphalt material referred to as class 2 Enrobé à Module Élevé 
(EME2) in France, where it was developed [1].  The intention was to translate the French specification as exactly as 
possible into a UK context, including requirements for Richness modulus, Duriez test and large-size wheel-tracker.  
Given the past experience in the UK, the relative success of the pilot projects is of high importance to the Highways 
Agency.  As a result of this history, there is a need to carefully monitor and evaluate the performance of this newly 
formulated high modulus asphalt to ensure that the anticipated benefits shown by the French are being achieved in the 
UK. 
A framework has been developed to facilitate a consistent review of the different sites.  The following elements are 
commented on: 
 A review of the mixture design. 
 Compaction temperatures and weather conditions, incorporating any comments from the Contractor’s Construction 

Report. 
 An assessment of the material performance, including mixture design data, site data and the relevant specification 

requirements. 
 In some cases detailed visual inspections undertaken from the hard shoulder (including video footage). 
 In some cases Falling Weight Deflectometer (FWD) testing and subsequent back analysis. 

It is anticipated that the EME2 sites will be monitored on an annual basis.  Hence, data from future years will augment 
the data already obtained.  The testing programme will be reactive in that, if the pavement starts to exhibit a certain 
mode of damage, the testing programme and evaluation will be realigned to focus on the problem. 
In the following sections, not all the data collected on the sites are given in full or even summary due to limitations of 
space. 
 
2. SITE A 
 
A section of two lane dual carriageway was laid with proprietary binder course and surface course materials in 
September 1998.  The proprietary binder course material was a version of EME2 that was developed in France when a 
modified version of EME1 was being used by others in the UK.  As such, this site is believed to be the earliest use of 
EME2 in the UK.  The construction was limited to the nearside lane of one carriageway and had required the planing of 
a 900 m stretch of material prior to laying the binder course material.  The surface course was applied over a greater 
length of the lane.  
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The site was visited in May 2007, when it was assessed visually as Acceptable.  Although the visual condition is that of 
the surface course and not the binder course, the cracking was all in the offside lane with none on the nearside lane 
where the proprietary binder course had been laid. 
Eight 100 mm diameter cores were extracted from the site in May 2007 and the binder course tested for indirect tensile 
stiffness modulus (ITSM) at 20 ºC [2] to give results having considerable scatter, ranging from 1.7 GPa to 6.4 GPa with 
an average of 4.9 GPa. 
An FWD survey was also carried out.  The key deflection parameters have been presented as profiles against the 
running site chainage.  Higher deflections indicate relatively poorer pavement performance and/or thinner construction, 
with deflection ‘peaks’ indicating areas of distress.  For the purposes of interpretation, key deflection parameters, d1, 
d1-4 and d6 are used to indicate the performance of the pavement layers as shown in Figure 1. 
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Figure 1: Falling Weight Deflectometer results from Site A 
 
The deflection parameters derived from the FWD data show very high variation peaks, indicating the structurally poor 
condition of the pavement.  The main areas of concern are where the d1 values are more than 200 m, especially from 
chainages 0 to 100 m and from 400 m to 550 m.  Deflection difference (d1-d4) relates to the condition of the bound 
pavement layers and generally follows d1.  This deflection parameter was generally quite high at many locations 
(between 100 m and 150 m), indicating that the bound layer is in poor condition.   
Deflection d6 is an indication of the sub-grade/foundation condition and can be seen to be fairly uniform.  However, it 
does follow the trend of d1 deflections peaks at 0 to 50 m and at 425 m to 500 m chainages, indicating the possibility of 
a poor/reduced foundation support which may be the cause of the higher deflections. 
 
3. SITE B 
 
The site forms part of a motorway contract that was initially constructed using a high modulus asphalt (HMB15) and 
completed in 2000.  The high modulus asphalt developed significant cracking and structural problems soon after 
construction.  
In December 2005, the surface course and 90 mm of the binder course were planed out on two 200 m sections and 
replaced with 0/14 mm EME2.  One section (Area 1) had a granular sub-base and the other section (Area 2) had a 
capping layer consisting of lime stabilised soil; the granular sub-base section could therefore act as a control to isolate 
the effect of the lime capping layer. 
The 0/14 mm EME2 was designed to NF P 98 140 [3] with limestone aggregate, limestone filler and 10/20 grade 
bitumen as the constituent materials.  A proprietary bond coat was applied to the surface of the EME2, followed by a 
proprietary thin surface course using 0/14 mm nominal size aggregate and polymer-modified bitumen. 
The inputs available thus far from the test regime adopted comprise of: 
 Volumetrics and composition (Table 1). 
 Binder properties (binder penetration and softening point). 
 Compaction temperature and weather conditions. 
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 Performance data including bulk density, air voids content, ITSM [2], vacuum repeated load axial test (VRLAT) [4] 
results and wheel-tracking results using the large-size device [5] – Tables 2 and 3). 

 Interfacial bond strength (Leutner shear test – Table 4) and visual assessment of bond. 
 FWD back calculated stiffness for the EME2 layer. 
 Site comments. 

 
Table 1: Site volumetrics for EME2 on Site B 
 

Results Property Design Area 1 Area 2 
0/14 mm EME2 

Specification Remarks 

Gradation All within specification  6.3 mm sieve result was lower than that 
of design target 

Binder content (%) 5.3 5.6 5.8  5.4  
Richness modulus (K) 3.42 3.43 3.46  3.4  
 
Table 2: Site mixture characteristics for EME2 on Site B 
 

Results 
Property Units Mixture 

Design Area 1 Area 2 0/14 EME2 Specification 

Bulk density (Mg/m3) – 2.424 2.413 – 
Air voids content * (%) 4.9 0.8 1.1  6.0 
Water sensitivity [6] (%) 0.92 – –  0.75 
ITSM @ 20 ºC (GPa) – 5.94 6.41  5.5 
Strain in VRLAT (%) – 2.12 1.97 Class 1  1.5  &  Class 2  1 
Strain rate in VRLAT ( /cycle) – 1.87 2.22 Class 1  1  &  Class 2  0.7 
* Although durable & impermeable, could indicate a potential rutting problem. 
 
Table 3: Laboratory wheel-track rutting test results for EME2 on Site B 
 

Results Property Units Specimen 1 Specimen 2 
0/14 EME2 

Specification 
Bulk density (Mg/m3) 2.385 2.395 – 
Maximum theoretical density (Mg/m3) 2.488 – 
Air voids content (%) 4.1 3.7 – 
Test temperature (ºC) 60 60 – 
Average specimen thickness (mm) 102.4 101.3 70 – 130, min. 60 
Proportional rut depth: @ 1000 cycles (%) 3.2 2.6 – 
 @ 3000 cycles (%) 4.0 3.5 – 
 @ 10000 cycles (%) 4.9 4.2 – 
 @ 30000 cycles (%) 5.6 5.0 – 
Average Proportional rut depth @ 30000 cycles (%) 5.3  7.5 
 
Table 4: Site Leutner shear test results for EME2 on Site B 
 

Results Leutner Shear Test Units Area 1 Area 2 Remarks 

Load (kN) 27.1 19.8 
Peak shear stress (PST) (MPa) 1.46 1.06 
Displacement at PST (mm) 1.70 0.90 
Max. shear stiff. modulus (MPa/mm) 1.15 1.29 

Shear test to observe bond between EME2 & 
underlying HMB15; Suggested peak shear stress  1 
(Indicates strong bond based on research data) 

 
The compaction temperature using the conventional thermocouple thermometers showed that the temperatures achieved 
were satisfactory.  It was even suggested that the initial compaction temperature could be lower to avoid the occurrence 
of ‘fatting up’.  Meanwhile, the thermal imaging camera (TIC) temperatures, which were consistently lower than those 
recorded using thermocouple thermometers, indicated that the roller’s steel drum had a dramatic effect in cooling the 
surface of the EME2 material.  This difference was probably due to the temperature gradient which occurs between the 
surface (recorded by the TIC) and the core of the mat. 
The air voids content achieved on site was extremely low (approximately 1 %), well within the requirement [1] of less 
than 6.0 %, which suggests that the material will be relatively impermeable and was readily compacted.  The ITSM 
results showed that the stiffness achieved was satisfactory (average 6.2 GPa) as both areas achieved values greater than 
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the required 5.5 GPa [1].  However, the VRLAT test results indicated that the EME2 core specimens from both areas 
failed to comply with the requirements for strain and strain rate by a significant margin.  The low air voids content may 
be a detrimental factor with respect to permanent deformation performance.  This divergence highlights a possible area 
for concern. 
Wheel-tracking tests conducted on two specimens, manufactured to conform to the trial design, indicated an average 
proportional rut depth of 5.3 % after 30,000 cycles, less than the specified limit of 7.5 %, despite being greater than the 
3.3 % achieved during the mixture design procedure.  The apparent difference in permanent deformation resistance 
observed between the VRLAT and wheel-tracking tests may be due to the difference in air voids content (VRLAT 
specimens' average of 1 %, wheel-tracking specimens' average of 3.9 %) and/or the method of specimen preparation 
(VRLAT specimens were from site whilst wheel-tracking specimens were laboratory manufactured). 
The Leutner shear test results indicated that a strong bond existed between the EME2 and high modulus base (HMB15) 
material based on the assumption that a minimum shear strength value of 1 MPa is considered appropriate. 
The 50th percentile stiffness modulus at 20 ºC was calculated from back analysis of the FWD data as 10 GPa for Area 1 
and 16 GPa for Area 2.  The high stiffnesses encountered in Area 2 were presumably due to the stabilised capping layer. 
A pre-construction site inspection describing the deterioration of the road and a post-construction site inspection were 
undertaken.  The post-construction site inspection revealed no visible defects. 
 
4. SITE C 
 
A length of 2130 m of EME2 was laid in lane 1 of one carriageway of a major motorway in February 2006.  The inlay 
construction operation involved planing the surface course and 70 mm of the binder course and replacing it with a 65 
mm layer of 0/14 mm EME2 and a surface course.  The 0/14 mm EME2 was designed to NF P 98 140 [3] with 
component materials of Mountsorrel aggregate, 2% filler and 10/20 grade bitumen.  Additional material used consisted 
of a surface layer and bond coat. 
The inputs available thus far from the test regime adopted comprise of: 
 Volumetrics and composition (Table 5). 
 Binder properties (binder penetration and softening point) 
 Compaction temperature and weather conditions 
 Performance data including air voids content, ITSM [2], percentage refusal density and RLAT/VRLAT results [4] 

(Tables 6 and 7) where RLAT is the repeated load axial test without vacuum confinement. 
 Interfacial bond strength (Leutner shear test – Table 8) and visual inspection of bond. 
 FWD back calculated stiffness in accordance with HD 29/94 [7]. 
 Site comments. 

Compositional analysis undertaken on site sample materials indicated that the binder content and aggregate gradation 
were generally within the required tolerances.  However, there were concerns regarding the Richness Modulus, K, due 
to the relatively high fines content and relatively low binder content.  Also, the penetration and softening point values 
(not quoted here) had a wider range than would normally be expected, although it was suspected that this variability 
was due to problems with the test method rather than the source bitumen. 
The average air voids content (determined from site cores) would be considered low (mean 4.2 %).  However, cores 
taken from close proximity to the unrestrained edge had much higher air voids content (mean 7.8 %), thus failing to 
meet the requirement of 7 % near joints ( 6 % elsewhere in the mat). 
Visual inspection of the cores suggested that the bond requirement between the EME2 and the underlying layer had 
been met with 46 out of the 48 cores remaining intact and all six of the 300 mm diameter cores remaining intact.  The 
average peak shear stress of the cores tested using the Leutner test method was approximately 1 MPa. 
The FWD back analysis modelled the road construction as a three layer construction: 
- 65 mm upper asphalt layer (surface course and EME2) 
- 265 mm lower asphalt layer  
- Foundation layer 
 
Table 5: Site volumetrics for EME2 on Site C 
 

Property Units Design Results 0/14 EME2 Specification 
Maximum density (Mg/m3) 2.34 2.447 – 
Gradation @ 0.063 mm sieve (%) within range 8.7, 9.1, 9.3 5 – 9 
Gradation @ other sieve sizes (%) All within range – 
Binder content (%) 5.6 5.4, 5.2, 5.4 *  5.4 
Richness modulus (K)  3.47 Not calculated †  3.4 
* Satisfactory – when considering the 0.3 % tolerance allowed. 
† No data on the required aggregate gradation at the 0.315 and 0.08 mm sieve size or the aggregate density in order to 

undertake the calculation. 
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Table 6: Site mixture characteristics for EME2 on Site C 
 

Property Units Mixture 
Design Results 0/14 EME2 

Specification Remarks 

Air voids content:      

 Overall (mean) (%) 4.3 4.2  6.0 Range 1.9 % to 9.1 %, 
standard deviation of 2.2 %. 

 Average wheel-track (%) – 4.4  6.0 4 samples from restrained edge, 
4 samples from unrestrained edge. 

 Unrestrained edge (mean of 3) (%) – 7.8  7.0 High air voids content 
 Restrained edge (mean of 3) (%) – 3.0  7.0 Low air voids content 
 Middle of mat (mean of 4) (%) – 2.2 – Low air voids content 
Water Sensitivity [6] (%) 0.86 – –  

ITSM @20 ºC (mean of 18) (GPa) – 7.5  5.5 Equates to a design stiffness of  
c.9.0 GPa 

RLAT (mean of 3)  
Strain (%) – 1.1 –  
Strain rate ( /cycle) – 0.8 –  
VRLAT (mean of 3)  

Strain (%) – 0.7 Class 1  1.5
Class 2  1  

Strain rate ( /cycle) – 0.7 Class 1  1  
Class 2  0.7  

 
Table 7: Laboratory rutting test results for EME2 on Site C 
 

Proportional rut depth Units Mixture Design 0/14 EME2 
Specification Remarks 

Depth @ 1000 cycles (%) 2.68 –  
Depth @ 3000 cycles (%) 3.26 –  
Depth @10000 cycles (%) 3.70 –  
Depth @30000 cycles (%) 3.82  7.5  
 
Table 8: Site Leutner shear test results for EME2 on Site C 
 

Leutner Shear Test Units Results 0/14 EME2 
Specification Remarks 

Load (kN) 11,1, 17.9, 20.1 – 
Peak shear stress (MPa) 0.61, 0.97, 1.36 – 
Displacement at PST (mm) 1.4, 2.2, 1.8 – 
Max. shear stiff. modulus (MPa/mm) 0.46, 0.61, 0.97 – 

Shear test to observe bond between 
EME2 & underlying HRA.  Average 
peak shear stress of marginally under 
1 MPa.  Results suggest variability of 
bond strength. 

 
Table 5.2 of HD 29/94 [7] states that “No attempt shall be made to model any layers less than 75 mm thick in a single 
layer”.  However, because the performance of the EME2 is of principal interest, it was modelled as a 65 mm thick layer; 
the resulting correlations achieved from the back analysis were deemed acceptable (representing an improvement over 
treating the asphalt as a single entity of 330 mm layer thickness).  The FWD back analysis for the EME2 layer 
calculated a 50th percentile stiffness modulus of 11.5 GPa at 20 ºC.  HD 29/94 [7] states the following regarding 
correlation between FWD and ITSM: “As an approximate guide, ITSM values at 20 ºC should be multiplied by 1.5 to 
allow comparison with FWD derived bituminous layer stiffnesses at 20 ºC”, with which the ITSM and FWD back 
analysis stiffness moduli are consistent.  The design stiffness modulus for EME2 provided in HD 26/06 [8] for use in 
analytical design is 8 GPa, taking into account factors such as deterioration and gain in stiffness over time. 
 
5. SITE D 
 
In March 2006, 480 m of the nearside lane of one carriageway of a major motorway was planed out and replaced with 
0/14 and 0/20 EME2 mixtures at a target nominal compacted thickness of 90 mm and 110 mm, respectively.  The two 
EME2 mixtures met the requirements of the UK specification for EME2.  The underlying material is thought to be a 28 
mm dense bitumen macadam (DBM).  A proprietary bond coat was sprayed onto the surface of the newly laid EME2 
material.  The vertical joints were also painted with hot bitumen.  The surface course consisted of a proprietary 0/14 
surface course mixture, laid at a thickness of 35 mm. 
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The inputs available thus far from the test regime adopted comprise of: 
 Volumetrics and composition (Tables 9 and 10). 
 Binder penetration and softening point. 
 Temperature and weather conditions. 
 Performance data including bulk density, air voids content and ITSM [2] (Table 11). 
 Visual assessment of bond. 
 Site comments. 

 
Table 9: Site volumetrics for EME2 on Site D 
 

Results Property 0/14 mm 0/20 mm 0/14 EME2 Specification 

Gradation all within EME2 specification range – 
Target binder content (%) 5.7 5.3  5.4 & 5.2 
Richness modulus (K) 3.61 3.45  3.4 
 
Table 10: Design mixture characteristics for EME2 on Site D 
 

Design results Property Units 0/14 0/20 
0/14-0/20 EME2 

Specification 
Combined aggregate density (Mg/m³) 2.672 2.697  
Maximum mixture density (Mg/m³) 2.447 2.481  
Air voids content (%) 4.4 3.3  6.0 
Compaction (PCG) (gyrations) 100 120  
Water sensitivity [6] (%) 0.89 0.89  0.75 
Proportional rut depth @ 60 ºC after 30000 cycles (%) 2.6 2.6  7.5 
Fatigue properties @10 ºC, 25 Hz ( /1000000 cycles) N/A* 157  130 
* Because richness modulus, K, is > 3.6. 
 
Table 11: Site measurements for EME2 on Site D 
 

Design results Property Units 0/14 0/20 
0/14-0/20 EME2 

Specification 
Maximum density (Mg/m³) 2.472 2.478  
Bulk density (Mg/m³) 2.320 2.347  
Air voids content:     
 Wheel-track zone 1 (%) 6.8 *  4.3  
 Wheel-track zone 2 (%) 4.1 6.2 4.8 5.3  6.0 for wheel-track zone 

 150 mm from longitudinal joint (%) 7.6  6.8   
 25-50 mm from joint (%) 8.9 7.8  7.0 close to joint 
 By nuclear density metre (%) 5.5 (4.1 – 8.5) 5.4 (2.7 – 8.8)  
ITSM @ 20 ºC (GPa) 6.6 (5.9 – 8.2) 7.7 (6.8 – 8.4)  5.5 
* Taken from the first load. 
 
The aggregate gradation of the two mixtures at the design and pilot stage met the specification.  The target binder 
contents for the 0/14 and 0/20 EME2 mixtures (5.7 % and 5.3 %, respectively) were higher than those achieved in 
production (5.3 % and 5.0 %, respectively).  However the resultant mixture was within specification, allowing for the 
production limits specified ( 0.3 % below, 0.6 % above). 
Both the delivery and rolling temperatures indicated that the temperatures achieved were on the higher side of the 
specification.  However, there is no indication to show that these temperatures caused any undue problem, with the 
rolling temperature of 0/14 EME2 having actually fallen to 130 ºC near completion, whereas the specification states that 
“compaction must be substantially completed before the temperature falls below 140 ºC”.  The weather conditions 
during the laying of both sections (0/14 and 0/20 EME2 mixtures) were favourable with dry conditions prevailing 
throughout the work. 
The air voids content of both mixtures at the design stage meet the specification of being less than 6 %.  However, the 
air voids content of the cores from both pilots indicated variability.  In addition, the air voids contents from cores taken 
close to the joints averaged 8.4 %, which exceeds the maximum allowable of 7 % at joints.  The degree of compaction 
achieved on this site was significantly less than that on both the M60 and M1 sites. 
Fatigue testing was conducted only on the 0/20 EME2 mixture because its richness modulus, K, of 3.45 was below the 
3.6 that is required to avoid fatigue testing.  The fatigue result showed that the mixture met the required fatigue criterion 
satisfactorily. 
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Visual observations during the material laying process indicated that the EME2 material was very mobile “and still 
relatively mobile near completion of rolling at around 130 °C and/or just below”.  Visual inspection of the cores 
indicated that the bond requirement of having a good bond between layers and vertical interfaces were met, possibly 
assisted by the surface course being laid whilst the EME2 layer was still ‘warm’.  However, minor surface deformation 
was reported in the cooling EME2 layer due to the compaction plant and delivery wagons. 
 
6. SITE E 
 
6,500 t of EME2 were laid on a single two-lane carriageway with shops and houses on either side so that the work had 
to be undertaken over several weekends in August 2006.  The design of the mixture was supported by a 300 t trial 
undertaken at a quarry in June 2006. 
The inputs available thus far from the test regime adopted comprise of: 
 The composition of the mixture. 
 The design binder properties. 
 The plant used for the three strips compacted with different regimes at the quarry. 
 The mixture characteristics and deformation resistance from cores taken from the quarry. 
 The compositional analyses, including temperatures. 
 Air voids content and stiffness measured on cores taken from site (Table 12). 
 Site comments. 
 Summary of in situ density and air voids results. 
 Measurement of surface regularity using a rolling straight edge. 
 Summary of density and compaction results. 
 FWD d1 deflections (Figure 2). 

 
Table 12: Site measurements for EME2 on Site E 
 

Property Units Results EME2 
Specification Remarks 

Overall Minimum 1.3 
 Maximum 8.0 
 Mean 3.8 
Nearside wheel track 2.9 
Offside wheel track 3.3 
150 mm from nearside edge 4.7 

Air voids content (%) 

25 mm to 50 mm from outside edge 4.4 

– 

Overall Minimum 4.6 
 Maximum 14.5 
 Mean 7.0 
Nearside wheel track 7.1 
Offside wheel track 7.0 
150 mm from nearside edge 6.8 

ITSM @ 20 ºC (GPa) 

25 mm to 50 mm from outside edge 7.1 

 5.5 

80 samples 
(20 each at 
4 locations) 

 
7. CONCLUSIONS 
 
A framework has been established for monitoring EME2 sites in order to store construction and performance data in a 
consistent manner.  Information relating to several sites (predominantly inlays) has been recorded in this framework and 
a review of the data obtained to date has been undertaken.  Several points of interest have been noted, but the trend is to 
support the Highway Agency in its intention for wider use of EME2 for base and binder course layer on its road 
network. 
 
8. ACKNOWLEDGEMENTS 
 
The work described in this paper was carried out by TRL Limited (Infrastructure Division) and Scott Wilson Limited on 
behalf of the Highway Agency.  This paper is published with the permission of the Chief Executives of all the 
organisations, whose support is gratefully acknowledged. 
 



 

8 

50

100

150

200

250

300

350

0 100 200 300 400 500 600 700

Chainage (m)

D
1 

de
fle

ct
io

n 
(

m
)

West Bound East Bound

 
Figure 2:  FWD Deflection Profiles for EME2 on Site E 
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ABSTRACT 
 
New Road Construction Concepts (NR2C) is a project of FEHRL supported by the European Commission under the 
Sixth Framework Programme. This project aims at developing perspectives and specific innovations in different 
transport areas. One of the ideas concerns the development of high performance underlayers with high percentage of 
reclaimed asphalt. 
Three different mixes were designed, optimized and compared, namely with 0 %, 25 % and 40 % reclaimed asphalt. 
After an extensive laboratory study in BRRC, the selected mixes have been further studied in a full-scale ALT facility in 
LAVOC. During these tests, resistance to fatigue at 15 °C and also low temperature behavior  with cycles between 2 °C 
and -7 °C have been investigated by applying 12 tons axle loads. In addition to the ALT, wheel tracking tests, tests on 
cores as well as on big slabs with a controlled temperature gradient have been performed on material taken from the 
ALT tracks. Moreover, a specific binder analysis has been carried out in order to analyse the evolution of the binder 
and mix properties.  
The most important conclusion from this work is that no negative effect, due to the use of a high percentage of 
reclaimed asphalt, has been observed in this study. However, key parameters such as the RA properties and mix design 
as function of the RA properties require special attention. 
 
Keywords 
Performance testing, Design of pavement, Environment, Reclaimed asphalt pavement (RAP), High stiffness mixes 
 

1. INTRODUCTION 
 
The NR2C-project (which stands for New Road Construction Concepts) is a project of FEHRL supported by the 
European Commission under the Sixth Framework Programme. NR2C developed long-term visions for road 
infrastructure and carried out some specific innovations, in which long-term visions and ideas are linked to short-term 
actions [1]. One of the ideas in the framework worked out in NR2C concerned the development of high stiffness base 
layers with high percentages of re-use materials.  Although high stiffness base layers are already extensively used in 
some European countries, the experience with re-use in such mixtures is still very limited. There is indeed a fear for a 
limited durability of these mixtures because of the combination of a hard binder (which is typical for these mixtures) 
and re-use material.  
This project aimed to optimize the design of these mixes so as to guarantee their long-term performance, even with high 
percentages of reclaimed asphalt (RA). 
 

2. MIX DESIGN 
 
Previously to the mix design a material characterisation has been carried out by BRRC. In this project, high stiffness 
modulus mixes were prepared first with Belgian materials for an extensive laboratory study at BRRC and then with 
Swiss materials for further ALT testing in LAVOC. One and the same hard binder 10/20 was used through the whole 
study. 
 
For the mix design and optimisation, the BRRC software PradoWin was used. PradoWin is a user-friendly program, 
adapted for the volumetric mix design of bituminous mixtures, and with a special feature to facilitate the mix design of 
mixtures with re-use materials. The required input data are the characteristics of the constituent materials. For both 
Belgian and Swiss materials the following characteristics were measured in the laboratory: 
 On the aggregates (sand and stones): grading, density. 
 On the filler: grading, density, Rigden voids. 
 On the reclaimed asphalt: grading, density, binder content, R&B and pen on recovered binder.   

 
Results are given in [2] and [3].The characteristics of the recovered binder are given in table 1 below.  
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Type Pen [1/10mm] R&B [°C] % 
Belgian RA 17 67.3 5.5 
Swiss RA 32 59.4 4.8 

Table 1: Characteristics of the recovered binder of the reclaimed asphalt 
 
High stiffness mixtures for base layers can be achieved by using a high percentage of stones and a hard binder. Together 
with an increased binder content compared to a conventional asphalt composition suitable for base layers, this allows to 
design, despite of the high percentage of stones, relatively dense mixtures with a good coating of the aggregates and 
hence, a good performance in durability.  
Two basic mix designs were made:  

 one mix design with Belgian materials,  
 one mix design with the Swiss materials to be used in the ALT study. 

Different variants (with different percentages of RA) were designed, based on approximately the same grading curve: 
 Variant 1: Design without RA (reference). 
 Variant 2: Design with 25 % RA. 
 Variant 3: Design with 40 % RA. 

 
The analytical mix design was combined with subsequent gyratory compaction tests according to EN12697-31 to verify 
the compactability and the air void content. Depending on the results of the gyratory tests, the analytical mix design was 
adapted.  
 
Figure 1 compares the grading curves of the mixes with Belgian and Swiss materials. The different curves are very 
close. Only the curves for the mixes with no RA show a difference (by 6 % at most) that is due to the difference in 
grading of the two fillers.  
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Figure 1: Grading of the different mix variants 

 
It is important to notice that the percentage of RA given stands for the percentage of old binder (from RA) on the total 
binder content. As the Swiss RA contains less binder (see table 1), the Swiss mixes with 25 % RA and 40 % RA contain 
relatively more re-use aggregates (respectively 29.5% and 47.4 %).  
 

3. LABORATORY PERFORMANCE OF THE MIXES 
 
An extensive laboratory study was performed on all mixtures to check the laboratory performances: 
 Stiffness modulus was determined according to EN12697-26 annex A (two-point bending test on trapezoidal 

samples) for temperatures between -20 °C and 30 °C and for frequencies between 1 and 30 Hz. 
 Resistance to fatigue of the different mixes was determined according to the BRRC-method [4] (two point bending 

test on trapezoidal samples) at 15 °C and 10 Hz. This test method is close to EN12697-24 annex A, but is stress 
controlled and performed on larger samples. 
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 Resistance to permanent deformation is determined according to EN12697-22 (large device in air) at a temperature 
of 50 °C.  

 Water sensitivity is evaluated by the indirect tensile strength ratio (indirect tensile strength according to EN12697-
23 before and after conditioning in water according to EN12697-12).   

 
The results are given in table 2.  We note that for the Swiss mixtures with RA, some of the tests were performed with a 
lower binder content (5.7 and 5.6 % for 25 % and 40 % of RA respectively, instead of 5.8 %). The reason for this is that 
in an asphalt plant, the variations on binder content of RA are usually larger than in the laboratory. With a high 
percentage of re-use, the impact of this parameter on the total binder content is important. A way to deal with this 
uncertainty in the phase of mechanical performance testing is to make the tests with the most unfavorable estimation of 
the binder content. For the mix with 40 % of RA, a variation of 0.5 % on the binder content of the RA would lead to a 

variation 
of 0.2 % 
on the 
total 
binder 
content. 
By doing 
some 
tests 
with a 
total 
binder 
content 
of 5.6 % 
instead 
of 5.8 %, 
the 
laborator
y tests 
will be 
on the 
safe 
side. 
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 Mixes with Belgian materials Mixes with Swiss materials 

% RA 0 25 40 0 25 40 
% total binder  

(on 100 % aggr.) 5.5 5.5 5.5 5.8 5.8 5.8 

% voids 
gyratory (100 gyr.) 3.3 3.8 2.7 3.3 3.2 1.8 

Rut depth [%] 
at 30000 cycles, 50 °C 2.7 - - 3.0 2.5 2.8 

ITS-testing 
 

Voids [%] (hydrostatic) 
ITS unconditioned [MPa] 

ITS-ratio 

 
3.3 
2.5 

98 % 

 
2.8 
2.3 

95 % 

 
2.4 
2.4 

101% 

 
3.7 
2.3 

92 % 

 
5.0 (*) 
1.5 (*) 

104%(*) 

 
6.0 (**) 
1.3(**) 

94 %(**) 

Stiffness modulus [MPa] 
 

at 15 °C,10 Hz 

 
12740 

 
- 

 
12830 

 
13900 

 
12460 (*) 

 
12050 

Fatigue at15 °C, 10 Hz 
 

Slope a 
6 ( strain) 

N for  = 120 strain 
 

 
0.156 
123.4 

1.2 X 106 

 
- 
- 

 
0.146 

120.1 
1.0 X 106 

 
0.097 

143.2 
6.2 X 106 

 
- 
- 
- 

 
0.131 

123.7 
1.3 X 106 
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(*) determined for 5.7 % binder content instead of 5.8 % to investigate the risk of durability loss 
(**) determined for 5.6 % binder content instead of 5.8 % to investigate the risk of durability loss 

Table 2: Laboratory performance of the different variants 
 
It can be observed that a high performance was reached on all aspects: 

 All mixes have a very high stiffness around 12000 - 13000 MPa at 15 °C and 10 Hz. 
 The resistance to permanent deformation is very high: always below 5 %.  Note that this is the lowest value 

(best performance) according to the European specifications in EN1308-1. 
 The resistance to the action of water is very high: for all mixes the ITS-ratio is above 90 %, which shows that 

durability problems are not to be expected. 
 The resistance to fatigue is very high: above 1.0 x 106 cycles at 120 microstrain. This is at least a factor seven 

better than a conventional Belgian mix for underlayers. 
 Mixes with reclaimed asphalt have equivalent performance as mixes without RA. 

It was concluded that the designed mixtures with the Swiss materials can be used for the ALT-study. 
 
 
 
 
 
 
 
 
 

4. ACCELERATED LOADING TESTS (ALT) 
 
Accelerated loading tests have been performed in LAVOC's full-scale facility. The test setup is first presented, then a 
synthesis of the results is given.  
 
4.1 Accelerated loading test setup 
 
The selected mixes have been applied in a test section of 13.1 m by 5.4 m (traffic direction). The pavement design [5] 
has been performed using two specific pavement design softwares based on the multilayer theory of Burmister. The 
calculation has been conducted first with the Belgian software DimMET, developed by BRRC and Febelcem for the 
MET (Wallon Ministry of Equipment). Secondly, another calculation according to the French design method with the 
help of the NOAH software has been performed.  
 
The tested structure, represented in figure 2, is as follows: 
 Layer 1: Wearing course (Swiss type AC MR8) (3 cm),  
 Layer 2: High Stiffness Modulus (8 cm), 
 Layer 3:  Soil foundation composed by gravel 0/60 (40 cm), fine Sand (145 cm) and  

Concrete. 
 

Four different sections have been studied for the HMA: a reference section without RA in layer 2 (field 0), a section 
with 25 % of RA in layer 2 (field 1) and two sections with 40 % of RA in layer 2, of which one doesn’t have a wearing 
course (field 3). For the construction, a classical mix plant has been used and the dried RA added after separate heating.  
 
The sections have then been loaded with a heavy traffic simulator (axle load of 12 tons, super-single tyre).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

40 % RA 0 % RA 25 % RA

Field 2 Field 0 Field 1 Field 3 
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Figure 2: Cross section view of the tested pavement 
 

In order to measure horizontal stresses and strains as well as temperature, different sensors have been installed at the 
bottom of the HMA and also at the interface between HMA and top layer. For temperature measurements, classical 
Pt100-sensors were used and for deformation measurements, KYOWA strain gauges were used. A total number of 57 
sensors have been installed in the pavement. In addition to these sensors, surface deflection has been measured using 
LVDT sensors. 
 
In order to test the different pavement types, three positions of traffic loading have been defined (figure 3): 

 Position A: Two wheels on field 3 with 40 % RA, no top layer (axles A1 and A2) 
 Position B: One wheel on field 2 with 40 % RA (axle B1) and one wheel on reference field 0 (axle C1) 
 Position C: One wheel on the reference field (axle C2) and one wheel on the field 1 with 25 % RA (axle D1) 

position A position Cposition B

A1 A2 B1 C1 C2 D1

 
Figure 3: Positions of traffic loading for ALT testing 

 
The behaviour of the different sections has been assessed through two consecutive test phases:  

 In the first phase, fatigue tests at a constant air temperature of 15 °C were made. During these tests, about 
100'000 wheel passages (190'000 for position A) have been performed on each position. 

 These tests have been followed by low temperature tests with the aim of simulating temperature cycles 
combined with traffic with circulation as well. Air temperature variations between 2 °C and -7 °C during 12 
days for each position have been applied. In order to have a good temperature control, an isolated cabin with a 
cooling system using ventilators has been used.   

 
Before starting with the accelerated loading tests, the grading curves of the in situ and laboratory theoretical mixes have 
been compared. Figure 4 shows the comparison for the mix containing 40 % RA. We observe that both grading curves 
are very close. The in situ and theoretical binder contents were also very close. 
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Figure 4: Comparison between theoretical mix design and in situ mixes (mix 40 % RA) 

 
4.2. Results and analysis of the ALT 
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The results are presented hereafter for the fatigue and low temperature tests. A total amount of more than 370 
measurements have been performed during the whole test duration. The different raw data samples have first been 
treated, in order to obtain the maximum deformation amplitude. Indeed considering the fatigue criterion of pavements, 
the deformations at the bottom of the asphalt layers is to consider. Tensile strains are most important at the bottom of 
the HMA and fatigue cracking will most likely occur at this interface [6]. 
 
In a first step, a specific analysis has been conducted for each axle separately. Then, comparisons between the different 
mixtures have been conducted in order to assess if there is any negative effect by using a high percentage of reclaimed 
asphalt.  The main results are presented hereafter. More details can be found in [7]. 
 
 
 
 
Comparison between 25 % and 0 % RA 
The measurements performed in position C permit to make a comparison between the section with 25 % RA and the 
reference section without RA.  
 
In figure 5, the third part of the gauge code indicates the measurement axle (C2 or D1). The first 100'000 passages 
correspond to the fatigue tests at 15 °C while the passages performed between 100'000 and 210'000 correspond to the 
low temperature tests (LT). The deformation decreases during the low temperature tests. Indeed, by reducing the 
temperature the pavement becomes stiffer and consequently the deformation decreases. In figure 5, it is clear that the 
general trend is the same for both axles i.e. mixes. However, the deformations measured on the section with 25 % RA 
are slightly lower than on the reference mix. Anyway, these differences are not significant enough to conclude for a 
much better behaviour of the section with 25 % RA, but show that its bearing capacity is at least the same as that of the 
reference mix.   
 

 
Figure 5: Comparison between axle C2 (0 % RA) and D1 (25 % RA) 

 
Comparison between 40 % and 0 % RA 
Using the measurements made in position B, a comparison between the section with 40 % RA (axle B1) and the 
reference section (axle C1) has been conducted (figure 6). 
 
Comparing with figure 5 above, we can notice that more strain gauges are represented. The reason is that in this 
position, quite none of the sensors failed during the whole test, this despite the severe conditions. As in previous case, 
the general trend shows a decreasing of the deformation during low temperature tests between 100'000 and 190'000 
passages. However, the order of magnitude is slightly bigger than for previous comparison with deformation up to 
300 . Moreover, the measurements on the section with the reference mix are a bit lower than with the mix containing 
40 % recycling material. As the differences are very small, they cannot be considered as an indication of a behaviour 
difference between the mixes.  
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Figure 6: Comparison between axle C1 (0 % RA) and B1 (40 % RA) 
 
Considering both comparisons above between the different mixes, we can conclude that the same order of magnitude 
has been measured for the deformation in the mixes without and with RA. The small differences observed are not 
enough to say that there are differences in fatigue resistance and low temperature behaviour. Moreover, it is important 
to keep in mind that even with the same testing program, it may be that the pavement temperatures are a bit different 
between two cases.  
 
Comparison of the surface deflections  
As already mentioned, deflections have been measured during the testing, at the top of the pavement, using LVDT 
sensors. Three sensors have been placed respectively at 9 cm, 14 cm and 38 cm of the wheel passage.  
 
Figure 7 shows the differences in the surface deflections registered for each mix, for the sensor placed at 9 cm of the 
wheel passage. Note that the sensor in position A (40 % RA) was installed on the section without top layer because of 
the test setup. Hence, it was expected to register higher deflections because of the thinner pavement. Moreover, the first 
100'000 passages (190'000 for position A) correspond to fatigue tests with a constant temperature and the rests of the 
tests are LT tests with air temperature variations.  
The deformations are rather comparable between the position B (reference mix) and C (25 % RA) with slightly lower 
deflection on the section with 25 % recycling material. These measurements rather highlighted the good behaviour of 
the structure with RA in comparison with the reference mix. 
 



 
 

8 
 

 
Figure 7: Comparison between the surface deflections registered at 9 cm of the wheel 

 
In addition to the measurements, calculations were performed using the NOAH software. The aim of these calculations 
was to have some additional information about the material behaviour and to study the differences between calculations 
and measurements.  
For this part of the study, a few points with stabilized temperature have been chosen. The calculations were compared 
with the measurements for the selected points, taking into account the elastic modulus corresponding to the registered 
layer temperature.  
The outputs of these calculations were very interesting and quite good correlations with measurements have been found. 
In some cases, less than 15 % difference has been calculated. Considering all the input parameters that influence the 
calculation (in situ material, consideration of fatigue, Burmister theory, ..) the results obtained are in good agreement 
with the measurements. Moreover, the additional calculation permitted to make sensitivity analysis on the bonding 
conditions and the effect of the top layer.  
Following Figure 8 gives an example for the section with 40 % RA  
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Figure 8: Comparison between calculated and measured points for axle B1 (40 % RA) (the calculated points are 

represented with red dots) 
 
Finally, the tests conducted reached a performance rate and load repetition that is high enough for concluding that the 
behaviour of the mixes is very good. From the ALT study and additional calculations, no negative effect of a high 
percentage of RA has been observed. Indeed, the mixes with RA showed at least equal performance as the mix without 
recycling material.  
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5. SPECIFIC BINDER ANALYSIS 

 
In addition to the ALT, a binder analysis was performed with the aim to study and compare the evolution of the binder 
characteristics for the selected mixes at the different stages. Hence, different conditions of binders were identified 
through the whole project and an evaluation of the performance parameters was carried out [7].  Empirical as well as 
DSR- tests were carried out. The different tests were performed according to the European standards.  
Figure 9 shows the different conditions that were identified for the binders. The different tests have then been carried 
out on the specific binder samples are indicated with a number in the figure. The results are given in table 3 
 
 

 
 
Figure 9: Basis scheme for the binder analysis at different stages (the numbers indicate at which stage tests have 

been performed) 
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Density at 
20ºC 

(g/cm3), 

Fraass-
breaking 
point [ºC] 

Ductility, 
deformation 

energy on 25 ºC 
[J/cm2] 

Penetration 
on 25 °C 
[0.1 mm] 

R&B 
softening 
point [°C] 

Viscosity on 
130 °C [Pa s] Binder sample 

number 
EN 12697-

5 A EN 12593 EN 13703 EN 1426 EN 1427 EN 12596 

1. raw binder, 
NYNAS 10/20XR 1.0422 -6.8 - (brittle fracture) 16/16** 71.8/72.1** 39.4/42.3** 

2. binder recovered 
from RA 1.0456 -7.3 0.03 38 58.6 12.4/12.8** 

3.1 raw binder after 
RTFOT ageing 
+25% recycled 

1.0373 -2.0 - (brittle fracture) 17 75.1 49.3 

3.2 raw binder after 
RTFOT ageing 
+40% recycled 

1.0383. 2.0 - (brittle fracture) 18 72.6 40.3 

4. raw binder after 
RTFOT ageing  1.0374. -1.3 - (brittle fracture) 12 78.7 66.6 

5.1 Recovered from 
in situ mixes EME 
40% RA 

1.0337* -1.3 - 16 76.7 55.9 

5.2 Recovered from 
in  situ mixes EME 
0% RA 

1.0411* -1.0 - 12 81.8 86.0 

5.3 Recovered from 
in situ mixes EME 
25% RA 

1.0400* 0.0 - 14 80.4 75.1 

6.1 Recovered from 
laboratory mix, 0% 
recycled 

1.0518 1.2 - (brittle fracture) 13 83.3 108 

6.2 Recovered from 
laboratory mix, 25% 
recycled 

1.0383 2.0 - (brittle fracture) 15 78.5 64.4 

6.3 Recovered from 
laboratory mix, 40% 
recycled 

1.0374 -1.3 - (brittle fracture) 17 74.4 43.3 

*: test performed aoccording to Hungarian standards with 25 °C instead of 20 °C 
**: two tests have been performed: with binder taken at the plant and binder raw binder from supplier 

Table 3: Results of the empirical tests performed on different binders 
 
Different conclusions followed from these results: 
 There are no significant differences in the density values. 
 Fraass-breaking points have slightly increased by ageing and by adding recycled material  
 The ductility information (deformation energy) is not influenced by adding RA 
 Pen and R&B values are smaller for the raw binder than for the recovered binder from RA. For normal asphalt 

concrete mixes, the RA –binder is usually much stiffer than the raw binder.  In the case of high modulus asphalt, 
this is not the case.  Hence, this is important to keep in mind in the mix design phase for the rutting performance.  

 The test results obtained on in situ mixes, laboratory mixes and binder mixes are very comparable, but indicate that 
production ageing is more severe than laboratory ageing and RTFOT-ageing (see further).  
 

The DSR-results, performed according to EN 14770, are given in figure 10. 
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Figure 10: Modulus G* at 52 °C and 1.6 Hz for the binder at different stages. 

 
These tests permitted to draw following conclusions: 

 The modulus of the binder recovered from RA is lower than the modulus of the raw binder.  This is consistent 
with the values of the penetration, showing that the binder of RA is softer than the raw binder. There are small 
differences between the modulus of the raw binder used in the preliminary laboratory study and the binder 
used at the real prouction of the ALT-sections.  As the equipment was the same, this is most probably due of a 
difference between both batches.  

 RTFOT-ageing leads to higher G*-values.  This is consistent. 
 G*-values of samples containing RA are allways lower here than the G*-values of the samples prepared with 

only hard binder.  This is consistent with the fact that the binder of RA is softer than the new binder. The more 
RA present, the smaller the G*-values.  This is also consistent. 

 RTFOT-ageing corresponds rather well with laboratory production ageing.  Field ageing seems to be more 
severe, as the G*-values after production are higher than the RTFOT-values.  This is probably due to a higher 
production temperature  

 
6. OTHER TESTS RELATED TO ALT 

 
In addition to the ALT and binder analysis, some other tests have been carried out on in situ mixes: 

 Tests on cores taken at the ALT facility before the tests as well as after fatigue and LT tests. This permitted to 
analyse the temperature and load effect. 

 Wheel tracking tests on in situ mixes, according to EN 12697-22 with a test temperature of 50 °C and also 
60 °C. 

Moreover, a specific test in controlled conditions has been performed on big slabs taken in the ALT facility. While the 
ALT testing focused on fatigue testing at 15 °C and low temperature tests, it has been decided to investigate the mixes 
behaviour at elevated temperatures. Hence, three large slabs (1200 mm by 1500 mm, thickness 100-250 mm) were 
extracted from undisturbed areas and sent to DRI for testing in the Danish Asphalt Rut Tester (DART). 
 
This device permitted to simulate a rolling load with side wander. Moreover, the apparatus permitted to obtain a 
constant and controlled temperature gradient in the slab with 40 °C at the top of the pavement and 20 °C at the bottom 
of the pavement in our test case. This heavy vehicle simulator has a linear travel with speed 0-5 km/h that allows to 
performing 24'000 loads/day. 
 
Concerning the tests in DART on big slabs, a standard testing has been conducted with 50 kN wheel load 
(corresponding to 100 KN axle load) and 110'000 load applications. Using this standard testing, the results have then 
been compared with the results obtained on Danish Motorway pavements. After first tests according to the standard 
procedure, a further 44'000 loads were applied at an elevated temperature of 50 °C surface temperature / 40 °C bottom 
temperature, this in order to be sure to reach rutting and analyse the limits of the material as well. The permanent 
deformation developments for the three slabs are illustrated in the following figure:  
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Figure 11: Rutting behaviour for the three tested slabs 

 
As the deformation obtained during the first 20'000 loads will to some extent mainly depend on initial compaction 
under the wheel load, it cannot be concluded from these data that rutting of the slab with 40 % RA is much less 
pronounced than for the other two slabs. For a comparison of rutting behaviour of different slabs without this initial 
disturbance, the increase of rutting from 20'000 to 40'000 loads is calculated. For the different slabs we obtained a 
rutting increasing between 0.25 mm (25 % RA) and 0.32 mm (0 % RA). Comparing these results with the Danish 
standards on highways (between 0.5 and 5 mm), we conclude that rutting susceptibility is much better than for standard 
motorway pavements. Moreover, no significant difference between the different slabs can be determined. Concerning 
elevated temperature tests, the slab with 40 % RA had a slightly faster rutting development than the slab with 25 % RA, 
but not significant.  
 

7. CONCLUSIONS 
 
In this research, it was shown that the use of high percentage of reclaimed asphalt in high stiffness base layers has no 
negative effects on the laboratory mix performance. Moreover, accelerated loading tests, wheel tracking tests, tests in 
DART and also laboratory tests on cores and binders samples came to the same conclusion that no negative effect of a 
high percentage of RA could be identified so far. However, it is important to keep in mind that such a conclusion cannot 
be extended to all the HMA mixes with 25 % or 40 % RA.  Parameters, such as the grading curve, the recycling 
material and the binder type play a key role in the final properties. Special emphasis has to be put on the 
characterisation of the RA, on the mix design and on laboratory performance tests, in order to avoid further problems.  
 
It would be interesting to make some tests on in-situ sections. Indeed, in all the tests performed within this research, the 
conditions were still highly controlled. Considering the good behavior of the tested mixes, it would be advisable to 
perform in-situ tests that would permit to validate the results of this research further for real site conditions.  
 
Considering the good results obtained by mixes containing 40 % reclaimed asphalt, the question is also where to put the 
limits of the RA content. Of course, the encouraging results obtained allow us to think about tests with 50% or 60% 
recycling material. However, increasing the RA content will necessitate an excellent control of different parameters, 
such as the grading curve and the mix viscosity.  
Moreover, the research performed in this innovation highlighted the important effect of the RA batch on the final 
properties of the mix. Hence, it would be interesting to put a special emphasis on the requirements in reclaimed asphalt.  
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ABSTRACT 

High Modulus Asphalt   is a concept which is well known and validated in a number of European countries for the 
installation of heavy duty pavements. In 2006, Colas Danmark A/S and the Danish Road Directorate established the 
first test pavement on a motorway section with the purpose of studying pavement behaviour under full-scale Danish 
conditions.
The development programme has been conducted starting from existing base course materials, GAB II. This kind of 
mixes uses local aggregates, cheaper than crushed aggregates typically imported from Norway or Sweden.  
As a first step, a complete mix design study including mechanical evaluation of the GAB II has been conducted in 
cooperation with Colas Campus Scientifique et Technique in Paris.  
After that, several technical choices have been done, and modulus and fatigue has been measured on the  optimised mix, 
HMA GAB II.  
The paper presents the technical results together with some data coming from pavement design software. We 
demonstrate a real increase in mechanical performances, which allows an important reduction of the thickness of the 
base course layer.  This is quite interesting for local resources economy and sustainability in road construction. 
Experience from a first experimental jobsite is also presented.  

INTRODUCTION

Denmark is a country with a rapidly growing heavy traffic. Denmark is also a country with very limited resources 
suitable for aggregates. All massive rock materials have to be imported. Therefore the Danish Road Directorate is 
particularly interested in innovation on developing better heavy duty pavements based on local materials and with use 
of EME ( high modulus asphalt ) in order to obtain a high bearing capacity and minimise the amounts of aggregates to 
be used. In this framework, and in the wake of a first successful project in the field of noise-reduction that convinced 
the Danish Road Directorate of the high potential in Colas’ technical solutions, Colas Danmark is paving the way for 
the use of EME  (“Enrobés à module Elevé” or  High Modulus Asphalt concrete).  This article presents the efforts 
undertaken to show the interest of the proposed solution, its impact on road structures and the first conclusions 
regarding the test section applied in October 2006.   

MIX DESIGN 

EME has been quite successful on a European level, with a number of recent experiments, launched and monitored 
by government authorities, for example in Poland [1] and Belgium.  Contrary to other tests in the past, like those carried 
out several years ago in Great Britain which failed, and those being monitored in Poland and Belgium where the 
skeleton was entirely composed of crushed materials, the developments that are discussed in this article are based on the 
conventional mix used as a base course in Denmark, called GAB II.   GAB II is a mix with a 32 mm grade and a high 
sand content (~ 65%) in which a 16/32 fraction of alluvial aggregates is added.  We can not say that it is the framework 
of the aggregate skeleton - the mix is more like a sand asphalt mix in which the 16/32 fraction acts as a filler.  

These materials are available locally, whereas resources in massive rocks has to be imported.  One must underline the 
fact that most of the crushed materials used in wearing courses in Denmark are imported from Norway and Sweden. 
This is very expensive and limits the use of these imported materials to binder and wearing courses.   

The choice was made to preserve GAB II’s conventional aggregate skeleton.  Of course, this considerably reduces our 
possibilities in terms of mix design.    Following the cost analysis of the impact of importing or modifying with additive 
agents such as asphaltites, the use of a 20/30 bitumen was the end choice.    

Now that the first two constraints have been defined (skeleton and type of binder), it is easy to understand why 
obtaining a high modulus mix with conventional methods and which complies with French standard NF P 98-140 is 
difficult, if not impossible.  For your information, figure 1 includes the conventional grading curve of an EME and of a 
GAB II.   In addition, the binder grade selected will not ensure the same modulus performance as an EME.  Prior to the 
testing of the high modulus GAB, a full characterization was carried out on GAB II.  The mechanical performance 
levels determined with mix design tools commonly used in French methods are presented here after, beginning with 



GAB II and completed with performance levels determined on several “high modulus” GAB II.  Lastly, a structure 
design is presented to highlight the improvement in terms of performance levels.   
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Figure 1: Comparison of grading curves: GAB II and conventional EME. 

CHARACTERIZATION OF  GAB II  

We carried out tests including Rotary Shear Press compactibility [EN 12697-31], Rutting [EN 12697-22], modulus 
[EN 12697-26 Annex E] and fatigue [EN 12697-24  Annex A] on the GABII that is generally used in base courses.  The 
mix design studied was as follows:   

  16/32   30% 
  0/6   68% 
  Filler   2% 
  Bitumen 40/60   4.76% (in total weight of mix) 

We are not familiar with the grading curve in this type of mix design and the dimensions of some of the specimens 
we used are not optimal.   Therefore, as far as the evaluation of fatigue behavior is concerned, we need to use large-
sized specimens as defined in Standard EN 12697-24 [Bituminous mixtures -Test method for Hot mix asphalt – Part 24 
resistance to fatigue], which means trapezoids with a 70 mm base and 50 mm in thickness.  We did not comply with 
these dimensions and worked by direct comparison of the fatigue performance on specimens corresponding to those 
specified for 14 to 20 mm mixes, and thus 25 mm in thickness.  The problem of representativity of the test specimens 
for this type of mix is also illustrated in photo 1, showing the two opposite sides of a parallelepiped with a square 
section used for 4 point bending tests [EN 12697-24 annex D].   

Photo 1: opposite sides of parallelepiped specimens for bending test 

The performance levels are presented in table 1.  It is important to underline the mix’s excellent handling 
characteristics, which yields particularly low air void contents in the Rotary Shear Press test.  This mix, containing a 



40/60 bitumen, without any aggregate skeleton because the 16/32 fraction only represents ~ 30 % of the skeleton that 
plays more the role of a filler in a sand asphalt mix, has very low rut resistance if we test it on a tracking traffic 
simulator at 60°C.  At the end of the trial, the specimens have deep ruts, roughly 20%, and the 16/32 fraction is 
particularly visible under the tire track, as you can see in photo 2.   The modulus is relatively low, but clearly can be 
related to the binder grade and the mix’s air void content.  Lastly, fatigue behavior is similar to that of a class 2 road 
base asphalt concrete.   

GAB II 
Rotary shear press handling capacity (EN  12697-31) 
Air void content at 120 rotations 4.4 
Rutting  ( EN 12697-22) Large size device 
Average air void content of plates 
Rut in % at 30,000 cycles 60°C 

11.6 
17

Direct tensile modulus  (EN 12697-26 annex E) 
Average air void content of specimens 
Modulus at 15°C 0.02s 

8.5 
6,260 

Fatigue  10°C 25Hz (EN 12697-24 annex A) 
Average air void content of specimens 
Fatigue resistance 

10
88

Table  1: mechanical performance of GAB II 

Photo 2 : Surface of GAB II specimen after rut tracking test 

This type of mix would not be selected in France, but is considered very satisfactory in Denmark, according to 
Danish officials, when it is used in base courses. It is overlaid with a binder course of ABB using crushed materials, 
usually 14 mm or 16 mm, with a binder content close to 4.5 to 5%, on which, for example, a “Stone Mastic Asphalt” 
wearing course is applied.  This is the typical type of structure selected for highways under construction on which we 
carried out our first experimental section of high modulus GAB II later on.  It is also important to underline the fact that 
the legal axle load is 10 tons.  Stress and strain that could lead to rutting are thus considerably reduced.   [2] 

We chose to evolve this product towards a mix with a harder bitumen of the 20/30 type and slightly increase the 
binder content. 

BINDER CHARACTERISTICS 

Among the possibilities offered for the choice of the binder, a 20/30 bitumen was selected.  This offers significantly 
better performance levels for the asphalt mix, while preserving good behavior at low temperatures.  In fact, we 
generally determine in the thermal stress restrained specimen test a breaking temperature that is 4 to 5°C lower for a 
20/30 bitumen compared to a 10/20.  The Danish climate is not as harsh as one might think.  This is the type of 
approach that was used in experiments on EME carried out in Poland.  The characteristics measured on 40/60 bitumen 
and 20/30 bitumen used in this study are presented in table 2.  It is important to underline the major difference in the 
binder modulus, which can lead to the harder bitumen being up to 70 % stiffer.  This leads to a significant increase in 
the mechanical performance of the mix, as is illustrated in the following paragraph.  



Bitumen
40/60 

Bitumen
20/30 

Penetrability (EN 1426) 52 22 
Ring and Ball temp (°C) (EN1427) 49,8 61,6 
PI Shell -1,2 -0,4 
Complex modulus  15°C 10Hz (fresh binder)  Strain 0,05% 28,5 48,5 

Table  2: Characteristics of bituminous binders in study 

EVALUATING  “HIGH MODULUS” GAB II  

Given that the characteristics required to ensure the development of high modulus GAB II included a significant 
increase in modulus and fatigue behavior, these mechanical properties were tested on two mixes.  The modulus was 
measured on a mix that was identical to the GAB II in which the type of binder had been modified.  In addition, 
modulus and fatigue resistance were tested on a more 20/30 binder rich recipe.  The results obtained are presented in 
table 3, along with the characteristics of 40/60 GAB II for the sake of comparison.  We can see a major increase in the 
modulus of roughly 75%, from 6,200 to more than 11,000 MPa, measured with direct tension test on cylindrical 
specimen.   As far as fatigue is concerned, using a more binder rich recipe leads to significant improvement in the mix’s 
fatigue resistance, i.e., more than 20% in the conditions of measurement used.   

GAB II GAB II 
“high modulus”

Air void content 8.5 3.9 
Modulus at 15°C 0.02s (MPa) EN 12697-26 Annex E 6,260 12,100 
Fatigue resistance   EN 12697-24 Annex A 88 109 

Table 3: Modulus measured on “high modulus” GAB II 

In addition to these rather conventional methods, we tested the GAB II and the HMA GAB II with a 4 point bending 
unit, using an IPC apparatus.  This equipment makes it possible to carry out tests in compliance with standard EN 
12697-26 annex B. It is a good idea to do this test, because we work with specimens that are bigger than trapezoids, 
which is interesting when the mix has larger sized aggregates as is the case here.  The only difficulty is the fact that it is 
impossible to ensure a mechanical link, as defined in the test standard, meaning one that will free translation and 
rotation at the load points.  And despite problems involving homogeneity of the specimens illustrated in figure 2, we 
measured modulus at 20°C 8Hz, in compliance with conditions defined in standard EN 13108-20.  A 600x400 plate of 
each mix design was prepared, from which 6 bars were cut out.  Our findings showed respectively 4,400 MPa for the 
GAB II with compaction ratio at 90.5 %, related to the maximum density, and 5,940 MPa for the HMA GAB II at 91.7 
% compaction ratio.  The  HMA GAB II is 35% stiffer than normal Gab II.  It is interesting to underline the fact that 
there is a major difference between the results of the measurements of the same characteristic of a mix, its stiffness 
modulus, using two European tests, direct tensile test at 15°C 0.02 [EN 12697-26 Annex E] and 4 point bending at 20°C 
8Hz [EN 12697-26 Annex B].  This is a good illustration of the efforts we must still make to control the wide range of 
tests included in the European standard, and to remain in a position where we are able to properly handle data from 
characterizations tests that are not familiar to us, but which should give identical results [3]. 

DESIGNING WITH RAP (Reclaimed Asphalt Pavement) 

These studies were completed by the evaluation of a mix using RAP.  Contrary to what we usually see in France, the 
RAP available on the Danish market has relatively soft binders.  In the present case, the characterization of the binder 
extracted showed penetrability at 47 1/10 mm and Ring and Ball at 58°C.   The economic and environmental advantage 
of using RAP is clear.  Using RAP reduces the amount of binder required during manufacturing and preserves aggregate 
resources.  On a technical level, the binder we add to the RAP mix is “softer” than the pure bitumen we use in new hot 
mix. This can reduce the mix’s final performance levels, whereas our goal is to increase the mix’s modulus.  The 



modulus and fatigue resistance measured on a mix of HMA Gab II with a 15% RAP content as shown in table 4  where 
the mechanical performance levels remain satisfactory.    

GAB II High modulus GAB 
II

High modulus  
GAB II 

15 % RAP 
Air void content 8.5 3.9 6.5 
Modulus at 15°C 0.02s (MPa) 6,260 12,100 11,130 
Fatigue resistance at 10°C 25Hz 
Air void content  

88
10

109 
6.3 

116 
6.5 

Table  4 : Comparison of mechanical performance for GAB II, high modulus GAB II and high modulus GAB II 
with RAP 

We also studied the mix’s rut resistance.  Figure 3 illustrates rut depth compared to the number of cycles.  They confirm 
that “high modulus” GAB II reduces the risk of rutting with performance levels similar to conventional GAB II. 
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Figure 3: results of traffic simulator on tested mix designs. 

ROADWAY STRUCTURE DESIGN 

 In order to highlight the interest of high modulus mixes, and therefore high modulus GAB II, structure design was 
developed using both Danish and French methods.  Without getting into a detailed description of the methods, let us 
remind you that the two methods use the same approach and are based on calculating stress and deformation in semi-
infinite, homogenous, isotropic and multilayer structure, which are defined by the layer thickness, Poisson ratio and 
stiffness modulus.  The difference resides on the one hand in the admissible thresholds of the ground soil which is a 
stress in the Danish model and a deformation with no dimension in the French model.  For horizontal deformation at the 
base of the bituminous course, the expression in the two models is  =A  (N)b. The main difference lies in the fact that 
the French method uses a probability.   The temperature for calculation is 20°C in Denmark and 15°C in France.   

The reference solution for the Herning bypass is as follows, from top to bottom using the Danish method: 

- wearing course: 35 mm of Stone Mastic Asphalt 
- binder course: 60 mm of ABB 
- base course: 150 mm of GAB II 
- roadbase course: 200 of untreated aggregates 
- capping layer : 360 mm of sand 

for a total thickness of 805 mm.  Using the same hypothesis as the original solution, the structure using HMA GAB II is 
as follows:



- wearing course: 35 mm of Stone Mastic Asphalt 
- binder course: 60 mm of ABB 
- base course: 115 mm of GAB II 
- roadbase course: 200 of untreated aggregates 
- capping layer : 360 mm of sand 

for a total thickness of 770 mm, which means a gain of 35 mm in terms of thickness, as illustrated in figure 3.   

Figure 3: roadway structure of mix design based on characteristic mechanical gain of HMA GAB II 

HERNING PROJECT 

These results convinced the Road Directorate that it would be interesting to evaluate this solution via the construction 
and monitoring of a demonstration section, which was completed in October 2006.  The mix design was the same as the 
one used in the laboratory, without the use of RAP at first.  It was applied on the Herning bypass.  The “high modulus” 
GAB II was manufactured in a plant located 50 km from the site, which means transport times before application of 1 
hour using tarpaulined, heat-insulated trucks.  The layer was 11 cm thick over a 4,500 m² section on a base support of 
untreated aggregates, as illustrated in photo 3.   The mix was applied with a ABG Titan 422 paver and compacted with 
two smooth rollers and one tandem roller.  The compaction procedure is similar to that used with conventional GAB II, 
i.e., 8 passes with vibrating rollers and 8 passes with the tandem roller.    

Photo 3 : High modulus GAB II project in Herning 

Capping layer  360 mm of sand 

Roadbase course 200 mm untreated aggregates 

GAB II 140mm HMA GAB II 115 mm
ABB 60mm

ABB 60mm
SMA 35mm

SMA 35 mm



Factory production controls made it possible to monitor production quality.  The specifications were in full 
compliance in terms of binder content and grading curve (see table 5).  Thickness measured in situ ranges from 11 to 12 
cm for the HMA GABII, with a void content of between 3 and 5%.  In addition, the Road Directorate provided 
instruments to ensure detailed follow-ups, with in particular deformation gauges (see photo 4).  Monitoring of the 
highway section will begin as soon as it is opened up to traffic, which will allow authorities to validate the advantages 
of this solution.

N° sample 1 2 3 4 average target specifications

Sieve (mm)      

31.5 100 100 100 100 100 100 

22.4 94 93 90 89 92 88 

11.2 69 66 62 65 65 72 

5.6 68 64 61 63 64 66 

2 63 60 56 59 60 58 51 to 65 

0.5 43 40 39 41 41 41 

0.125 9 8 7 8 8 8 

0.063 5.7 5. 6 4.5 4.7 5.1 5 2 to 8 

Table 5 Factory production control of HMA GAB II 

Photo 4 : Installation of deformation gauges by Road Directorate crew on high modulus GAB II in Herning. 

CONCLUSION 

Thus study gave us the occasion to observe the development of new products in a special context, where restrictions 
on resources are genuine, be it for materials or the type of hard binder available.  Nonetheless, the solution selected, 
which is a delicate compromise between a conventional aggregate mix and a hard binder that is not generally used in 
this zone, makes it possible to offer considerable improvement in mechanical performance while still reducing the risk 
of rutting or poor behavior at low temperatures.  This improvement led to savings in materials, which was greatly 
appreciated by the Road administration.  The end result of this project, with the trial section applied on the Herning 
bypass, will make it possible to monitor our solution and to progress in the development of new products with improved 
mechanical performance.   
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ABSTRACT 
 
A comprehensive literature study on road durability has indicated that the aging susceptibility of bituminous binders in 
surface layer is a key parameter determining the life time of an asphalt pavement. To simulate bitumen aging in 
laboratory, several test methods are currently used, including RTFOT, PAV, and RCAT (Rotating Cylinder Aging Test). 
In this paper, the aging of bituminous binders (unmodified and SBS polymer modified) were studied using (i) RTFOT, 
followed by PAV at 100°C for 8 to 48h; (ii) RTFOT, followed by PAV at 75°C for 48 to 220h; and (iii) RCAT at 163°C 
for 4h, then continued at 90°C for 17 to 140h. For field core sampling, several roads of different ages were selected 
from the Swedish LTPP (Long Term Pavement Performance) database. The study showed that RCAT at 163°C/4h, 
proposed as a short-term aging test, was similar to RTFOT. The long-term aging tests PAV (100°C, 20h), PAV (75°C, 
120h) and RCAT (90°C, 140h) were also more or less equivalent when applied to unmodified bitumens. However, for 
polymer modified bitumen, these tests were significantly different with respect to the resulted aging kinetics. As regards 
aging in the field, it was found that after 10 – 30 years service on the road, the extracted bitumens displayed a relatively 
low degree of age-hardening, to which equivalent laboratory aging durations were much shorter than that being 
standardized or proposed. The low degree of field aging may be attributed to low air voids in the asphalt mixtures 
and/or prevention of bitumen oxidation by surface sealing or overlaying. Field aging also considerably differed from 
laboratory aging in terms of the formation of sulfoxides and carbonyl functionalities in bitumen. Compared to the 
laboratory aging, much higher level of sulfoxides but lower level of carbonyls was found for the binders aged in the 
field. This suggests that oxidation mechanisms in the field may not be the same as in the laboratory aging tests. 
 
Keywords: aging, laboratory testing, field durability, polymer modified bitumen 
 
 
1. INTRODUCTION 
 
The aging of bituminous binders is one of the key factors determining the lifetime of an asphalt pavement. The process 
of aging involves chemical and/or physical property changes that usually make bituminous materials harder and more 
brittle, thus increasing risk of pavement failure. The aging-related pavement failure modes include cracking (thermal or 
traffic induced) and ravelling. Cracks on pavement surface may increase aging of the binder because of increased 
exposure area to atmospheric oxygen. 
 
In general, bitumen aging takes place in two stages, namely short-term aging at high temperature during asphalt mixing, 
storage and laying, and long-term aging at ambient temperature during in-service. The mechanisms of aging include 
oxidation, evaporation and physical hardening. Physical hardening is a reversible process, which changes the 
rheological properties of bitumen without altering its chemical composition. At ambient temperatures, physical 
hardening normally is very slow, but it can speed up at low temperatures. For bituminous binders, loss of volatile 
components (evaporation) is also considered as an aging mechanism. However, today’s penetration grade bitumens are 
relatively involatile, thus during pavement in-service this type of aging is negligible. 
 
As a principal mechanism, oxidative aging is an irreversible chemical reaction between components of bitumen and 
oxygen. It may occur through different reactions, such as photo-oxidation and thermal oxidation [1]. The light (mainly 
ultraviolet, UV) catalyzed reaction occurs rapidly and generally takes place within the top 5 'm of the exposed binder 
film, since bitumen is a good light absorber [1] [2]. In spite of the limited penetration into bitumen, the photo-oxidation 
induced aging may have an influence on durability, particularly for some polymer modified binders [3]. Nowadays, 
most of aging on the road is still regarded as thermally induced. The rate of thermal oxidation of bitumen is 
approximately doubled for every 10°C rise in temperature. Thus aging rate in service depends to a large extent on 
pavement temperature [4] [5]. Certainly, the oxidative aging is influenced by the chemical nature of bitumen. It has 
been shown that different bitumens have very different increase of viscosity with aging time, and the temperature-
dependence of aging kinetics is strongly dependent on the bitumen [6] [7] [8].  
 
Another important factor affecting bitumen aging on the road is the void content of asphalt mixture. Much work has 
indicated that asphalt mixtures of low voids show a low degree of bitumen aging while higher void content facilitates 
the aging process [1] [4] [9] [10] [11]. Presumptively, void content determines the rate of aging by controlling oxygen 
access to the bitumen. Thus, the oxidative aging of bitumen as function of depth in the pavement is closely related to 
void content of the mixture.  
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To simulate field aging in laboratory, different types of test may be used, including conduction of accelerated aging on 
bituminous binders, loose asphalt mixture, or on compacted asphalt specimen. For bituminous binders, there are three 
European standardized tests [12] for short-term aging at high temperatures, namely Rolling Thin-Film Oven Test 
(RTFOT, EN 12607-1), Thin Film Oven Test (TFOT, EN 12607-2), and Rotating Flask Test (RFT, EN 12607-3). These 
tests reasonably simulate aging particularly during mixing process in an asphalt mixing plant. 
 
For long-term aging during in-service, laboratory simulation is rather difficult. Ideally, a laboratory test should be able 
to predict chemical and physical property changes in the bitumen which occur after certain years on asphalt pavement. 
This may be achieved by conducting an aging test at artificially severe conditions, e.g. at temperatures higher than 
pavement service temperature and at pressures higher than ambient pressure. Two European standardized long term 
aging tests are Pressure Aging Vessel (PAV) [13] and Rotating Cylinder Aging Test (RCAT) [14]. Although numerous 
investigations have been carried out, solid data, especially field data for different types of binders under different 
climatic conditions, are still not sufficient to support if these laboratory aging tests are relevant or if natural aging 
occurred in the pavement can be properly predicted. It is also believed that aging of bitumen at a higher temperature 
may be fundamentally different from aging at lower temperature that is more accurately simulating pavement 
temperature [5]. 
 
The primary objectives of this study are to compare how different aging tests (RTFOT, PAV and RCAT) under various 
conditions relate to field aging. Based on the Swedish LTPP (Long Term Pavement Performance) database [15], several 
roads of different ages were selected to drill asphalt cores and to extract bitumens from the asphalt cores. Accordingly, 
fresh unmodified and SBS polymer modified bitumens were prepared for laboratory aging. Characterization of binders 
was performed using conventional tests (penetration, softening point), rheological measurements with dynamic shear 
rheometer (DSR), as well as by Fourier transform infrared spectroscopy (FTIR). 
 
2. EXPERIMENTAL 
 
2.1 Laboratory aging 
 
Three types of binders were selected and prepared for this study. The selection was based on the field samples collected 
(Cf. Section 2.2) and was an attempt to make fresh samples of the same type of bitumen as used in the construction of 
the roads. The binders included a viscosity-grade bitumen A120 (penetration 220 dmm, softening point 35.3ºC), a 
penetration-grade bitumen B85 (penetration 76 dmm, softening point 45.5ºC), and a polymer modified bitumen PMB20 
with 6% linear SBS (penetration 98 dmm, softening point 95ºC). According to today’s European specifications, A120 
and B85 may be classified as 160/220 and 70/100, respectively. 
 
The binders were aged by different procedures under different conditions as follows: 
 

� RTFOT, followed by PAV at 100°C (abbr. PAV 100) for 8h, 20h, and 48h 
 

� RTFOT, followed by PAV at 75°C (PAV 75) for 48h, 120h, and 220h 
 

� RCAT at 163°C for 4h, then at 90°C for 17h, 65h, and 140h 
 
PAV, developed within SHRP and standardized under EN 14769 [13], is used to simulate long-term aging in the field. 
It is carried out after a short-term aging test RTFOT. In this study, PAV tests generally follow the standard. The use of 
different temperatures and aging times is to study aging kinetics. Aging kinetics is believed to be binder specific and of 
importance for development of a performance-based binder specification. 
 
RCAT is another long term aging test method newly standardized [14]. It is also claimed that RCAT at 163�C for 4h 
(normally used as the first step of RCAT) can simulate short term aging [14] [16]. In the test, about 525g of the sample, 
which has been heated to flow and homogenized, is poured into the cylinder of the device. The short-term aging is 
performed at 163°C for 4h (RACT163), with air flow rate of 4 L/min and a rotation speed of 5 rev/min. Afterwards, the 
long-term aging is conducted at 90ºC for 140h (RCAT90), with an oxygen flow rate of 4.5 L/h and a rotation speed of 1 
rev/min. A test portion of 30g is taken at the end of RCAT163, as well as after 17h and 65h of RCAT90. Aged binder is 
finally collected after 140h of RCAT90.  
 
2.2 Field samples 
 
Several roads of different ages were selected from the Swedish LTPP database to drill asphalt cores in 2003. The whole 
asphalt layers of interest (Table 1) were cut from the field asphalt cores for extraction of the binders. Recovery of binder 
was carried out by a procedure with rotary evaporator (FAS Method 419-02), which in principle is the same as EN 
12697-3 [17]. 
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Road code Location Asphalt type and year 

of laying 
Binder Total years of 

in-service 
Years on the 

surface 
D-RV53-1 

D-RV53-2 

E-RV34-1 

E-RV34-1 

E18/E20 

Kvicksund 

Nyköping 

Brokind 

Brokind 

Örebro 

MAB16T, 1977 

MAB16T, 1987 

MAB12T, 1969 

MAB12T, 1971 

ABT, 1989 

A120 

B180 

A120 

A120 

B85, PMB20 

26 

16 

34 

32 

10 

5 

6 

2 

2 

10 

 
Table 1: Road sections and asphalt materials selected for field aging study 
 
 
The section E-RV34-1 in Brokind was built in 1969 with a 25 mm MAB12T surface layer on 100-mm macadam. 
MAB12T is a dense graded asphalt concrete with maximum aggregate size of 12 mm and was produced in 1969 with 
bitumen A120. The section was overlaid with the same type of asphalt mixture in 1971, and maintained subsequently by 
other measures as illustrated in Figure 1. The two MAB12T layers were chosen to study field aging after recovery of the 
binder. 
 

 
 
Figure 1: Road sections selected for drilling field cores 

MAB12T: Soft dense graded asphalt concrete with maximum aggregate 12 mm 
ABT: Dense graded asphalt concrete 
HABT: Hard dense graded asphalt concrete 
AG: Hot-mix base 
ABS: Stone mastic asphalt 
Y1B: Surface dressing 

 
 
The second road section selected in this study was D-RV53-2 in Nyköping (Figure 1). This section was constructed in 
1987 using 40 mm MABT16, a dense graded asphalt concrete with maximum aggregate 16 mm and produced with 
bitumen B180. The mixture consisted of about 6% (by weight) binder and 3.5% voids. About six years later, the section 
was overlaid with 28 mm hard dense graded asphalt concrete (HABT). 
 
The third section was D-RV53-1 in Kvicksund, which was built in 1977 with a 25 mm MAB16T. According to the 
technical requirements of that time [18], MAB16T was a dense graded asphalt mixture with maximum aggregate size of 
16 mm and with about 6.2 wt% binder (normally A120) and 3-5% voids. The layer was on the top of the pavement for 
five years because of a surface treatment in 1982, and several other maintenance measures in the years after (Figure 1). 
 
Test sections in a high traffic road E18/E20 Örebro were also selected to compare laboratory aging and field aging. 
Those sections were constructed in 1989 with six different types of binder, including penetration grade bitumen B85 
and SBS polymer modified binder PMB20. Unfortunately, major part of the test sections was removed due to 
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reconstruction, thus field samples cannot be taken. Instead, literature data [19] on the extracted binders after 10-year 
service were used for comparison. 
 
2.3 Evaluation methods 
 
Rheological characterization of binders was carried out using a dynamic shear rheometer (Rheologia Stress Tech) at 
two temperatures (25 and 60ºC) and at five frequencies ranging from 0.1 to 20 Hz. In all the tests, parallel plates with 
25 mm diameter and 1 mm gap were used. The measured parameters included complex modulus G* and phase angle �. 
 
Depending on available amount of the samples, penetration and softening point were also measured in many cases. 
 
To chemically evaluate bitumen aging, Fourier transform infrared spectroscopy (FTIR, instrument from Perkin Elmer) 
was applied to assess carbonyl and sulfoxide functionalities. As products of oxidation reaction, these two functional 
groups may indicate the degree of oxidative aging in the bitumen. In FTIR analysis, sample solutions of 5% (by weight) 
were prepared in carbon disulfide. Blank (solvent) and sample scans were performed in a circular sealed cell with KBr 
windows and 1 mm thickness. The amounts of sulfoxide and carbonyl compounds were assessed by measuring the areas 
of IR bands at about 1030 and 1705 cm-1, respectively. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Laboratory aging 
 
In this study, RTFOT was selected as a short term aging test because of its popularity. Aged samples after RCAT at 
163� for 4h were also collected for comparison since RCAT163 was claimed as one of the options for short term aging 
before in the long-term aging test by RCAT [14]. Evaluation of aging was carried out by various physical, rheological 
and chemical property measurements, including penetration, softening point, complex modulus, phase angle, and 
functional groups (sulfoxides and carbonyls). 
 
Table 2 shows DSR data before and after aging with RTFOT and RCAT163. As indicated by complex modulus and 
phase angle, the two short-term aging tests are quite similar both for unmodified and SBS polymer modified binders. 
This is in agreement with observation reported in [16]. 
 

G* (kPa) at 25ºC and 10 rad/s � (deg) at 25ºC and 10 rad/s Samples 
Unaged RTFOT RCAT163 Unaged RTFOT RCAT163 

A120 
B85 

PMB20 

  68 
504 
156 

134 
740 
240 

123 
721 
281 

80 
68 
62 

75 
59 
62 

78 
57 
62 

G* (Pa) at 60ºC and 10 rad/s � (deg) at 60ºC and 10 rad/s Samples 
Unaged RTFOT RCAT163 Unaged RTFOT RCAT163 

A120 
B85 

PMB20 

  476 
1920 
3980 

  738 
3880 
3830 

  763 
3500 
4300 

89 
87 
51 

87 
84 
59 

88 
84 
62 

 
Table 2: DSR measurements for the binders before and after short-term aging 
 
 
For long-term aging during in-service, PAV at 75�C and 100�C and RCAT at 90�C were evaluated. Figure 2 confirms 
that the temperature is a factor significantly influencing the aging kinetics and the temperature effect is strongly binder-
related. For unmodified bitumen, under the tested durations, complex modulus versus aging time can be fitted by a 
linear regression, both in PAV and RCAT. The general rule that increasing temperature by 10°C doubles the rate of 
aging is also likely followed in PAV. For example, to reach the same level of complex modulus of 400 kPa at 25�C and 
10 rad/s, for bitumen A120, aging time in PAV 100�C is estimated to be 22h, which is just between 1/4 and 1/8 of the 
time required in PAV 75�C (120h). However, the rule is not valid when PAV and RCAT are compared to each other. 
The different tests result in different aging kinetics. To obtain a similar level of aging, RCAT will take much longer 
time than PAV if the temperature is the same. The DSR data, as well as softening point and penetration (Figure 3), 
show that for the unmodified bitumens, aging of 140h in RCAT at 90°C is more or less equivalent to 20h PAV at 
100°C, or 120h PAV at 75°C. 
 
On the other hand, for the polymer modified binder (PMB20), aging kinetics is very different from those of unmodified 
bitumens. Figure 2 shows that, in PAV 75°C, complex modulus of the modified binder increases gradually with the 
aging time. When temperature is raised from 75�C to 100°C in PAV or 90°C in RCAT, the rheological property 
changes become completely unpredictable. This is also the case for softening point change. Unlike unmodified 
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bitumens, softening points of the SBS modified binder do not increase with the aging time, as illustrated in Figure 4. 
This is due to a combined effect of bitumen oxidation and polymer degradation (Cf. Section 3.3). Experiments with gel 
permeation chromatography (GPC) made on a similar modified bitumen (6% SBS) showed that, after RTFOT followed 
by PAV at 100�C for 20 h or PAV at 75�C for 110h, GPC peak heights for the SBS polymer were reduced by about 
40% and 60%, respectively. The degradation of the polymer apparently compensates for bitumen oxidative hardening. 
As a consequence, the equivalence between the long term aging tests established for the unmodified bitumens does not 
exist for PMB (Figure 3). The strong temperature dependence of aging mechanisms and kinetics also makes prediction 
of PMB aging in the field very difficult. Normally the maximum pavement temperature is about 60�C. Thus the long 
term aging test conducted a temperature close to 60�C should be the most relevant, in this case it is PAV at 75�C. 
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Figure 2: Long-term aging tests with PAV and RCAT under different conditions for bitumen A120 and 

SBS modified binder PMB20 – Rheological measurements by DSR 
(In PAV, 0 h aging = RTFOT, and in RCAT90, 0 h aging = RCAT 163C/4h) 
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Figure 3: Comparison of the long-term aging tests by testing of penetration and softening point 
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Figure 4: PAV tests under different conditions – Measurements of penetration and softening point (0 h 

aging in PAV = RTFOT) 
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3.2 Field aging 
 
In Table 3, the results of complex modulus, penetration and softening point (R&B) measurements are shown for the 
binders extracted from old pavements. Based on Figures 2 and 4, and by using appropriate curve fitting, we can 
estimate laboratory aging times required to give the same level of aging as in the field. Figure 5 illustrates examples of 
estimation for PAV at 100�C. Results estimated for other tests are shown in Table 4. 
 

G* at 10 rad/s, kPa Recovered 
binders 

Sources Penetration, 
dmm 

R&B, �C 

at 25�C at 60�C 
A120 

B180 

A120 

A120 

B85 [19] 

PMB20 [19] 

MAB16T, 1977 

MABT16, 1987 

MAB12T, 1969 

MAB12T, 1971 

ABT, 1989 

ABS, 1989 

101 

114 

36 

90 

56 

88 

44.0 

42.7 

57.3 

46.8 

53.5 

78.5 

214 

185 

1140 

270 

-- 

-- 

1.14 

1.29 

9.34 

1.88 

-- 

-- 

 
Table 3: Rheological and conventional measurements of recovered binders 
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Figure 5: Comparison of field aging and PAV at 100�C 
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Table 4: Estimation of equivalent laboratory aging times for the field aged binders 
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As can be seen from Figure 5 and Table 4, the equivalent aging times for the recovered binders are in general 
significantly shorter than that currently used or proposed (20h in PAV 100°C and 140h in RCAT 90°C). For example, 
for the bitumen (A120) extracted from MAB16T in D-RV53-1 (Kvicksund, 1977), only 6-8 hours are required for PAV 
at 100�C to produce the same level of aging as in the field. If PAV 75�C or RCAT 90�C is used, the equivalent aging 
time is found to be about 30 hours. It should be noted that this bitumen had been in the pavement for more than 25 
years, but only 5 years on the surface. Similar observation of low aging also can be made for the same type of bitumen 
(A120) that was extracted from MAB12T used in the section E-RV34-1 (Brokind) in 1971.  
 
The relatively low degree of aging is also found for the binder extracted from MABT16 in D-RV53-2 (Nyköping, 1987, 
Cf. Figure 1). In this section and at the time of drilling asphalt cores, bitumen B180 had been in the road for 16 years, of 
which 6 years on the surface. However, penetration and softening point of the extracted binder still retain 114 dmm and 
43°C, respectively, which are very close to the values after short-term aging with RTFOT (penetration ( 115 dmm, 
softening point ( 42�C). For the corresponding unaged bitumen, penetration is about 180 dmm and softening point 
about 38�C.  
 
Also for polymer modified binder PMB20, the aging after 10 years of service in the field was very low. Based on 
penetration and softening point data reported in [19], the equivalent aging time in PAV 100�C is estimated to be only 2-
3 hours (Figure 5).  
 
The only exception is observed for bitumen A120 used in Brokind section E-RV34-1, 1969. The extracted binder shows 
considerable aging. The equivalent aging times in laboratory tests are estimated to exceed 50 hours in PAV 100�C 
(Figure 5), and to be longer than 400 hours in PAV 75�C or RCAT 90�C (Table 4). 
 
The above observations imply that oxidation of bitumen might have stopped when the bituminous layer was sealed or 
overlaid. It could also be attributed to low void contents of the asphalt mixtures, which limit access of oxygen into the 
asphalt layer. For the asphalt cores taken from Kvicksund and Nyköping, void contents were found to be 1.9% and 
1.7%, respectively. These values are lower than what had been designed (3-5%). This was probably due to densification 
under traffic. Because of the low void contents, no effort was made to determine the rate of bitumen aging as function 
of the depth from the pavement surface. The observed low degree of bitumen aging could also be attributed to relatively 
low climatic temperature. The recorded average temperature over a year for Brokind and Kvicksund-Nyköping regions 
was below 10�C. 
 
3.3 Chemical aspects - FTIR analysis 
 
Chemical changes during aging have been studied extensively in the past [5] [6] [8]. It is known that oxidation of 
bitumen produces carbonyls and sulfoxides and increases polarity, causing increases in bitumen viscosity and softening 
point, etc. In a given aging test, the chemical changes may differ largely between different bitumens, especially between 
unmodified and polymer modified binders. 
 
Figure 6 shows typical infrared spectrograms for bitumen before aging and after laboratory and field aging. The 
absorbance band at about 1705 cm-1 is attributed to C=O stretch in carbonyl compounds, such as ketones, carboxylic 
acids and anhydrides. The stretch of S=O in sulfoxides gives an IR absorbance band at around 1030 cm-1. By measuring 
areas of the IR bands, the relative amounts of carbonyl compounds and sulfoxides formed on aging may be assessed. 
 
In Figure 7, IR absorbance ratios of aged to unaged bitumen are plotted against the aging time in PAV; as examples, an 
unmodified bitumen A120 and SBS polymer modified binder (PMB20) are illustrated. The samples of zero-hour aging 
in the figure are those after RTFOT. Evidently, at both low (75°C) and high (100°C) PAV temperatures, the formation 
of sulfoxides is significant. With increasing aging time, the rate of sulfoxides formation tends to decrease and 
eventually levels off. Unlike sulfoxides, carbonyl compounds are formed at a more constant rate, and the rate is much 
higher in PAV 100�C than in PAV 75�C. These observations agree with findings reported in the literature [5]. 
 



 9

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: IR spectrograms for bitumen before aging and after laboratory or field aging 
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Figure 7: IR absorbance ratios as function of aging time in PAV (0 h aging refers to RTFOT) 
 
 
Figure 7 also indicates that the formation of sulfoxides in the SBS modified binder is lower than that in the unmodified 
bitumen, while an opposite trend is seen for carbonyl compounds (Note: The base bitumen used for the modified binder 
has the same source as A120). The inhibiting effect of SBS on sulfoxide formation was also observed in reference [20]. 
The reason for that is not known, but we suspect that SBS polymer competes with bitumen sulfur compounds (e.g. 
sulfides) for oxidants. As for carbonyls in the SBS modified binder, the increased amount by aging is contributed not 
only by bitumen oxidation but also by the degradation of the polymer.  
 
It has been reported that, for a given bitumen, the increase in dynamic viscosity correlates with carbonyls formed on 
aging [5]. Such relationship does not exist when different bitumens are compared. From this study, similar conclusions 
can be drawn, as shown by complex modulus in Figure 8. However, for the SBS modified binder (PMB20), correlation 
between complex modulus and carbonyls is rather poor, which is due to different mechanisms of oxidation in PMB. 
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Figure 8: Complex modulus as function of IR absorbance of carbonyl compounds formed in PAV tests 
 
 
Differently from laboratory aging, the field aged bitumens show a much higher level of sulfoxides but lower level of 
carbonyls, as illustrated in Table 5 and Figure 9. It is likely that higher temperature in laboratory aging results in higher 
amount of carbonyls while longer time in the field produces higher amount of sulfoxides. These differences imply that 
oxidation mechanisms of bitumen in the field may not be the same as in laboratory aging test, suggesting difficulty in 
prediction of field aging by analysis of the functional groups. 
 

IR 
absorbance 

Unaged RTFOT PAV 
100�C, 20h 

PAV 75�C, 
120 h 

Recovered 
1969 

Recovered 
1971 

Recovered 
1977 

Carbonyls 0.58 0.91 1.33 1.14 0.80 0.70 0.91 

Sulfoxides 0.12 0.12 1.27 1.16 2.51 3.70 3.15 

 
Table 5: Relative carbonyl and sulfoxide IR absorbances of bitumen A120 (unaged and aged) 
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Figure 9: Comparison of field aging and laboratory aging based on IR absorbance ratios 
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4. CONCLUSIONS 
 
From the results presented in this paper, the following conclusions can be drawn: 
 

� Binders from roads of long time in-service generally display a low degree of age-hardening. Based on the 
rheological and conventional measurements, the estimated equivalent laboratory aging durations are much 
shorter than those being standardized; 

 
� Low voids in the asphalt mixture and surface sealing and overlay can prevent aging of the binder; 

 
� Aging kinetics and formation of sulfoxides and carbonyls are strongly temperature dependent. It is shown that 

the increase in bitumen stiffness correlates well with carbonyls formed on aging. For the SBS modified binder, 
the polymer is found to inhibit the formation of sulfoxides on aging; 

 
� Compared to laboratory aging, much higher level of sulfoxides but lower level of carbonyls is found for the 

binders aged in the field. This suggests that oxidation mechanisms in the field may not be the same as in 
laboratory aging tests; 

 
� The short-term aging tests RCAT (163°C, 4h) and RTFOT are quite similar; 

 
� The long-term aging tests PAV (100°C, 20h), PAV (75°C, 120h) and RCAT (90°C, 140h) are almost 

equivalent for unmodified bitumen; but they are different when applied to the SBS modified binder. 
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406-002 THE INFLUENCE OF MOISTURE ON THE AGING CHARACTERISTICS OF BITUMEN

SHIN-CHE HUANG, THOMAS F. TURNER, AND KENNETH P. THOMAS  
Western Research Institute, 365 North 9th Street, Laramie, WY 82072, UNITED STATES 

ABSTRACT

The influence of moisture on the aging characteristics of bitumens was examined by studying the rheological and 
chemical properties of bitumens aged in the absence or presence of water in a pressure aging vessel (PAV). Eight 
different bitumens were RTFO aged using standard procedures and then PAV aged at 80°C with and without moisture 
present for different durations, 144, 240, and 480 hours. The rheological properties of the RTFO- and RTFO/PAV-aged 
bitumens were studied as a function of oxidative aging time and the presence or absence of water. Master curves were 
constructed by shifting the aging time-frequency data to assist in the interpretation. The results showed that the effect of 
moisture on the aging characteristics of the bitumens is bitumen-source dependent. The stiffness of some bitumens 
decreases in the presence of moisture in the PAV aging process; while the stiffness of others increases. Chemical 
analyses obtained from infrared spectroscopy were also correlated to physical properties of the eight bitumens. The 
results suggest that water disrupts the colloidal structure of bitumen molecules during the oxidative aging process. 

Keywords: aging characteristic, rheology, moisture, chemical composition, compatibility

1. INTRODUCTION 

When hot bitumen and aggregate are combined in a hot-mix plant, considerable hardening occurs in the bituminous 
material. Some of this is caused by a loss of volatile components, but the greater part is the result of oxidation. It is well 
known that a rapid oxidative aging occurs in manufacture and laying (mixing and compaction) process. This is followed 
by a slow aging during road service (field aging). 
It is recognized that the major cause of the long term hardening of the bituminous material in a pavement surface is the 
chemical reaction with atmospheric oxygen. This slow reaction is controlled by the intrinsic reactivity of the bitumen, 
the temperature regime at the pavement surface and the rate of diffusion of oxygen into the binder in the interior of the 
pavement.  
However, there has been very little investigation on the chemical composition and structure changes during oxidative 
aging in the presence of water. So it is very necessary not only in practice, but also in theory to study these changes in 
order to understand fully the internal causes leading to bitumen oxidative aging. 
It is hypothesized that the presence of moisture during PAV aging accelerates the bitumen oxidation by changing the 
internal structure of bituminous materials. The objective of this experiment is to evaluate the impact of water on the 
long-term aging characteristics of bitumen. More specifically, the objective is to correlate rheological properties with 
chemical properties of bitumens after long-term aging in the presence and absence of water. Because the physical 
properties of bitumen are controlled by the interactions of the molecules from which it is composed, an understanding 
of these interactions should provide the basis for understanding its physical behavior and thus its durability. 

2. EXPERIMENT DESIGN 

Nine bitumens studied during the Strategic Highway Research Program (SHRP) were selected for this research. They 
are: AAA-1 (Lloydminster), AAB-1 (Wyoming Sour), AAC-1 (Redwater), AAD-1 (California Coastal), AAF-1 (West 
Texas Sour), AAG-1 (California Valley-lime treated), AAK-1 (Boscan), AAM-1 (West Texas Intermediate), and ABD 
(California Valley- not lime treated). The chemical and physical properties of these nine asphalt binders can be found in 
reference [1].  
The bitumens were first aged using the standard rolling thin film oven (RTFO) procedure (AASHTO T240), The 
RTFO-aged bitumens were then further aged using the PAV procedure (AASHTO PP1) at a temperature of 80°C for 
different durations, ranging from 144 hours, 240 hours And 480 hours. For the samples that were to be aged in the 
presence of water, a glass Petri dish containing 15 mL of water was included in the pressure vessel. This is the only 
difference between what is defined as dry and a moist PAV-aging. The partial pressure of water in the pressure vessel 
was calculated to be 0.047 MPa at 80°C. 
All of unaged and aged samples in both dry and moist conditions were subjected to chemical and rheological analysis. 
The rheological properties of the aged and unaged samples were determined using a Rheometrics 605 or Ares 
rheometer. Data were obtained in the region of linear strain from a frequency range of 100 to 0.1 radians per second at a 
temperature of 60°C using 25-mm parallel plates. The thickness of the sample was 1 mm. The rheological parameters, 
complex modulus, G*, and phase angle, �, were obtained. The chemical properties that were determined include the 
concentrations of carbonyl- and sulfoxide-containing compounds. The concentrations of these two compounds were 
determined using a Perkin-Elmer 983G infrared spectrometer. The infrared spectrum of a bitumen sample was obtained 
by dissolving 50 mg of bitumen in 1 mL of carbon disulfide, placing the sample in a sodium chloride cell with a 0.1-cm 
path length, and recording the spectrum, using solvent compensation, from 4000 to 600 cm-1. The amount of the 
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carbonyl-containing compounds, centered at 1700 cm-1, was estimated using a peak-height method. The concentration 
of sulfoxide-containing compounds, centered at 1030 cm-1, was determined by measuring the area under the peak. The 
area was then converted to moles per liter by multiplying by the dilution factor, in this case 21, and dividing by the cell 
path length, 0.1 cm, and the absorptivity coefficient (4900 L/mole cm2). The absorptivity coefficient was determined 
from the analysis of several model compounds that contain the sulfoxide functional group and is described in detail by 
Petersen [2,3]. 

3. RESULTS AND DISCUSSION 

As bitumens undergo oxidative aging, their flow behavior becomes more complex or non-Newtonian. In other words, 
aging increases the stiffness and modulus of bituminous binders and lowers the strain required to produce cracking. 
Therefore, it is imperative that the rheological properties of bituminous material after oxidative aging in the presence of 
water be extensively investigated to determine the effect of water on the bitumen hardness attained during the life of the 
pavement. To evaluate and understand the complex flow characteristics of bitumen binders after long-term aging in the 
presence of water, it is necessary to characterize the flow properties over a wide range of deformation conditions. i.e., 
stress and/or rates of shear.  
Figure 1 shows the complex modulus and phase angle as a function of frequency with respect to different aging time for 
a typical bitumen along with constructed oxidation master curves for complex modulus and phase angle. As seen from 
Figure 1, the complex modulus increases as aging time increases, and the phase angle decreases as aging time increases. 
This kind of behavior is similar to the rheological characteristics of typical bitumen under the action of temperature and 
loading time, where the modulus increases as temperature decreases and phase angle decreases as temperature 
decreases. With this in mind, the time-temperature superposition principle typically used in constructing master curves 
for bitumen was applied to construct oxidation master curves. Figure 1 also shows the constructed oxidation master 
curves for modulus (1a) and phase angle (1b). Well-fitted curves for complex modulus phase angle were generated. The 
Christensen-Andersen-Marasteanu (CAM) model used during SHRP for constructing time-temperature master curves 
was modified to construct the oxidation master curves for all bitumens [4,5,6]. The equation is shown below. The 
detailed information regarding how to modify and apply the CAM model to construct oxidation master curves can be 
found in references 6 and 7. 
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  (Eqn. 1) 

Where t = aging time, 
 G*g = glass complex modulus, 

� c = location parameter of frequency,  
 k = shape parameter, dimensionless, 

�’ = reduced frequency, is defined as aT(t)�,
 aT = aging shift factor, dimensionless. 

All different aging times were shifted to zero aging time. The aging shift factor is the amount of shift for the complex 
modulus and phase angle at a given aging time to the reference aging time (zero aging time in this case) to form a single 
curve. The values of these shift factors can be considered to be modulus (stiffness) changes with respect to the modulus 
at the reference aging time, and give an indication of how the properties of a material change with aging time.  
Figure 2 shows the carbonyl content as a function of PAV aging time at 80C for six bitumens, AAA-1, AAB-1, AAD-1 
(shown in Figure 2a), and AAF-1, AAG-1, and ABD (shown in Figure 2b) in both dry and moist oxidations. The 
Williams-Landel-Ferry (WLF) model, as shown as follow, was used to construct all curve fits [5].  
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Where Y = carbonyl content, a.u., 
 T = aging time, 
 T0 = reference aging time, 
 C1 = dimensionless constant, and  
 C2 = aging time constant.  
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Figure 1: Rheological parameters, G* and �, as a function of frequency with respect to different aging 
times along with constructed oxidation master curves 
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Figure 2: Carbonyl content versus PAV aging time in the presence and absence of water for different 
bitumen 
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It can be seen that these curves are similar to traditional aging kinetic curves for bitumen, where there is an initial jump 
and then a slower reaction as aging time increases. This figure shows that different bitumens have different aging 
mechanisms. Some bitumens oxidize faster than others, chemically. The carbonyl content of bitumen AAG-1 (shown in 
Figure 2b) increases the most and AAD-1 (shown in Figure 2a) increases the least as aging time increases. Also, it can 
be seen that PAV aging in the presence of water increases the carbonyl content. In other words, water accelerates the 
aging process chemically. To see how much water affects the physical and chemical properties of bitumen after long-
term aging, the ratio of the difference between dry and moist oxidation divided by dry oxidation in terms of physical 
and chemical properties was used. Figure 3 shows the mean values of physical change (3a) and chemical changes (3b) 
due to water in PAV aging for all bitumens. Figure 3a shows the average stiffness increase for all bitumens. The 
average increase is approximately 18.1% due to the presence of water in PAV, based on rheological data from eight 
bitumens. Figure 3b shows the average carbonyl content increase is approximately 12.9% due to the presence of water 
in PAV.  It is speculated that the hydrogen bonds from water in asphalt binder break up asphaltene particles and result 
in higher reaction rates and higher stiffness due to PAV aging. More research is needed to verify these speculations.  
It was the authors’ intention to correlate the aging shift factors to chemical properties to see if there is a relationship 
between rheological properties and chemical properties and to also see how water affects the relationship. Figure 4a 
shows the relationship between aging shift factors and carbonyl content for four asphalts, AAA-1, AAB-1, AAD-1, and 
AAK-1, before and after PAV aging. As seen from Figure 4a, there is a linear relationship between physical properties 
and chemical properties. R-squared (coefficient of correlation) ranges from 0.96 to 0.99. In addition, wet oxidation does 
not affect the linear relationship. The slopes of the lines indicate how rheological properties change with respect to 
chemical properties change during aging. For example, in the case of bitumen AAG-1, an increase in the carbonyl 
content has less of an effect on the rheological properties of the aged bitumen. However, a smaller increase in carbonyl 
content of the other bitumen, AAD-1, has a much greater effect on the rheological properties of aged bitumen. Note that 
AAG-1 is highly compatible bitumen; while AAD-1 is highly incompatible bitumen. It has been well recognized that 
highly compatible bitumens such as AAG-1 may exhibit a large amount of oxidation as measured by increases in 
oxygen-containing products, but the oxidized species may be well dispersed, resulting in less change in stiffness [8]. On 
the other hand, highly incompatible bitumens such as AAD-1 may undergo a small amount of oxidation, but the 
additional oxidized species might increases the strength and numbers of polar associations, and thus exhibit a large 
increase in stiffness. In other words, the stiffness of compatible bitumens is relatively less sensitive to the buildup of 
oxidation products such as carbonyl component (ketones). 
In addition to the carbonyl content, sulfoxide was also investigated. Figure 4b shows the relationship between aging 
shift factor and sulfoxide for the same four bitumens, AAA-1, AAB-1, AAD-1, and AAK-1. Unfortunately, the 
relationship is not linear. However, a general trend can still be observed even though the data is scattered. It appears that 
aging shift factors increase as sulfoxides increase initially and then decrease after reaching certain point, as shown in 
Figure 4b. It is speculated that some sulfoxides have been converted to sulfonic acids during PAV aging. 
To further investigate whether material compatibility is related to aging susceptibility, the aging susceptibility of 
bitumen, defined as the slope from each line, was correlated to the asphaltene content (Figure 5a) and compatibility 
parameter, Gaestel Index (Figure 5b). As seen from Figure 5a that the R-squared for the linear relationship between 
aging susceptibility and asphaltene content is 0.76. The R-squared for the relationship between aging susceptibility and 
the Gaestel index is 0.84, as shown in Figure 5b if AAM-1 is excluded. It is possible that the relatively high 
concentration of microcrystalline waxes in asphalt AAM-1 may be playing a role in the behavior of this asphalt during 
aging. This relationship indicates that aging susceptibility is related to the material’s compatibility. More compatible 
bitumen has more oxidation and highly incompatible material has steeper slope between physical and chemical 
properties. Note that the colloidal stability of bitumens, as measured by the Gaestel Index, changes as aging progresses. 
High values of the index are associated with instability and increased viscosity [9].  

4. CONCLUSION 

The age-hardening characteristics of bituminous materials were extensively evaluated by extending the one 
temperature-time standard points of the PAV into sets of age-hardening curves representing heat exposure in the PAV 
under constant temperature of 80°C for different durations up to 480 hours in the presence of water and absence of 
water. After the oven exposure, at a given time, each sample was evaluated for its aged rheological properties and 
chemical properties. 
The results indicate that different bitumens show markedly different rheological changes for similar amounts of 
oxidation. In addition, PAV aging in the presence of water accelerates the aging process. Furthermore, there is a linear 
relationship between a physical property (rheology) and a chemical property (carbonyl content) after PAV aging. 
Furthermore, water does not affect the linear relationship. 
From the data, it appears that the impact of water during aging on asphalt stiffness is bitumen-source dependent. In 
addition, the aging susceptibility is affected by compatibility of bitumens. In addition, a simplified way of relating 
bitumen aging to rheology and colloidal character may be suggested, based on limited data and an assumption of the 
uniqueness of the relationship between the colloidal character and the rheology of bitumens.  
It appears that the sensitivity of a bitumen to stiffness increase on oxidation is strongly influenced by its component 
compatibility. The more highly incompatible a bitumen, the more sensitive it is to stiffness increase with increasing 
oxidation aging time. 
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406-003 WATER SENSITIVITY EVALUATION OF AC MIXES WITH ANTISTRIPPING 
ADDITIVES BY DIFFERENT MECHANICAL TESTS 
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ABSTRACT 
 
The effect of antistripping additives Stardope 330ME and Stardope 120P have been evaluated with water sensitivity 
tests: with ITSR, (indirect tensile strength ratio at +15°C and +25 °C), ITSMR (indirect tensile stiffness modulus 
ratio at +15°C and +25 °C), RDR (rut depth ratio, WTSR (wheel tracking slope rate ratio at +60 °C ). Specimens 
have been prepared with 2x25 blows (Marshall-hammer ) and using gyratory compaction with 40 and 50 numbers 
of gyrations and slabs for wheel tracking test with roller segment compactor. The method of specimen conditioning 
with water has been the same in each test, according to EN 12697-12:2003 standard. 
The series of water sensitivity tests have been performed on 6 types of AC mixes with different types of aggregates 
(basalt 0/12, andesite 0/12, limestone 0/20, dolomite 0/20, crushed quartz gravel 0/12 and 0/11 ) prepared with 2 
types of paving grade (pen 50/70) bitumen of MOL and OMV with and without additives. For basalt AC mix, the 
wheel tracking test with small size device at +60 °C has been used additionally for comparison of water sensitivity 
parameters obtained on slab specimens. 
 
The results show that the presence of additive doesn’t influence the degree of compaction. The water sensitivity with 
and without additive depends on the type and gradation of aggregates, type of bitumen and the type of test. The 
additive Stardope 330 ME improves the water sensitivity of andesite and basalt mixes and doesn’t show influence at 
limestone, dolomite and quartz mixes for MOL-bitumen. The effect of Stardope 330 ME with OMV-bitumen has been 
found neutral. The additive Stardope 120P improves the water sensitivity using both MOL-bitumen and OMV-
bitumen for andesite and quartz mixes. On several occasions the water sensitivity determined with ITSM test has 
been found even between 100-120 %. 
 
Keywords: antistripping agents, gyratory, indirect tension, stiffness, water sensitivity 
 
1. INTRODUCTION 
 
Stripping is regarded as one of the main factors influencing the performance of the asphalt mixes. A number of tests 
are offered to evaluate stripping through water sensitivity. 
For evaluation of the effects of antistripping additives it has been practical to use water sensitivity test applied by the 
European Standard for testing hot asphalt mixes [7]. The task of the investigation was to determine the effect of two 
additives: Stardope 330 ME and Stardope 120P. We have used the standard method at the temperatures 
recommended in test standard and specified in the Type Testing standard, as obtain test data during the period of 
coexistence of national specification and European Standards [9]. 
According to the technical data sheet of the producer, the Stardope 330 ME is a liquid additive based on 
alkylamidopolyamine mixed with special vegetable oils [10]. The other additive type of the Stardope 120 P is also a 
liquid promoter, based on phosphoric esters in vegetable oils  [11]. Both additives can be used for paving grade and 
polymer modified bitumens, and both are stable at high storage temperature (180 °C) of bitumen. 
Pavement defects due to loss of bitumen – aggregate adhesion can be developed at early stage of pavement life. In 
the field practice the cause of stripping was often the improper usage of baghouse dust, or the usage of crushed 
aggregate products was containing too much fine particles. 
In more complex cases stripping can have several causes which are not easy to quantify with one objective test 
method. The using of adhesion promoters can be explained by the reducing risk of developing premature failures 
and the improving mix performance through service life. Therefore it was intended to apply mechanical 
performance tests for determination of effect of these additives. Other practical tests (similar to the standard test 
methods) were applied for evaluation of water sensitivity such as indirect tensile stiffness modulus (ITSM) test and 
wheel tracking test. 
Several authors have used dynamic modulus non-destructive test for evaluation of water sensitivity of compacted 
asphalt mixes. Procedures of moisture damage tests for compacted asphalt mixtures have been discussed and the 
Saturation Ageing Tensile Stiffness (SATS) test was proposed in work of AIREY et al [15]. The ITSM test was 
used for adhesion performance testing by NÖSLER and BECKEDAHL and they also have found this non-
destructive test method satisfactory [16]. 
Asphalt mixes tested in laboratory have been designed with the Marshall-method at the supporting companies, the 
production and laying operations have been performed during years of 2006-2007. The asphalt mixes contained 
aggregates of different chemical and mineralogical composition, however these differences have been detected only 
indirectly with mechanical tests. 
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2. MIX DESIGN DATA 
 
The mix design data given in the Table 1 also indicate information on the aggregates, additives and type of the layer. 
The aggregate mix in tested asphalt mixes is contained different constituents having variant chemical composition. 
The mineral filler in all mixes has been generally used as limestone filler. The fine and coarse aggregates were 
basalt, andesite, limestone, dolomite, quartz having different affinity for bitumen. Therefore the water sensitivity 
was partly influenced by the alkaline filler and by fine and coarse silica aggregates. More homogeneous polarity had 
mixes containing limestone and dolomite aggregates with limestone filler. 
 

Mixture name Mix1 Mix2 Mix3 Mix4 Mix5 Mix6 
Mixture type AC-12 AC-12 AC-20 AC-20 AC-12 AC-11 
layer wearing 

course 
wearing course binder course binder course binder course binder course

Aggregate type 
d= 0,09-D mm 

basalt andesite limestone dolomite quartz, 
crushed 
gravel 

quartz, 
crushed 
gravel 

Filler type 
d= 0,00-0,09 
mm 

limestone limestone limestone limestone limestone limestone 

design bitumen 
content, % 5,2 5,3 4,1 4,2 4,8 4,9 

bulk density of 
Marshall-
specimen kg/m3 

2410 2435 2467 2516 2404 2411 

maximum 
density kg/m3 2508 2535 2580 2642 2524 2528 

air voids, % 3,9 3,9 4,4 4,8 4,7 4,6 
bitumen grade 
MOL 
ÖMV 

50/70 50/70 50/70 50/70 50/70 50/70 

antistripping 
agent 330 ME 
(in bitumen 
mass %) 

0,50 0,50 0,50 0,50 0,50 - 

antistripping 
agent 120P 
(in bitumen 
mass %)  

- 0,40 - - - 0,40 

Table 1: Design data of tested asphalt mixtures 
 
3. SPECIMEN PREPARATION 
 
3.1. Specimen preparation with impact compactor 
 
For Mix1-Mix6 Marshall-specimens were prepared with 2x25 blows. Because of the diverse compactibility of mixes 
the relative density of the specimens is variable. Table 2 contains the relative densities determined with the formula: 
 

75

25100
b

b
rM )

)
��T                                                                               …(1) 

 
where 
 
TrM is the relative density, %; 
 
)b25 is the bulk density of the Marshall-specimen compacted with 2x25 blows, kg/m3; 
 
)b75 the bulk density of the Marshall-specimen compacted with 2x75 blows, used at the mix design, kg/m3. 
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Bitumen type 
Mix No Mix type Aggregate type MOL 50/70 MOL 50/70 

+ST 330 ME 
ÖMV 50/70 ÖMV 50/70 

+ST330ME 
1 AC-12 basalt 97,4 96,9 97,2 97,4 
2 AC-12 andesite 95,7 95,6 95,4 95,7 
3 AC-20 limestone 93,7 93,4 94,3 94,2 
4 AC-20 dolomite 98,4 98,0 99,0 98,0 

5 AC-12 quartz crushed 
gravel 97,2 97,0 96,4 95,7 

Table 2: Relative densities TrM (%) of Marshall-specimens prepared with 2x25 blows 
 
The relative density according to Hungarian Technical Specification ÚT2-3.301: 2006 for Hot Mixes and Asphalt 
Pavement Courses shall be minimum 97%. Relative densities in Table 2 illustrate the various compactibility of the 
tested mixes. While the relative density has not been influenced by bitumen type or by the additive type the 
aggregate mix gradation and the maximum nominal aggregate size have influenced the compactibility. The required 
field density has been achieved only for one mix (Mix No 4-dolomite), for the whole series of specimens. For other 
mixes the relative density was lower in one or more cases. When the aim is to achieve densities expected in the 
field, it is desired to determine the mix compactibility (EN 12697-10) or determine relative densities from 
compaction tests performed at least at three level of compaction. 
 
3.2. Specimen preparation for wheel tracking tests 
 
Wheel tracking test has been made only for basalt mixes. Slab specimen preparation for wheel tracking tests was 
performed according to EN 12697-33 with roller compactor (ROLLERCOMP). The mass of hot mix sample for slab 
preparation was calculated from bulk densities of Marshall-specimens obtained with 2x25 blows. 
 
3.3. Specimen preparation with gyratory compactor 
 
For water sensitivity testing of mixes for evaluation of effect of Stardope 120P gyratory specimens were prepared 
with diameter of 100 mm according to EN 12697-31:2005 using ICT B0251 research version gyratory compactor. 
Table 3 shows the relative densities of gyratory specimens. For further conditioning as well as for ITS and ITSM 
tests each gyratory specimen went to halves with sawing. 
 

Mix type Mix-2 Mix-6 
Aggregate type andesite quartz 
Bulk density of Marshall-specimen (2x75 blows) from mix 
design, ) b75, kg/m3 

2435 2411 

Maximum density of asphalt mix from mix design, )m, 
kg/m3 

2535 2528 

internal angle, *, mrad 20,28 
speed of rotation,  , rev/min  31,8 
applied pressure, kPa 600 
internal diameter of the mould, D, mm 100 
number of gyrations, ng 40 50 40 
mean bulk density of gyratory specimens, )ng, kg/m3 2323,3 2366,0 2387,5 
standard deviation of bulk density, SD 15,6 23,8 19,2 
coefficient of variation of bulk density, CV%  0,67 1,0 0,8 
number of specimens 24 24 30 
relative density of gyratory specimens TrM , kg/m3 91,6 93,3 94,4 

  Table 3: Data of gyratory specimens prepared for determination of Stardope 120P effect 
 
4. LABORATORY TEST METHODS 
 
4.1. Definition of tests and test results 
 
ITSR, %, is the indirect tensile strength ratio according to formula of EN 12697-12: 2003; 
ITSMR, % is the indirect tensile stiffness modulus ratio: 



 4

 

d

w
ITSM
ITSM

ITSMR �� 100                                                                                               …(1) 

 
where 
 
ITSMw  is the average of indirect tensile stiffness modulus of wet group of specimens in MPa; 
ITSMd  is the average of indirect tensile stiffness modulus of dry group of specimens in MPa; 
 

AIRw

AIRd
AIR PRD

PRD
RPRD �� 100                                                                                         …(2) 

 
where 
 
PRDAIRd   is the average proportional rut depth of the dry group of specimens determined according to EN 

12697- 22:2003 with small size device, method B in %; 
PRDAIRw is the average proportional rut depth of the wet group of specimens determined according to EN 

12697-22:2003 with small size device, method B in %; 
 
 

AIRw

AIRd
AIR WTS

WTS
RWTS �� 100                                                                                        …(3) 

 
where 
 
WTSAIRd  is the average wheel tracking slope of dry group of specimens determined according to EN 12697- 

22:2003 with small size device, method B in mm/1000 load cycles; 
 
WTSAIRw  is the average wheel tracking slope of wet group of specimens determined according to EN 12697- 

22:2003 with small size device, method B in mm/1000 load cycles; 
 
4.2. Specimen conditioning 
 
For all tests specimen were conditioned according to method described in section 7 of EN 12697-12:2003. 
 
5. DISCUSSION OF TEST RESULTS 
 
5.1. Effect of Stardope 330ME (Table 4) 
 
For evaluation of additive effect categories of water sensitivity have been used given in the product standard for AC 
mixes [8]. These categories have been used both for ITSR and ITSMR with note that categories for indirect tensile 
modulus ratio are not specified in the product standard. 
 

 ITSR at +25°C 
 
The additive with MOL-bitumen improves the category of water sensitivity of basalt mix from ITSR80 to ITSR90 and 
from ITSR60 to ITSR70 of andesite mix but doesn’t influence it for limestone (ITSR80) and quartz (ITSR90) mixes and 
decreases for dolomite mix. The additive with OMV-bitumen doesn’t improve the water sensitivity category for 
basalt, andesite, dolomite and quartz mixes but decrease it from ITSR90 to ITSR80 for limestone mix. 
 

 ITSMR at +25°C 
 
The additive with MOL-bitumen also improves the ITSMR category higher (from 70 to 80) for basalt mix and on 
two category (from 50 to 70) for andesite mix. It is not explained why the ITSMR increases (from 80 to 100) for 
limestone mix. For dolomite and quartz mixes the category has not be changed with using additive. The additive 
with ÖMV-bitumen improves the ITSMR category but the increasing effect over 100% is not explainable. The 
improving effect of additive with ÖMV-bitumen has been detected with ITSMR while this effect cannot be 
demonstrated with ITSR categories. Increasing ITSMR for quartz is not explainable. 
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 ITSR at +15°C 

 
At this temperature the water sensitivity has been determined only for basalt and limestone mixes. The water 
sensitivity of basalt mix with MOL-bitumen has been fallen down one category lower than at the temperature of 
+25°C but has been improved from ITSR70 to ITSR80. The additive with OMV-bitumen doesn’t raise water 
sensitivity category (ITSR80). 
 

 ITSMR at +15°C 
 
The additive with OMV-bitumen doesn’t influence much the ITSMR for basalt mix and it remains near category of 
90. The increasing effect of additive for limestone mix to 106% is not explainable. 
 

 Wheel tracking test 
The water sensitivity with wheel tracking test has been evaluated only for basalt mix (Table 6). According to 
formulae (2) and (3) the water sensitivity ratio remains under 100% and opposite to ITS and ITSM ratios the water 
sensitivity is better when this ratio decreasing. The improving effect of additive cannot be detected with rut depth 
ratios. Additive with MOL-bitumen and OMV-bitumen shows the same decreasing effect of wheel tracking rate 
indicating the improving effect of additive. It is supposed that this effect may be more indicative at larger number of 
passes. 
 
5.2. Effect of Stardope 120P (Table 5) 
 
The effect of Stardope 120P has been determined only for andesite and quartz (crushed gravel) mixes. 
 

 ITSR at +15°C (specimen preparation with number of gyrations ng=40): 
This additive with MOL-bitumen increases the water sensitivity category of andesite mix from ITSR70 to ITSR80. For 
ÖMV-bitumen the category also has been slightly improved from 86 to 90. 
 

 ITSR at +15°C (specimen preparation with number of gyrations ng=50): 
The water sensitivity category of andesite mix has been increased up from 75 to 95 for MOL-bitumen and almost 
the same extent has been increased (from 78 to 89) for ÖMV-bitumen. For quartz (crushed gravel) mix the ITSR 
value shows the same increase for MOL-bitumen and for ÖMV-bitumen (from 85 to 89) remaining within the 
category of ITSR80. 
 

 ITSMR at +20°C: 
 
For specimens prepared with number of gyrations ng=40: 
the indirect tensile stiffness modulus ratio of andesite mix has not been influenced by additive for both bitumen; the 
ITSMR category is the same (93-94) for MOL-bitumen and 105-100 for ÖMV-bitumen. For quartz mix with both 
bitumens the ITSMR values have been found higher (from 86 to 95). 
 
For specimens prepared with number of gyrations ng=50: 
The ITSMR values of andesite mix have been decreased from 117 to 109 and from 111 to 119 respectively for 
ÖMV-bitumen; the causes of values over 100% could be explained with further tests. 
 
5.3. Relation of test results to specifications 
 
At the time of production and evaluation of tested asphalt mixes (in 2006-2007) the adhesion property of binder to 
aggregates for AC mixes was not specified in Hungarian technical specifications and conclusively in tender 
specifications in place too. After adapting EN product standards for hot asphalt mixes national documents 
(Technical Specifications) have been prepared which are in force from March, 2008. In the Draft of Technical 
Specifications the required minimum level of water sensitivity depends on type of asphalt course. The specified 
values of this parameter for tested AC mixes related to test temperature of 15 °C, are: for wearing course ITSRmin = 
80%, for binder course ITSRmin= 70%, for base course ITSRmin= 70% [14]. 
 
Water sensitivity (ITSR%) at 15 °C of Mix3 (limestone) and Mix6 (crushed quartz gravel) meets the requirements 
for both type of additives. The ITSR% values of Mix1 at 15 °C also satisfy the requirements except for MOL 50/70 
bitumen. 



 6

In case of MOL bitumen without additive the non-conformity of ITSR% of Mix2 (andesite) was identified for 40 or 
50 gyrations too. The ITSR% value of Mix2 with ÖMV bitumen meets the requirement at 40 gyrations but fails at 50 
gyrations. 
 

Mixture name Mix1 Mix2 Mix3 Mix4 Mix5 
Mixture type AC-12 AC-12 AC-20 AC-20 AC-12 
Layer wearing 

course 
wearing 
course 

binder 
course 

binder 
course 

binder 
course 

aggregate type basalt andesite limestone dolomite quartz 
binder type test result water sensitivity (%) at +25 °C 

ITSR 82 63 84 94 99 MOL 50/70 
ITSMR 70 53 83 99 108 
ITSR 97 74 83 87 96 MOL 50/70 +ST330ME ITSMR 87 74 99 93 116 
ITSR 95 63 97 89 88 OMV 50/70 ITSMR 95 60 91 84 101 
ITSR 90 67 81 87 82 OMV 50/70 +ST 330ME ITSMR 106 80 120 99 106 

binder type test result water sensitivity (%) at +15 °C 
ITSR 78 - - - - MOL 50/70 

ITSMR 90 - - - - 
ITSR 86 - - - - MOL 50/70 +ST330ME ITSMR 85 - - - - 
ITSR 88 - 98 - - OMV 50/70 ITSMR 91 - 94 - - 
ITSR 81 - 80 - - OMV 50/70 +ST 330ME ITSMR 90 - 106 - - 

    Table 4: Results of water sensitivity tests of mixes with and without Stardope 330ME 
 

Mixture name Mix2 Mix6 
Mixture type AC-12 AC-12 
Layer wearing course binder 

course 
aggregate type andesite quartz 
number of gyrations 40 50 40 
binder type test result water sensitivity (%) at +15 °C 
MOL 50/70 ITSR 79 75 85 
MOL 50/70+ST 120P ITSR 86 95 89 
OMV 50/70 ITSR 86 78 85 
OMV 50/70 +ST 120P ITSR 90 89 89 
binder type test result water sensitivity (%) at +20 °C 
MOL 50/70 ITSMR 93 117 86 
MOL 50/70+ST 120P ITSMR 94 109 95 
OMV 50/70 ITSMR 105 111 87 
OMV 50/70 +ST 120P ITSMR 100 119 95 

Table 5: Results of water sensitivity tests of mixes on gyratory specimens with and without Stardope 120P 
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Mixture name Mix1  
Mixture type AC-12 
Layer wearing course 
aggregate type basalt 
number of wheel passes, N 8340 11000 

bitumen type specimen 
treatment PRDAIR % PRDAIRR % PRDAIR % PRDAIRR % 

WTSAIR 
mm/103 
cycles 

WTSAIRR 
% 

dry 5,10 5,45 0,055 MOL 50/70 wet 6,50 78 6,89 79 0,065 85 

dry 4,50 4,67 0,040 MOL 50/70+ 
ST 330ME wet 6,50 80 5,96 78 0,065 62 

dry 4,10 4,41 0,040 OMV 50/70 wet 4,95 83 5,25 84 0,045 89 

dry 5,05 5,22 0,040 OMV 50/70+ 
ST330ME wet 6,05 83 6,38 82 0,065 62 

  Table 6: Water sensitivity of AC-12 basalt mix determined with wheel tracking test 
 
5.4. Precision data 
 
Wheel tracking test (EN 12697-22 method B small device) repeatability (r) of proportional rut depth @10000 
passes: 
+ basaltic mixes: MOL bitumen, dry specimens, r = 0,29%, wet specimens: r = 0,21%; 
   MOL bitumen + Stardope 330ME, dry specimens, r = 0,20%, wet specimens, r = 0,07%. 
 
   ÖMV bitumen, dry specimens, r = 0,91%; wet specimens r = 1,10%; 
   ÖMV bitumen + Stardope 330ME, dry specimens, r = 0,23%, wet specimens r = 0,11%. 
 
Indirect tensile strength test (ITS) (EN 12697-23:2003) precision: the indirect tensile strength was determined on 3-3 
individual specimens of dry and wet treatment at each test temperature. The difference in ITS on individual 
specimens was determined in % of the mean value.  
 
+ ITS test precision at 25 °C : for 120 (3x40) specimens the difference was found between 0,7-18,9%. 
From 120 test results in two cases (for 2x3 wet specimens) the difference was 18,8% and 18,9% and additional 
specimens were tested. In two cases the difference (for 2x3 wet specimens) was equal to 17%. The difference 
remained below 16% for all dry specimens. 
 
+ ITS test precision at 15 °C: for 138 (3x46) specimens the difference was found between 2,3-25,5%. 
From 138 test results in five series (5x3) of wet specimens the difference was 18,0-25,5% consequently additional 
specimens were tested. In two cases for (2x3) dry specimens the difference was above 17%. 
 
ITSM test precision: According EN 12697-26:2004 (Annex C, IT-CY) if the mean value of the second measurement 
series remains within +10% or –20% of the mean value of the first measurement series their mean value can be 
calculated as a test result. The ITSM was determined on 3-3 individual specimens of dry and wet treatment at each 
test temperature. 
 
+ ITSM test precision at 25 °C: from 120 test specimens (20x3 series of dry specimens and 20x3 series of wet 
specimens) 18 additional specimens were prepared to reach the specified precision. The tests have been performed 
with ELE-MATTA (5 kN force capacity) equipment. 
 
+ ITSM test precision at 15 °C: from 24 test specimens (4x3-4x3 series of wet and dry specimens) 5 new specimens 
had to be produced to reach the specified precision. 
 
+ ITSM test precision at 20 °C: from 72 specimens (12x3-12x3 series) 3 new specimens were prepared to obtain the 
specified precision. 
For ITSM tests at 15 °C and 20 °C the NU-14 machine (Cooper Research Technology Ltd) was applied as larger 
forces were needed to perform tests at these temperatures and for reaching better precision with closed loop control. 
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6. CONCLUSIONS 
 
The tested mixes had a “mixed polarity” because of the different polarity of aggregate constituents. The influence of 
different polarity of aggregates cannot be correctly detected with mechanical test only. 
 
The ITSR% values for Mix1 (basalt) the ITSR% values decrease with temperature. This general tendency cannot be 
clearly detected for ITSMR% stiffness modulus ratios. 
 
In some cases the water sensitivity values have been found over 100% which should be clarified with further 
repeated tests. The influence of warm water treatment, mix void content, polarity of aggregate should be taken into 
account. 
Only one method of conditioning was applied during the investigation.  
 
The results obtained for different mixes cannot be compared because the relative densities were different mix by 
mix. It could be recommended to include the compactibility test (EN 12697-10) into the mix design phase to 
produce uniform relative densities for test specimens of different mixes. 
 
Three test specimens are needed for ITSMR test at 15 °C and at 20 °C and four specimens are recommended for 
testing at 25 °C. 
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ABSTRACT 
 
The durability of asphalt mixtures largely depends on its resistance to moisture-induced damage. Within the framework 
of European test methods, the determination of the indirect tensile strength ratio (ITSR) is put forward as a measure in 
order to assess the water sensitivity of asphalt mixtures. During the last 2 years, the Belgian Road Research Centre 
(BRRC) in collaboration with the Flemish Administration – Department of Mobility and Public Works has evaluated the 
ITSR test to predict the potential susceptibility of asphalt mixtures to water damage and associated pavement distresses 
(e.g. surface ravelling). The main objective of the study is to investigate the relationship between the performance in the 
field and the ITSR values measured in the laboratory. This validation study should allow the establishment of the 
credibility of the test method and therefore provide the basis for performance related specifications. This paper 
discusses and draws conclusions from ITSR test results related both to the test sections containing nine different high-
modulus base courses  constructed in 2006 on the heavily trafficked E19 motorway between Brussels and Antwerp as 
well as to a series of road works which included the application of Stone Mastic Asphalt (SMA). 
 
Keywords: durability, water sensitivity, indirect tensile strength ratio, field validation 
 
1. INTRODUCTION 
 
The durability of asphalt mixtures depends on different factors, of which two important ones are the resistance to ageing 
and resistance to moisture-induced damage. Moisture-induced damage is the loss of adhesion between the binder and 
aggregates in an asphalt mixture and/or the loss in cohesion within the mastic [1]. Latter phenomena are often 
associated with pavements distresses such as stripping or ravelling, especially in the case of asphalt mixtures 
characterized by a stony skeleton such as porous asphalt or stone mastic asphalt (SMA). Recent literature reflects the 
impact of moisture-induced damage on the performance and therefore the durability of asphalt mixtures [2] [3] [4] [5]. 
Since December 2004, the European standard EN 12697-12 offers a tool for the determination of the water sensitivity 
and therefore detecting moisture damage in asphalt mixtures. The test method involves measuring the indirect tensile 
strength for wet and dry asphalt specimens to calculate an indirect tensile strength ratio (ITSR). Recently, the Flemish 
Administration – Department of Mobility and Public Works (MOW) decided to integrate the ITSR testing as a 
performance indicator in the new tender specifications SB250 (version 2.1, 2006). However, in order to be able to set 
specification limits, the relationship between test results and in field performance of asphalt mixtures needs to be 
validated. 
In this paper, the results of the in field validation of the ITSR testing will be discussed. This study focuses on two types 
of asphalt mixtures: high-modulus asphalt and SMA. The in field performance of a large number of high-modulus 
asphalt variants is closely monitored on test sections constructed in April 2006 in Belgium on the E19 motorway 
between Brussels and Antwerp [6] [7]. Moreover, the impact of mix design and material selection on the water 
sensitivity of high-modulus asphalt will be discussed in detail. With respect to the field performance of SMA surface 
courses, a survey campaign was launched in 2006 in collaboration with the Flemish Administration. Since at the start of 
this study little experience was available with respect to ITSR testing, attention was paid both to the discriminating 
power of the test method and the determination of the repeatability and reproducibility of the test method as well as to 
the influence of the compaction mode of the test specimens. 
 
2. EXPERIMENTAL 
 
The water sensitivity of high-modulus asphalt mixtures was evaluated by indirect tensile strength (ITS) measurements 
carried out before and after conditioning in water, using the test method EN 12697-12 in combination with EN12697-
23.  The indirect tensile tests were performed at 25 °C as recommended in EN 12697-12 although this value is in 
contrast with the imposed measuring temperature of 15°C in EN 13108-20 (type testing of bituminous mixtures). In 
order to facilitate the interpretation of the test results, the air voids of the test specimens were determined according to 
NBN EN 12697-8. Moreover, the volumetric swelling following the conditioning was measured routinely by 
hydrostatic weighing of the test samples, facilitating the interpretation of test results. 
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3. RESULTS AND DISCUSSION 
 
3.1 Influence of test conditions 
 
At the start of this project limited experience was available at the BRRC with respect to the determination of the water 
sensitivity of asphalt mixtures according to EN 12697-12. Therefore, before paying attention to the field validation of 
the latter method, the influence of the test conditions on the water sensitivity of a typical asphalt concrete AC 0/14 base 
course was investigated. 
In a first step, the water sensitivity of a AC 0/14 base course was assessed both by the retained Marshall method as 
described by Hopman [8] (water conditioning at 60°C during 2 days) as well as by applying the same method while 
varying the conditioning regime according to EN 12697-12 (water conditioning at 40°C during 3 days). Moreover, the 
impact of the addition of RAP(30%) was investigated. Test results for the ratio of the Marshall stability (stress at break) 
before and after water conditioning of the test specimens as expressed in percentage (% Pm) are summarized in Table 1. 
 

Water conditioning  

At 60°C during 2 days At 40°C during 3 days 

AC 0/14 base course 91% 90% 

AC 0/14 base course + 30% RAP 82% 81% 
 
Table 1: Influence of the conditioning regime on the water sensitivity of an AC 0/14 base course as probed by the 
retained Marshall method. 
 
The following findings can be pointed out based on the results summarized in Table 1: 
 

- No significant differences were measured while varying the conditioning regime. Therefore, both test methods are 
equivalent. 

- The addition of 30% of RAP resulted in a slight increase in the water sensitivity of the mixture. 
 
In a second step, the water sensitivity of an AC 0/14 base course was evaluated by either the retained Marshall method 
or by ITS measurements according to EN 12697-12. Both test methods include water conditioning of test specimens at 
40°C during 3 days. In this case, the ITSR value of 41% backed up the rather high water sensitivity as determined by 
retained Marshall testing (58% based on Pm). Moreover, this low value in combination with the generally high ITSR 
values for high-modulus asphalt mixtures (see § 3.3 for discussion) confirmed the potential of identifying poorly 
performing asphalt mixtures by ITSR testing. 
 
3.2 Repeatability and reproducibility of the ITS test – influence of compaction mode 
 
In parallel with the evaluation of the test conditions, it is of great importance to gain a deeper knowledge about the 
repeatability and reproducibility of the test method. Moreover, since in the standard EN 12697-12 the compaction mode 
is not specified, the influence of the preparation method of test specimens - impact versus gyratory compaction – was 
investigated as well. 
In collaboration with Flemish Administration – Department of Mobility and Public Works (MOW), an interlaboratory 
test program was set up (Figure 1). In this campaign the water sensitivity of a SMA 0/10 mixture was determined 
following the manufacture of test specimens by either impact (2 x 50 blows) or gyratory compaction (# 100 gyrations 
followed by trimming the specimens to an appropriate height of ± 65 mm) according to either EN 12697-30 or EN 
12697-31.  Aiming for a SMA 0/10 mixture susceptible to the action of water, the mixture contained a minimum 
(according to tender specifications which apply at present in Belgium) binder content of 6.6% on aggregate mass (= 
6.2% on asphalt mix) and was composed of porphyry aggregates. 
 
The test results are summarized in Table 2 and visually depicted in Figure 2. From a detailed analysis of the test results 
acquired in this campaign the following conclusions can be drawn: 
 

- Test specimens manufactured by impact compaction at BRRC are characterized by lower voids content in 
comparison with specimens fabricated at MOW due to small differences in the compaction apparatus used.  

- With respect to indirect tensile strength of unconditioned test specimens, no significant differences between the 
two laboratories were observed. 

- The indirect tensile strength of conditioned test specimens as measured by MOW was systematically lower in 
comparison with the values determined by the BRRC. Consequently, the corresponding ITSR values were 
inferior. 
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- The indirect tensile strength of impact compacted test specimens as prepared by the BRRC is systematically 
higher and could be explained by the lower voids content. 

- The ITSR values of gyratory and impact compaction specimens don’t differ significantly. 
- All ITSR values are very high (> 90%). Therefore, the water sensitivity of this SMA 0/10 mixture is very low. 

 
 

 ITS testing  
 1 x 6 specimens, MOW 

 

    
 

 Gyratory compaction   
 1 x 12 specimens, BRRC   
    

 
 ITS testing  
 1 x 6 specimens, BRRC 

 

    
 

   SMA 
0/10     

  ITS-testing   
  1 x 6 specimens, MOW 

  1 x 12 specimens MOW   
     
  ITS testing 

 Impact    1 x 6 specimens, BRRC 
 Compaction    

  ITS testing   
  1 x 6 specimens, MOW 

  1 x 12 specimens, BRRC   
     

  ITS-testing   
  1 x 6 specimens, BRRC 

     
Figure 1: Schematic overview of the experimental campaign in order to gain precision data related to the ITS 
test method. 
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Figure 2: ITSR values for a SMA 0/10 mixture as a function of compaction mode or test laboratory with respect 
to both the preparation as well as the execution of the ITS test. 
 
The standard errors summarized in Table 2 are in good agreement with the values correlated with high-modulus asphalt 
mixtures (see Table 3 in § 3.3.1.1) in agreement with the precision data in EN 12697-12. 
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Compaction mode Test specimens 
prepared at Air voids Test laboratory 

   MOW BRRC 

Gyratory BRRC 4.1% 90 ± 5% 101 ± 1% 

BRRC 4.0% 90 ± 2% 102 ± 3% 
Impact 

MOW 4.9% 97 ± 5% 101 ± 8% 

 
Table 2: Precision data with respect to the ITS testing of a SMA 0/10 mixture. 
 
3.3 Field validation of the ITSR test 
 
As pointed out in the introduction, before any specifications related to the water sensitivity of asphalt mixes can be set, 
the ITSR test needs in field validation. In this part of the study, the field performance of both high-modulus asphalt base 
courses as well as SMA surface courses is monitored and related to the ITSR test results previously obtained from 
laboratory testing. 
 
3.3.1 Water sensitivity of high-modulus asphalt 
 
The study of the water sensitivity of high-modulus asphalt mixtures can be separated in two parts. In an initial phase of 
the research, indirect tensile strength measurements were carried out on a series of 10 variants (Table 3) corresponding 
to the test sections constructed in April 2006 on the right-hand lane of the Brussels – Antwerp motorway. In a second 
complementary step of the investigation, the impact of additional parameters such as binder content, percentage of 
Reclaimed Asphalt Pavement (RAP), etc. on the durability of high-modulus asphalt mixtures was explored. 
 
3.3.1.1 Water sensitivity of high-modulus asphalt mixtures corresponding to test sections 
 
In a first phase of the research, the water sensitivity of a series of 10 variants of high-modulus asphalt mixtures used on 
the test sections realized in April 2006 was measured. For a detailed description of the mix design, the laboratory 
performance testing and the realization of the test sections the reader is referred to two separate papers submitted to this 
E&E08 congress [6] [7]. 
Routinely, test specimens were manufactured in the laboratory by roller compaction according to EN 12697-33 while 
applying the ‘heavy compaction regime’ and subsequent core sampling. However, it looked very interesting to 
investigate in parallel the impact of the compaction method: roller versus impact compaction. Moreover, the water 
sensitivity of the crack-susceptible variant was studied following roller compaction, while applying both the heavy as 
well as the light compaction regime. Finally, the water sensitivity of the crack-susceptible variant was determined on 
specimens taken from the corresponding test section by coring. 
 
 

Variant Type Binder Binder content 
on aggregate mass 

1 AC 0/20 (with 40% of RAP), reference section B50/70 4.6 
2 High-modulus asphalt, sandy skeleton Binder 1 5.5 
3 High-modulus asphalt, sandy skeleton (+ 25% of RAP) Binder 1 5.5 
4 High-modulus asphalt, stony skeleton Binder 1 5.5 
5 High-modulus asphalt, stony skeleton (+ 25% of RAP) Binder 1 5.5 
6 High-modulus asphalt, stony skeleton Binder 2 5.5 
7 High-modulus asphalt, stony skeleton  Binder 3 5.5 
8 High-modulus asphalt, stony skeleton Binder 4 5.5 
9 High-modulus asphalt (slightly more susceptible to rutting) Binder 1 6.1 

10 High-modulus asphalt (slightly more susceptible to cracking) Binder 1 4.9 
 
Table 3: Variants of high-modulus asphalt used on to the test sections 
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 Before conditioning After conditioning 

Variant ITS (MPa) % Air voids ITS (MPa) % Air voids ITS ratio (%) v-% swelling 

1 1.12 ± 0.18 5.8 ± 0.4 0.86 ± 0.02 5.7 ± 0.2 76 ± 7 1.1 ± 0.2 
2 1.90 ± 0.01 3.6 ± 0.2 1.69 ± 0.12 3.5 ± 0.2 89 ± 4 0.2 ± 0.0 
3 1.67 ± 0.05 3.8 ± 0.5 1.48 ± 0.03 3.5 ± 0.5 89 ± 2 0.4 ± 0.0 
4 1.24 ± 0.01 5.8 ± 0.5 1.11 ± 0.09 5.7 ± 0.5 90 ± 4 0.4 ± 0.1 
5 1.28 ± 0.03 3.0 ± 0.7 1.23 ± 0.09 2.7 ± 0.5 97 ± 4 0.1 ± 0.0 
6 1.81 ± 0.09 5.6 ± 0.4 1.67 ± 0.08 5.4 ± 0.3 92 ± 4 0.3 ± 0.1 
7 1.91 ± 0.07 5.1 ± 0.2 2.01 ± 0.09 4.9 ± 0.2 105 ± 4 0.1 ± 0.1 
8 1.43 ± 0.03 6.3 ± 0.4 1.30 ± 0.03 6.2 ± 0.4 91 ± 2 0.6 ± 0.1 
9 1.62 ± 0.08 3.2 ± 0.5 1.51 ± 0.08 3.1 ± 0.3 94 ± 4 0.1 ± 0.1 

10 1.52 ± 0.01 6.4 ± 0.3 1.03 ± 0.08 6.3 ± 0.4 67 ± 3 0.9 ± 0.1 
10* 1.09 ± 0.17 7.4 ± 0.7 0.60 ± 0.09 7.4 ± 0.8 55 ± 7 1.6 ± 0.3 

 
* Test specimens prepared according to the ‘light compaction regime’ (NBN EN 12697-33) 
 
Table 4: Overview of the water sensitivity of the high-modulus asphalt variants as probed by ITS ratio; test 
specimens manufactured by roller compaction 
 
The results of the test series performed on the specimens prepared by roller compaction reveal that the ITS ratio is 
excellent (> 89%) for all the high-modulus asphalt variants used in the test sections, except for the crack-susceptible 
sandy skeleton variant (Table 4) [7]. With this single exception, this means that the mixtures are characterized by very 
low water sensitivity.  Their durability can, therefore, be rated as excellent. 
The significantly higher water sensitivity (ITS ratio: 67%) of the crack-susceptible variant can be explained by a less 
effective coating of the aggregates due to the lower binder content (4.9%, as compared to the 5.5%  normally applied in 
the sandy skeleton variants), and by the relatively high air void content (6.4%) of the mixture. The higher the air voids 
content, the more the mixture is deemed to be exposed to the action of water.  This explanation is confirmed by 
comparing with the water sensitivity of the same crack-susceptible variant as determined on test specimens equally 
prepared by plate compaction, but in the ‘light compaction mode’.  A further decrease in ITS ratio - from 67% to 55% -
was found, in agreement with the increase in air voids content: 6.4% as compared to 7.4%. 
Furthermore, the following findings can be pointed out when analysing the test results in greater detail: 
 

- The ITS ratio of 76% for the type AC 0/20 reference mixture cannot be rated higher than ‘fair’. Here too, the 
relatively low binder content of 4.6% may provide an explanation. 

- The addition of 25% of recycled asphalt has no adverse effect on the water sensitivity, both for stony as well as 
for sandy skeleton mixtures. 

- The swelling values of the test specimens are low (< 0.75 v-%), except for the crack-susceptible variant (0.9 and 
1.6 v-%, respectively) and the AC 0/20 reference mixture (1.1 v-%).  These relatively high values are in excellent 
correlation with the higher water sensitivity of these mixtures, i.e., with their respective ITS ratios of 67% (‘heavy 
compaction mode’), 55% (‘light compaction mode’), and 76%. 

- Using the test results as summarized in Table 4, an estimate was made of the uncertainty of the measurements. 
Expressed as standard deviation, this uncertainty is about 5% (under repeatability conditions and for the mean of 
three individual measurements). 

 
In Table 5, the test results of the water sensitivity of the same series of high-modulus asphalt mixtures as determined 
following the preparation of test specimens by impact compaction according to EN 12697-30 is shown. The test 
specimens were manufactured following sampling at the batch mixing plant while producing the different high-modulus 
variants. Only minor differences (< 0.2%) in the binder content were determined in comparison with the mix design 
optimized in the laboratory study (see Table 2). 
The comparison of the test results as illustrated in Figure 3 gave rise to the following findings with respect to the 
influence of the compaction mode on the water sensitivity of high-modulus asphalt base courses: 
 

- Generally speaking, the results of the two series of tests agree very well. 
- With respect to the crack-susceptible variant, the result obtained by probing impact compacted test specimens 

(ITS ratio: 93 %) differs significantly from the value determined on roller compacted specimens (ITS ratio: 67%).  
Once again, an explanation may be found in the respective voids content of the two series of test specimens: 4.7% 
for the former as compared to 6.4% for the latter. 

- The test results as obtained from impact compacted specimens of high-modulus asphalt mixtures characterized by 
a stony skeleton are markedly more dispersed (average standard deviation: 8%) than test results acquired from 
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high-modulus asphalt mixtures with a sandy skeleton or from  roller compacted specimens, independently of the 
type of skeleton (average standard deviation: 4%).  Subsequently, the discriminating power of the test method is 
thereby significantly reduced. 

 

 Before conditioning After conditioning 

Variant ITS (MPa) % Air voids ITS (MPa) % Air voids ITS ratio (%) v-% swelling 

1 1.28 ± 0.04 4.2 ± 0.2 1.02  ± 0.07 4.2 ± 0.4 79 ± 4 0.6 ± 0.1 
2 1.96 ± 0.02 3.7 ± 0.4 1.60 ± 0.08 3.6 ± 0.5 82 ± 2 0.6 ± 0.1 
3 1.83 ± 0.08 4.0 ± 0.4 1.54 ± 0.15 3.7 ± 0.3 84 ± 5 0.1 ± 0.1 
4 1.83 ± 0.07 2.5 ± 0.2 1.43 ± 0.29 2.2 ± 0.1 78 ± 9 0.1 ± 0.1 
5 1.36 ± 0.09 2.1 ± 0.3 1.34 ± 0.05 2.0 ± 0.2 98 ± 4 0.3 ± 0.1 
6 1.90 ± 0.21 2.4 ± 0.4 1.94 ± 0.16 2.3 ± 0.5 102 ± 8 0.4 ± 0.1 
7 1.91 ± 0.21 2.4 ± 0.4 1.86 ± 0.29 2.3 ± 0.1 97 ± 11 0.0 ± 0.0 
8 1.50 ± 0.14 3.1 ± 0.1 1.41 ± 0.22 3.0 ± 0.2 94 ± 10 0.2 ± 0.0 
9 1.72 ± 0.01 2.5 ± 0.3 1.59 ± 0.08 2.6 ± 0.2 93 ± 3 0.1 ± 0.1 

10 2.04 ± 0.07 4.8 ± 0.3 1.90 ± 0.13 4.6 ± 0.1 93 ± 4 0.2 ± 0.2 
 
Table 5: Overview of the water sensitivity of the high-modulus asphalt variants as probed by ITS ratio; test 
specimens manufactured by impact compaction 
 
The significant impact of the compaction method on the ITS ratio of the crack-susceptible high-modulus asphalt 
mixture (variant 10) was subsequently evaluated by determining the water sensitivity of this variant on test specimens 
obtained by taking core samples from the corresponding road test section. In this course of action, the high-modulus 
asphalt mixture characterized by a stony skeleton (variant 4) served as a reference. Table 6 gives an overview of the 
results obtained from this additional experimental set up. 
 

 Before conditioning After conditioning 

Variant ITS (MPa) % Air voids ITS (MPa) % Air voids ITS ratio (%) v-% swelling 

4 1.54 ± 0.03 3.1 ± 1.5 1.37  ± 0.06 2.5 ± 1.2 89 ± 2 0.1 ± 0.1 
10 1.67 ± 0.07 4.2 ± 1.2 1.47 ± 0.08 4.0 ± 1.1 88 ± 3 0.2 ± 0.2 

 
Table 6: Overview of the water sensitivity of the high-modulus asphalt variants as probed by ITS ratio; test 
specimens obtained by coring in the corresponding test sections 
 
The following can be pointed out from the results of these additional tests: 
 

- The air voids ratios measured on core samples of these two variants are significantly lower than the corresponding 
values after laboratory roller compaction, i.e., 2.8% instead of 5.8% for the stony skeleton mixture and 4.1% 
instead of 6.4% for the crack-susceptible variant.  Both values agree well with the voids content evaluated after 
impact compaction. 

- In accordance with the lower voids content determined for core samples, the water sensitivity of the crack-
susceptible variant has decreased significantly: ITS ratio of 88% as opposed to 67% following roller compaction.  
This ITS ratio of 88% does not differ significantly from the value found on impact compacted specimens of the 
crack-susceptible mixture (93%). 

- The ITS ratio of the high-modulus asphalt variant characterized by a stony skeleton determined by testing core 
samples (89%) agrees very well with the corresponding value found on roller compacted specimens (90%). 
Likewise there is no significant difference with the ITS ratio on impact compacted specimens, but in this case the 
wider dispersion of the test results should be taken into consideration. 
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Figure 3: Impact of the compaction method on the water sensitivity of high-modulus asphalt mixtures 
 
Following the realization of the test sections in April 2006, the field performance is being monitored regularly (six 
month intervals). During this survey attention is paid to the surface condition (visual inspection), longitudinal evenness 
and rutting. When this paper was drafted all test sections were still in perfect condition, no deterioration (e.g. cracking, 
deformation or stripping) could be detected so far. Although it is still very early days, this observation is in agreement 
with the low water sensitivity as assessed by the indirect tensile strength measurements.  
 
3.3.1.2 Water sensitivity of high-modulus asphalt – deepening investigation 
 
In a second phase of the study, the water sensitivity of a number of additional high-modulus asphalt mixtures, varying 
by a higher percentage of recycled material or differing in binder content, was explored (Table 7). The results of this 
investigation are summarized in Table 8. 
 
This set of additional data indicates that: 
 

- All high-modulus asphalt mixtures, except those designed with a sandy skeleton and a lower binder content, are 
characterized by very high ITS ratios:  > 94%. This means that their water sensitivity is very low. The durability 
of these mixtures can, therefore, be rated as excellent. 

- Occasionally, ITS ratios exceeding 100% are measured (e.g. mixture #451, sandy skeleton + 40% of RAP). This 
phenomenon suggests that the conditioning procedure at 40°C during 3 days itself induces positive changes within 
the test specimens with respect to its water sensitivity. 

- The addition of recycled asphalt to both families of high-modulus asphalt (stony as well as sandy skeleton) has no 
adverse effect, even at levels as high as 40%. 

- In contrast, the result for the sandy skeleton variant characterized by lower binder content can only be rated as 
‘fair’ (75%). The higher water sensitivity of this mixture can be explained by a less effective coating of the 
aggregate due to the lower binder content, and by the higher voids content of 6.0%. It is generally accepted that 
the higher the voids content, the more the mixture is deemed to be exposed to the action of water. 

- Testing the high-modulus asphalt mixture designed with a sandy skeleton, while increasing its binder content 
results in a significantly lower failure load accompanied by a larger deformation. 

- An insignificant swelling (< 0.3 v-%) of the test specimens is observed, even in the case of the sandy skeleton 
mixture with a lower binder content.  This observation contradicts the result obtained earlier with respect to the 
crack-susceptible variant of the test sections (see previous section). 
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Mixture # Type Binder content 
on aggregate mass 

446 High-modulus asphalt, stony skeleton 5.5 
447 High-modulus asphalt, sandy skeleton 5.3 
448 High-modulus asphalt, stony skeleton (+ 25% of RAP) 5.5 
449 High-modulus asphalt, sandy skeleton (+ 25% of RAP) 5.3 
450 High-modulus asphalt, stony skeleton (+ 40% of RAP) 5.5 
451 High-modulus asphalt, sandy skeleton (+ 40% of RAP) 5.3 
456 High-modulus asphalt, stony skeleton, low binder content 4.7 
457 High-modulus asphalt, sandy skeleton, low binder content 4.5 
458 High-modulus asphalt, stony skeleton, higher binder content 6.0 
459 High-modulus asphalt, sandy skeleton, higher binder content 5.8 

 
Table 7: Additional high-modulus asphalt mixtures as evaluated in a deepening investigation; binder 3 was 
selected in all cases. 
 

 Before conditioning After conditioning 

Variant ITS (MPa) % Air voids ITS (MPa) % Air voids ITS ratio (%) v-% swelling 

446 2.53 ± 0.08 3.2 ± 0.2 2.47 ± 0.03 3.2 ± 0.1 98 ± 2 0.0 ± 0.1 
447 2.49 ± 0.03 4.3 ± 0.3 2.35 ± 0.05 4.2 ± 0.2 94 ± 1 0.1 ± 0.1 
448 2.34 ± 0.09 2.6 ± 0.3 2.23 ± 0.08 2.3 ± 0.3 95 ± 3 0.0 ± 0.0 
449 2.51 ± 0.16 3.7 ± 0.3 2.37 ± 0.08 3.6 ± 0.1 94 ± 4 0.0 ± 0.1 
450 2.36 ± 0.06 2.3 ± 0.1 2.39 ± 0.06 2.2 ± 0.2 101 ± 2 0.0 ± 0.0 
451 2.32 ± 0.21 4.2 ± 0.3 2.66 ± 0.04 4.0 ± 0.2 114 ± 6 0.0 ± 0.1 
456 2.30 ± 0.26 6.1 ± 0.8 2.20 ± 0.08 5.9 ± 0.5 96 ± 6 0.2 ± 0.1 
457 2.54 ± 0.15 6.1 ± 0.4 1.90 ± 0.20 5.9 ± 0.5 75 ± 5 0.3 ± 0.1 
458 2.24 ± 0.01 2.6 ± 0.0 2.28 ± 0.05 2.6 ± 0.1 102 ± 1 0.0 ± 0.0 
459 1.70 ± 0.01 2.0 ± 0.2 1.63 ± 0.09 1.9 ± 0.1 96 ± 3 0.0 ± 0.0 

 
Table 8: Overview of the water sensitivity of additional high-modulus asphalt variants (deepening research); test 
specimens manufactured by roller compaction.   
 
Finally, in order to facilitate the interpretation of the obtained test results in terms of failure mode (e.g. adhesive, 
cohesive,…) and/or to relate latter phenomena with mixture design (e.g. voids content, nature of materials,etc.), the 
fracture surfaces were examined visually. Therefore, the fracture surface obtained before and after water conditioning 
was examined and recorded by digital photography. Figure 4 illustrates typical examples of fracture surfaces generally 
obtained following the ITS-measurements (before and after water conditioning) of a high-modulus asphalt mixture 
(#449, sandy skeleton + 25% RAP). The visual observations resulted in the following findings: 
 

- The failure planes run both through the mastic and through the limestone aggregate.  This indicates a cohesive 
failure of the mastic and also shows that limestone and mastic are comparable in strength, even at a test 
temperature of 25°C. No adhesive failure (breaking of bond between limestone and mastic) could be identified. 

- The mixtures prepared with recycled asphalt material broke only in the limestone aggregate and not in the harder 
porphyry aggregate from the crushed RAP. 

- The mixtures with porphyry aggregates in the plane of failure also exhibit stripping of the binder. This 
phenomenon indicates an adhesive failure with this type of aggregate. This observation is in good agreement with 
siliceous nature of porphyry aggregates, making them more prone to stripping in comparison with limestone [9] 
[10] [11]. 

- Conditioning does not affect the nature of the failure surfaces.  This agrees with the high ITS ratios observed 
before - and with the consequent low water sensitivity - of the high-modulus asphalt mixtures investigated. 
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Figure 4: Fracture surfaces following the indirect tensile strength measurements; left: before conditioning, right: 
after conditioning in water (high-modulus asphalt mixture # 449, sandy skeleton + 25% of RAP). 
 
From the research carried out in both phases of the study, the following conclusions can be drawn: 
 

- All variants of high-modulus asphalt investigated are characterized by low water sensitivity and their durability 
may, therefore, be rated as excellent. However, a lower binder content, as in the crack-susceptible variant, is 
reflected in a lower ITS ratio and consequently in a higher water sensitivity. 

- Adding RAP was not found to have any adverse effect on the ITS ratio independently of the type of skeleton of 
the mixtures, both while adding 25% as well as 40% of RAP. This finding is in contradiction with the test results 
reported previously for an AC 0/14 mixture (see Table 1). 

- While preparing cylindrical test specimens, it was observed that laboratory roller compaction resulted in higher air 
voids percentages than impact or field compaction. The differences in air voids greatly affect the results of water 
sensitivity tests of high-modulus asphalt variants especially if the binder content is low. 

- As impact compaction of high-modulus asphalt mixtures with a stony skeleton causes a wide dispersion in the test 
results, this compaction method should not be used to prepare specimens for water sensitivity tests. 

- The volumetric swelling of the high-modulus asphalt mixtures investigated is insignificant, except for high-
modulus asphalt variants characterized by high air voids percentages in combination with low binder content. 

- The analysis of the fracture planes obtained during indirect tensile testing shows that failure occurs both in the 
mastic as well as in the limestone aggregate (cohesive failure). Adhesive failure or stripping was found only in the 
presence of porphyry aggregates originating from the added RAP. 

  
3.3.2 Water sensitivity of Stone Mastic Asphalt (SMA) 
 
The validation of the water sensitivity test for SMA surface courses was implemented by setting up a monitoring 
campaign in collaboration with the Flemish Administration – Department of Mobility and Public Works (MOW). This 
survey included the following aspects: 
 

- The determination of the water sensitivity of SMA mixtures matching a specific road work by evaluating a series 
of impact compacted test specimens. 

- The validation of the in situ performance of these SMA mixtures includes: the coring of test specimens at the 
precise location related to the asphalt batch used to manufacture the impact compacted test specimens, the 
documentation (e.g. visual inspection) of the road work, the determination of the water sensitivity of the SMA 
mixture on the cored test specimens, the measurement of air voids and binder content of the test specimens and 
finally a yearly monitoring of the performance of the completed road works. 

 
By the time this paper was drafted, a series of seven road works (completed in 2005-2006) are monitored. The test 
results are summarized in Table 9. Although, it is still very early days and the monitoring campaign needs to be 
extended with respect to the number of road works, the following preliminary findings can be highlighted: 
 

- All SMA mixtures (except the one located on the E17 in Deerlijk) tested are characterized by a low water 
sensitivity (ITS ratio > 80%). 

- Although the construction site in Deerlijk is characterized by a low ITS ratio (68%), no pavement distress has 
been observed so far (after 2½ years). 
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- No early deterioration (e.g. ravelling) was observed based on the visual inspections carried out during the spring 
of 2007 except for the construction site located on the N358 in Oostende. 

- The premature failure located on the N358 in Oostende was due to the inhomogeneous distribution of cellulose 
fibers added to the SMA mixture to prevent drainage of the binder. Therefore, a direct correlation with the water 
sensitivity of the mixture, although the lowest of the whole series, is difficult to establish. Note that the dispersion 
is very high in this case, probably due to the large variations between samples. 

- The test results obtained from either impact compacted or from core test specimens are consistent.  
 

Location Air voids (%) Binder content (%)* ITS Ratio (%) 
core specimens 

ITS Ratio (%) 
impact compacted test 

specimens 
E17 Deerlijk† 4,9 , 1,6 n.d. 68 , 6 n.d. 
E19 Kontich 6,7 , 0,9 6,7†† 92 , 3 92 , 7 
A2 Nieuwrode 4,9 , 0,5 7,0 87 , 4 83 , 2 
E19 Mechelen 4,6 , 0,5 6,9 91 , 2 93 , 2  
N760 Meeuwen 3,6 , 0,7 6,6 94 , 8 n.d. 
N76 Gruitrode 1,7 , 0,7 6,9 88 , 3 97 , 2 
N358 Oostende 3,5 , 1,6 7,4 82 , 18 n.d. 

 
* Average of two cores; † data obtained from 56 core specimens; †† value obtained while testing bulk material; n.d.: 
not determined. 
 
Table 9: Summary of the ITSR test results as obtained from the field monitoring campaign (SMA surface 
courses). 
 
4. CONCLUSIONS 
 
Experience with ITSR testing was gained both from a limited interlaboratory test program carried out by BRRC and the 
Flemish Administration (MOW) on SMA and from an extensive study on high-modulus asphalt. It could be concluded 
that the water sensitivity or ITSR value of a SMA 0/10 mixture remained unchanged independently the compaction 
mode (gyratory or impact compaction). Within the framework of this test program, typical intralaboratory standard 
errors of about 5% were calculated for the SMA 0/10 mixture. Latter values are in good agreement with the estimation 
of uncertainty for ITSR testing at the BRRC of high-modulus asphalt mixtures. However, based on the intralaboratory 
precision data of only two labs it is difficult to draw conclusions with respect to the interlaboratory reproducibility.  
Small differences in indirect tensile strength were systematically observed in the case of impact compaction. Latter 
results are rationalized by the corresponding air voids of the test specimens. 
The water sensitivity as probed by ITSR testing, of a series of nine high-modulus asphalt mixtures corresponding to the 
test section constructed in April 2006, was low as could be anticipated from the high binder content and the low air 
voids percentages. However, a deepening study demonstrated that an increase in air voids of the mixtures (either by 
lowering the binder content or the compaction energy) is directly reflected in the ITS ratios. The ITSR values 
originating from testing both roller as well as impact compacted high-modulus asphalt specimens correlated very well. 
Nevertheless, impact compaction resulted in a wider scattering of the test results, especially in the case of a stony 
skeleton of the mixture, reducing the discriminating power of the test method significantly. The addition of RAP was 
not found to have any adverse effect on the ITS ratio of high-modulus asphalt mixtures, independently of skeleton, both 
while adding 25% as well as 40% of RAP. This finding is in contradiction with the test results reported previously for 
an AC 0/14 mixture where a decrease of the ITSR value of 10% was measured following the addition of 30% of RAP. 
Therefore, it can be concluded that the nature of the RAP itself substantially attributes to the water sensitivity of the 
asphalt mixtures investigated in this study. 
The examination of the fracture profiles showed that failure occurred simultaneously in the aggregates (limestone) as 
well as in the mastic. Stripping was only observed in the presence of siliceous aggregates such as porphyry. This pattern 
was unchanged before and after water conditioning. Therefore, an interpretation of the ITSR testing in terms of 
adhesion and/or cohesion remains challenging. Eighteen months after the construction of the test site, the in field 
performance corresponds well with the generally high ITSR values (no premature pavement distresses observed by 
visual inspections). 
In order to correlate the ITSR test results with the in field performance of SMA mixtures, a validation survey was 
started off in 2005. Preliminary results indicate that SMA mixtures were generally characterized by a low water 
sensitivity, reflected in the absence of premature failure of the pavements. Test results obtained from either impact 
compacted or following coring test specimens are consistent. 
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ABSTRACT 
 
 Moisture damage in asphalt pavements has been extensively documented since the late 1970’s.  The current 
test method for detecting moisture susceptibility in asphalt mixtures is American Association of State Highway and 
Transportation Officials (AASHTO) T283.  AASHTO T283 is stipulated as a performance test to accompany the mix 
design procedure under the Superpave methodology.  Inclusion of this test method in Superpave did not consider the 
change in specimen diameter size from 100mm to 150mm, nor corresponding heights, and method of compaction 
(Marshall versus Superpave Gyratory).   
 Moisture damage can result from moisture susceptible bitumen or aggregates.  A mix can be moisture 
susceptible even if the components of the mix are not deemed moisture susceptible if the interaction between the 
bitumen and aggregates is not favorable.  This paper explores new and revised moisture susceptibility tests for asphalt 
mix and bitumen.  Each test investigated in this paper utilized a quantitative criterion to deem the material as either 
moisture susceptible or resistant.  The results of all of the tests were compared.  Three pieces of equipment were 
employed, a modified dynamic shear rheometer (DSR), a universal testing machine (UTM), and an asphalt pavement 
analyzer (APA).  The modified DSR was used to evaluate the bitumen while a UTM 100 was employed for dynamic 
modulus and indirect tensile strength testing of asphalt mixes.  An APA was employed to evaluate the rutting 
susceptibility of mixes caused by moisture damage. 
 
Keywords: Complex Modulus, Performance Testing, Freeze-Thaw, Moisture Damage, Adhesion 
 
1. INTRODUCTION 
 The accelerated damage of asphalt concrete due to moisture is of significant concern to transportation agencies 
and researchers.  It is of primary interest in climates that have freeze-thaw action during the spring months, but it can be 
a problem wherever there is an availability of moisture.  Currently, there are many tests available to evaluate asphalt 
concrete or bitumen to determine if it is a moisture susceptibility issue with a mix, a bitumen, or both.  Many of these 
tests have produced varied results and a more mechanistic test is being sought that considers the micro-mechanical 
behavior and/or chemical behavior of moisture damage.  A significant amount of time and money has been spent on 
trying to validate these tests and to determine how well the results relate to the field performance of asphalt concrete.   
 Moisture susceptibility is the loss of strength in asphalt concrete mixtures due to the effects of moisture.  In 
asphalt concrete, there are three components: aggregates, bitumen, and air voids.  Moisture damage can occur in two 
ways; loss of adhesion between bitumen and aggregate and/or the weakening of asphalt mastic in the presence of 
moisture.  Thus, selection of appropriate aggregates (aggregate chemistry) and bitumen (binder chemistry) play an 
important role in preventing moisture damage.  Loss of adhesion issues are related to the chemistry of aggregates which 
is why appropriately selecting aggregates is important.  Siliceous aggregate sources are prone to stripping due to a high 
silica dioxide content.  The bitumen cannot bond to siliceous aggregate thus when moisture is present and asphalt 
concrete is loaded repeatedly, bitumen strips from the aggregate resulting in a loss of adhesion.  These stripped 
aggregates are a significant concern because it diminishes the performance and service life of asphalt concrete 
pavements resulting in increased maintenance and rehabilitation costs to highway agencies.  Work has been performed 
at Texas A & M University that uses surface free energy via the Wilhelmy Plate and Universal Sorption Device to 
evaluate the aggregate and asphalt binder to determine if the aggregate and/or asphalt binder is prone to moisture 
damage.  Based on these tests a highway agency can evaluate a contractor’s materials prior to performing time 
consuming and expensive performance tests on an asphalt concrete mixture. 
 
2. HYPOTHESES 
 Hypotheses were formulated regarding the factors considered in the experimental plan based upon past 
research and testing from the literature review.  The following hypotheses were analyzed: 

� Which mixture test procedure better simulates moisture damage: AASHTO T283, Asphalt Pavement Analyzer 
(APA), or the dynamic modulus test? 

� Do these asphalt concrete mixture tests rank the asphalt concrete mixtures the same? 
� Can a DSR be utilized to determine if a bitumen is moisture sensitive? 
� What kind of criteria should be used to determine if an asphalt concrete mixture or bitumen is moisture 

susceptible? 
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3. EXPERIMENTAL PLAN 
 
3.1 Materials 
 Different mix types (based upon traffic level), aggregate chemistry, and laboratory test systems were 
evaluated.  Plant produced asphalt concrete mixes and accompanying tank bitumen were collected.  Table 1 categorizes 
the field mixes collected by traffic level and nominal maximum aggregate size (NMAS).  The aggregate type for each 
mix is noted in the table.  The binder characteristics are listed in Table 2.  Five of the mixtures used polymer modified 
asphalts and one mixture used an anti-strip agent.  All of the mixtures followed the Superpave mix design criteria and 
met the TSR laboratory mix design specification of 80% in Michigan.  This resulted in binder from six oil suppliers 
being supplied for use in the various asphalt concrete mixtures and thus used in this paper.  Each supplier was given a 
letter designation in the final column of Table 2 that ranges from A to F.  The twenty-one asphalt concrete mixtures 
sampled represent about ten to fifteen percent of the total population of mixtures placed in the State of Michigan during 
any given construction season. 
 

Table 1: Asphalt Concrete Field Mixtures Sampled 
Traffic Level (Equivalent Single Axle Loads) NMAS (mm) �3,000,000 >3,000,000 

25.0 or 19.0 

Limestone – (1) 
Limestone – (2) 
Gravel – (3) 
Gravel  (4) 
Limestone – (5) 

Limestone – (11) 
Limestone – (12) 
Limestone – (13) 
Limestone – (14) 
Gravel – (15) 

12.5 or 9.5 

Limestone – (6) 
Gravel – (6) 
Gravel – (8) 
Limestone – (9) 
Limestone – (10) 

Limestone – (16) 
Slag/Trap Rock – (17) 
Gravel – (18) 
Limestone – (19) 
Trap Rock – (20) 

12.5 SMA N/A Trap Rock – (21) 
 

Table 2: Binder Characteristics 

Site PG High 
Temperature 

PG Low 
Temperature Polymer Polymer 

Percent 
Asphalt 
Source 

1 64 -22 None - A 
2 58 -22 None - A 
3 64 -22 None - B 
4 64 -22 None - B 
5 70 -22 Modifier Unknown C 
6 70 -22 Modifier Unknown B 
7 58 -28 None - B 
8 64 -28 None - A 
9 64 -28 None - B 

10 64 -22 None - B 
11 58 -22 None - B 
12 64 -28 None - B 
13 58 -28 Antistrip 0.3 D 
14 58 -28 None - E 
15 58 -28 None - B 
16 70 -28 Modifier Unknown A 
17 70 -22 Modifier Unknown B 
18 64 -28 None - F 
19 64 -28 None - A 
20 70 -22 Modifier Unknown B 

21 70 -22 Modifier 
Cellulose Fibers 

Unknown 
0.3 D 
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3.2 Test Methods 
Several test methods were evaluated to determine which ones would be appropriate for identifying moisture 

prone mixes.  Three mix tests and one binder test were investigated and are listed in Table 3.  The mix tests were 
AASHTO T283, AASHTO TP62 (dynamic complex modulus), and APA.  Specimens were made in accordance with 
their respective specifications and compacted with a Superpave Gyratory Compactor.   

Despite the differences in the tests and specimen sizes, all mix specimens were conditioned following 
AASHTO T283 procedures [1].  Specimens were divided into two subsets so that each subset had the same average air 
voids of 7.0±1.0%.  The conditioned subset specimens were vacuum saturated to 70 to 80% saturation.  Each vacuum 
saturated specimen was tightly covered with plastic wrap and placed in a plastic bag with approximately 10±0.5mL of 
water, and sealed.  The plastic bags were placed in a freezer at -18±3°C for 24 hours.  The specimens were removed 
from the freezer after 24 hours and placed in a water bath at 60±1°C for 24±1 hour with 25mm of water above the 
specimens.  After 24 hours in the 60±1°C water bath, the specimens were removed and placed in a water bath at 
25±0.5°C for 2 hours ± 10 minutes to achieve room temperature.   

A summary of each test utilized is described in the following sections.  Table 3 lists the number of specimens 
tested for each test condition by test method.  Each ‘X’ represents one sample tested. 

The binder test consisted of a modified dynamic shear rheometer test.  Specimens were made in accordance 
with dynamic shear rheometer test procedures for performance grading.  The conditioning of the binder specimens 
consisted of soaking specimens in a 25°C water bath for 24 hours.  A preliminary study had been conducted to 
determine if one freeze-thaw cycle would result in significant changes.  The results of the study indicated that one 
freeze-thaw cycle does not significantly affect asphalt binder specimens [15].  Details concerning the testing procedure 
are summarized below. 

 
Table 3: Performance Tests 

  Unconditioned Conditioned 
AASHTO T283 XXXXX1 XXXXX 

Dynamic Complex Modulus XXX XXX 

Asphalt Pavement Analyzer XXX XXX 

Te
st

 S
ys

te
m

 

Dynamic Shear Rheometer – Asphalt Binder XXX XXX 
1Note: An “X” represents one sample tested 

 
3.2.1 AASHTO T283 
 The indirect tensile strength of the dry and conditioned specimens were determined at 25°C.  The specimens 
were placed between two bearing plates in a testing machine such that a load was applied along the diameter of a 
specimen.  The load was applied at a constant rate of movement of the testing machine head of 50mm per minute.  The 
maximum load is recorded and placed in the following equation in order to calculate tensile strength. 

Dt
PSt ��

�
�
!
2000              (1) 

where: 
 St = tensile strength (kPa), 
 P = maximum load (N), 
 t = specimen thickness (mm), and 
 D = specimen diameter (mm). 
 

A numerical index or resistance of an asphalt concrete mixture to the effects of water is the ratio of the 
conditioned strength to that of the unconditioned strength. 
 

2

1

S
STSR �             (2) 

where: 
 TSR = tensile strength ratio, 
 S1 = average tensile strength of conditioned subset, and  
 S2 = average tensile strength of unconditioned subset. 
 
3.2.2 Dynamic Modulus 
 The procedure for dynamic modulus testing was derived from NCHRP 9-29-Simple Performance Tester for 
Superpave Mix Design [2].  All dynamic modulus specimens, both conditioned and unconditioned, were placed in an 
environmental chamber for approximately two hours at an effective test temperature for rutting based on the following 
equation immediately preceding testing. 
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Teff rutting = 30.8 – 0.12 zcr + 0.92 MAATdesign       (3) 
where: 
 zcr = critical depth down from pavement surface (mm), and  
 MAATdesign = design annual air temperature (ºC). 
 MAATdesign = MAATaverage + K*-MAAT      (4) 
where: 
 MAATaverage = average annual air temperature (ºC),  
 K* = appropriate reliability level of 95% (1.645), and 
. -MAAT = standard deviation of distribution of MAAT for site location. 
 
 The critical depth considered was 20mm from the surface.  The MAATaverage was collected from the Michigan 
State Climatology Office from weather stations that were located in close proximity to where each mix was paved.  The 
-MAAT was found in LTPPBind v3.1 [3] as the high air temperature standard deviation.  LTPPBind is a software 
program that provides guidance on asphalt binder grade selection based on climatic information.  The effective test 
temperature for rutting was selected because the environmental conditioning system that was developed at Oregon State 
University used a test temperature of 60°C, the Hamburg wheel tracking device uses a temperature of 50°C, and the test 
temperature used in the NCHRP 9-34 study is 60°C.  From the literature it appears that moisture damage is accelerated 
at higher testing temperatures [4, 5, 6]. 
 A 100mm diameter by 150mm high cylindrical specimen that was cut and cored from a 150mm diameter by 
170mm high cylindrical specimen was tested under a repeated uniaxial, compressive, haversine unconfined load at the 
appropriate test temperatures.  A servo-hydraulic machine was used to conduct the testing with a temperature controlled 
testing chamber.  The testing frequencies and corresponding cycles for the dynamic modulus test are 0.02 (6 cycles), 0.1 
(6 cycles), 1.0 (20 cycles), 5.0 (50 cycles), 10.0 (100 cycles), and 25.0 (200 cycles) Hz while maintaining a permanent 
microstrain of 75 to 150.  A dynamic stress level was determined based on the 25Hz conditioning cycle that produced a 
resulting strain in the HMA specimen that did not exceed 75 – 150 microstrain.  The number of cycles changed with 
frequency per recommendations outlined in NCHRP Report 465.  The testing was conducted from high (25Hz) to low 
frequencies (0.02Hz) to mitigate the amount of deformation induced upon the specimens during testing.   
 Three axial linear variable differential transducers (LVDTs) were fixed at 120° intervals around the perimeter 
of a specimen in order to record the strain at the middle of a specimen over the length of the test.  Witczak et al. found 
that as the number of LVDTs and replicate specimens increase, the standard error of the mean decreases [7].  The 
LVDTs were adjusted to the end of their linear range so the entire range of each LVDT is available during the course of 
testing.   
 Specimens were placed in a testing chamber until the effective test temperature was attained in a test specimen.  
This was found with the aid of a dummy specimen with a temperature sensor embedded in the center of the specimen.  
After the effective test temperature was reached, a specimen was then centered under the loading platens so as not to 
place an eccentric load on the specimen, and tested.   
 There are four main calculations that are performed by the associated software [8].  The first is the loading 
stress, o- , that is applied to a specimen during the test. 

o
P
A

- �            (5) 

where: 
 o-  = stress, 

 P  = average load amplitude, and 
 A = area of specimen. 
The recoverable axial strain from the individual strain gauges, o� , is determined as follows: 

o GL
� /
�            (6) 

where: 
 o�  = strain, 

 /  = average deformation amplitude, and 
 GL = gauge length. 
Dynamic modulus, *E  for each LVDT: 

* o

o

E -
�

�            (7) 

The final equation is to determine the phase angle, for each LVDT: 
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(360)i

p

t
t

� �            (8) 

where: 
 �  = phase angle, 
 ti = average time lag between a cycle of stress and strain (sec), and 
 tp = average time for a stress cycle (sec). 
  

A numerical index or resistance of an HMA mixture to the effects of water is the ratio of the conditioned 
dynamic modulus value that is retained to that of the unconditioned dynamic modulus value. 

dry

wet
R E

EE
*
** �            (9) 

where: 
 E*R = E* ratio, 
 E*dry = average dynamic modulus of unconditioned subset, and 
 E*wet = average dynamic modulus of conditioned subset. 
 
3.2.3 Asphalt Pavement Analyzer (APA) 
 APA testing followed the APA’s User Manual [9].  Testing conditions evaluated with the twenty-one mixes 
were unconditioned tested in air and moisture saturated tested in water.  The moisture saturated specimens were 
conditioned following the procedure described in the section introduction.  Three cylindrical specimens were subjected 
to APA testing for each condition, dummy specimens were used in the remaining mold holes.  The APA’s User Manual 
[9] describes testing procedures for both air and water testing.  These procedures were followed regardless of whether 
or not a specimen was conditioned.  For specimens tested in air, both the air chamber and specimens were preheated for 
a minimum of 6 hours prior to testing.  Specimens tested in water were preheated in an APA oven while the water bath 
heated to the appropriate temperature.  Once these specimens had preheated for 6 hours they were placed in an APA 
and the chamber was filled with heated water.  The same air and water temperatures were used for the respective mixes.  
All specimens were subjected to 8,000 load cycles.  At the completion of the 8,000 cycles, the rut depths were recorded. 
 Asphalt concrete mixtures with a high temperature grade of 58 or 64 were tested at their respective high 
temperature.  The polymer modified mixes with a high temperature grade of 70 were also tested at 64, since this was the 
prescribed field temperature; the higher grade of 70 provides improved rutting resistance.  The samples were heated to 
the high temperature (either 58 or 64�C) since permanent deformation typically occurs during the warmer months when 
the binder is more fluid or less viscous.   
 All specimens were cut to the appropriate height (75mm) for cylindrical specimens using a circular saw.  New 
geometries of the specimens were recorded after sawing along with new bulk specific gravity measurements using the 
saturated surface dry method according to ASTM D2726 [10].  Specimens were grouped in sets of three based on air 
voids. 
 
3.2.4 Dynamic Shear Rheometer 
 Asphalt binder testing was conducted using a modified DSR.  The initial modifications to a DSR for moisture 
susceptibility testing were developed by Rottermond [11].  Additional modifications were developed for this study since 
the initial modifications did not adequately allow for moisture saturation of a specimen during testing.   

The new moisture susceptibility testing procedure is similar to the traditional DSR test procedures outlined in 
AASHTO T315 [12].  The main difference between AASHTO T315 and the new test procedure is in regards to 
modifications to a base plate and spindle [12].  Instead of bitumen interacting with a stainless steel interface, a new base 
plate and spindle were devised that allowed for a ceramic interface with the asphalt binder.  The stainless steel interface 
was deemed an unrealistic material for simulating in-situ conditions.  Previous studies also identified the disadvantage 
of using stainless steel [11, 13].  The ceramic material used was the same utilized by Youtcheff in developing a 
moisture sensitivity test of bitumen via a pneumatic pull-off test [14].  A modification was deemed necessary to 
simulate moisture accessibility to bitumen.  The stainless steel interface did not allow for water to interact at the top and 
bottom of a specimen.  Figures 1 through 3 depict the alterations to the DSR parts incorporated into the new test 
procedure for determining moisture susceptibility.  The modification to the DSR allows for any material to be used as 
an interface with bitumen as long as it meets the geometric dimensions of the space allowed for a disc.  A manufactured 
ceramic disc was selected as the interface to reduce the variability contributed by an aggregate with possible material 
variations.  An additional modification was incorporated into the spindle to allow for moisture to penetrate the asphalt 
via the ceramic disc.  Three holes 120� apart were created in the spindle head.  The final modification allowed for a disc 
of any material type to be placed within the base plate and spindle.  Set screws are used to hold the disc in place for 
both the base plate and the spindle.  The set screws are at 120� intervals as are the holes through the top of the spindle.  
Further details of the drawings can be seen in Kvasnak [15]. 
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Figure 1: Modified DSR Base plate [15] 

 

 
Figure 2: Modified DSR Spindle [15] 

 

 
Figure 3: Modified DSR Spindle with Three Holes [15] 

 
 All samples were poured into a standard 25mm mold as used for standard DSR specimens.  Each specimen 
rested for a minimum of 10 minutes prior to testing.  In all cases, the discs were screwed into the base plate and spindle 
prior to initiation of testing.  Once the DSR was zeroed, the spindle was raised to enable the application of the asphalt 
binder sample.  The spindle was then lowered to a gap of 1050�m.  If the sample required trimming it occurred at this 
point and then the spindle was lowered to 1000�m.  Testing did not initiate until the water bath or air chamber once 
again reached the desired testing temperature.  After testing, the set screws in the modified spindle were unscrewed and 
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then the spindle raised.  The base plate with the specimen was then removed from the DSR.  The specimen was then 
detached from the base plate by unscrewing the set screws holding the bottom of the specimen. 
 The bitumen evaluated with the ceramic discs were tested with the DSR for two different conditioning states.  
The first examination occurred with unconditioned samples.  After the first test, the disk and binder cylinder were 
placed in a water bath with distilled 25�C water for a period of 24 hours.  After 24 hours of static saturation, the 
specimens were retested as conditioned specimens.  The gap size was reset to 1000 �m.  In most cases, the resetting of 
the gap to 1000�m resulted in the typical bulging of asphalt seen when the gap is set on a new specimen. 
 
4. RESULTS AND DISCUSSION 
 Table 4 shows the average TSRs for each project evaluated..  A total of ten specimens per project (5 control 
and 5 conditioned) were tested according to AASHTO T283.  The average TSR for low volume roads (�3,000,000 
ESALs) (based on 10 projects) is 89.7% while the average TSR for high volume roads (>3,000,000 ESALs) (based on 
11 projects) is 94.0%.  This result does not seem surprising because typically high volume roads are designed to last 
longer and perform better than low volume roads.  It is also interesting to note that site #2 and #3 fail the minimum TSR 
requirement of 80%, and site #10 marginally meets the criteria.   
 

Table 4 Average Tests Results for TSR, E* Ratio, and APA Ratio 

Site # Average TSR (%) 
Average E* 

Ratio  
at 0.1 Hz(%) 

Average E* 
Ratio  

at 1.0 Hz(%) 

Average E* 
Ratio  

at 5.0 Hz(%) 

Average E* 
Ratio  

at 10.0 
Hz(%) 

Average 
Rut  

Depth Ratio 
(%) 

1 89.7 109.8 108.0 107.1 109.7 77.0 
2 75.1 49.2 44.6 52.3 59.1 112.0 
3 78.7 57.5 44.5 46.2 47.5 66.0 
4 107.3 92.5 80.0 82.3 76.7 78.0 
5 85.1 75.6 62.3 57.0 58.8 86.0 
6 102.1 102.6 86.9 89.4 83.6 86.0 
7 90.2 89.8 87.8 90.0 94.4 112.0 
8 90.1 78.2 76.7 77.1 75.1 98.0 
9 97.6 72.5 73.2 75.4 81.1 94.0 
10 
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80.9 73.8 71.1 77.2 82.7 134.0 
11 87.3 82.0 95.1 110.0 108.1 98.0 
12 96.0 55.7 49.2 55.3 61.9 87.0 
13 100.7 95.9 100.7 102.2 102.5 77.0 
14 95.1 88.9 87.5 90.7 92.4 97.0 
15 91.1 63.4 59.7 55.8 52.7 91.0 
16 83.8 131.5 121.4 98.0 94.1 62.0 
17 82.7 102.7 102.0 88.5 83.7 97.0 
18 95.6 93.6 103.8 107.5 107.5 135.0 
19 93.7 53.7 48.3 47.0 47.0 149.0 
20 101.5 92.5 94.8 92.0 93.2 54.0 
21 
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96.6 76.0 77.1 81.9 87.0 108.0 
 
 Table 4 shows the average E* ratio for each project evaluated at 0.1, 1.0, 5.0 and 10.0 Hz.  A total of six 
specimens per project (3 control and 3 conditioned) were tested according to the conditioned procedure outlined in 
AASHTO T283 and they dynamic modulus procedure outlined in NCHRP Report 465.  The test temperature that each 
project was conducted at was the effective test temperature for rutting.  The data shows that higher volume roads have 
higher E* ratios than the lower volume roads.  For example, the average E* ratio at 1.0Hz for low volume roads (based 
on 10 projects) is 73.5% while the average TSR for high volume roads (based on 11 projects) is 86.6%.  This result 
does not seem surprising because the dynamic modulus test may be more sensitive to changes in mixture properties 
such as asphalt type, RAP content, aggregate angularity, etc. as opposed to the indirect tensile strength test.  It was 
noticed that the E* ratios are typically lower than the TSR.  This could be due to the fact that the dynamic modulus test 
is applying a dynamic load thus inducing an increase in pore pressure in the air void system thus weakening the asphalt 
concrete mixture.   
 A probabilistic method was chosen in order to develop a criterion for the various performance tests.  Figure 4 
and Figure 5 show the TSR and E* Ratio at 1.0 Hz data pooled together and a lognormal distribution fitted to the data.  
A vertical line is drawn at 80%, which is the TSR criterion, and a horizontal line across to show how many specimens 
did not meet the criterion.  Approximately 15% of the specimens failed to meet the TSR criterion of 80%.  A horizontal 



 8

line is drawn at a cumulative probability of 15% and a vertical line drawn where the horizontal line intersects the fitted 
distribution.  This cumulative probability value was selected because 15% of the TSR specimens failed.  By drawing the 
lines at a cumulative probability of 15% and drawing vertical lines where the horizontal line intersects the distribution 
function the E* ratio at 1.0 Hz are approximately 55%.  Similar ratios were developed for 0.02, 0.1, 5.0, 10.0, and 25.0 
Hz and the resulting E* ratio were between approximately 55 and 60% for each frequency [16]. 
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Figure 4: Lognormal Distribution of Tensile Strength Ratios [16] 
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Figure 5:  Lognormal Distribution of E* Ratio at 1.0 Hz [16] 

 
 The APA data required a slightly different ratio than the TSR and dynamic modulus.  Since a greater rut depth 
is not desired, the ratio was defined as the control divided by the moisture conditioned tested in water.  If the ratio is 
greater than 1.0 then the conditioned specimens are performing better than the unconditioned; thus indicating that the 
mix is not prone to moisture damage.  It is hypothesized that in this case the additional heating of the mixture during the 
conditioning oxidized the binder enough to result in a stiffer mix that was less prone to rutting.  Table 4 shows the 
average rut depth ratios for each project.  Figure 6 displays the lognormal distribution associated with the rut depth 
ratio.  Applying the same cumulative probability for defining the minimum criteria as was used for the TSR and 
dynamic modulus it can be seen that the criteria for the APA rut depth ratio should be 65%.  Using the criteria of 65%, 
only three asphalt concrete mixtures fail the moisture susceptibility testing using the APA.  However, it should be noted 
that there were some mixes that failed the basic APA rut depth criteria as both unconditioned and conditioned.  These 
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mixes would be eliminated by the unconditioned set failing even though the ratio exceeded the minimum requirement 
of 65%. 
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Figure 6: APA Rut Depth Ratio Lognormal Distribution 

 
 Table 5 summarizes the results of the asphalt concrete mixture tests.  Two mixtures failed the TSR criteria, 
five mixtures failed the E* ratio criteria, and three mixtures failed the rut depth ratio criteria.  Mixture 2 failed both the 
TSR and E* ratio criteria and mixture three failed all three criteria.  There were additional mixtures that failed the 
individual criteria of one test.  Mixture 3 failed all three ratios.  The majority of the mixes were deemed acceptable 
which was expected since most of these mixes have been used successfully.  This shows that different tests have 
variable results in determining whether or not an asphalt concrete mixture is moisture susceptible.   
 

Table 5: Ratio of Asphalt Concrete Mixture Tests 
Project TSR E* Ratio at 1.0 Hz APA 

1 Pass Pass Pass 
2 Fail Fail Pass 
3 Fail Fail Fail 
4 Pass Pass Pass 
5 Pass Pass Pass 
6 Pass Pass Pass 
7 Pass Pass Pass 
8 Pass Pass Pass 
9 Pass Pass Pass 

10 Pass Pass Pass 
11 Pass Pass Pass 
12 Pass Fail Pass 
13 Pass Pass Pass 
14 Pass Pass Pass 
15 Pass Fail Pass 
16 Pass Pass Fail 
17 Pass Pass Pass 
18 Pass Pass Pass 
19 Pass Fail Pass 
20 Pass Pass Fail 
21 Pass Pass Pass 

 
 The binder test that was employed was a modified DSR which exhibited very little variability as shown in 
Figure 7.  From the graph it appears as though there is good repeatability using the DSR.  There are several sets that 
have a bit higher variability than others and this could be due to the conditioning of moisture susceptible binders.  The 
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probability distribution of the DSR results are displayed in Figure 8.  Assuming the same cumulative probability as the 
failure mark reveals that binders with a G*/sin(�) ratio of conditioned to unconditioned of less than 65% fail.  Thus 
indicating that the binder is affected by the moisture conditioning.  Table 6 lists the complex modulus ratios obtained.  
Four binders failed the criteria.  It is hypothesized that the binders had time to heal during the heat conditioning in the 
DSR prior to testing.  The binder without mastic may not be the most ideal material to evaluate moisture susceptibility 
or resistance.  A more appropriate material would be a mastic; the fine aggregate would allow for moisture to have 
greater access to inner layers of binder.  Further investigation should be conducted to determine which better represents 
the moisture susceptibility in the field.  When Tables 4 and 5 are compared, the modified DSR test found three projects 
that are deemed moisture sensitive, even though the mixture deemed them not to be moisture sensitive.  Project number 
16 was deemed moisture susceptible by both the APA and DSR testing. 
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Figure 7: Complex Modulus Ratio Variability 
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Figure 8: Complex Modulus Ratio from DSR Lognormal Distribution 
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Table 6: Complex Modulus Ratio by Site 
Project G*/sin� Ratio 

1 Pass 
2 Pass 
3 Pass 
4 Fail 
5 Pass 
6 Pass 
7 Pass 
8 Fail 
9 Pass 

10 Pass 
11 Pass 
12 Pass 
13 Pass 
14 Fail 
15 Pass 
16 Fail 
17 Pass 
18 Pass 
19 Pass 
20 Pass 
21 Pass 

5. CONCLUSIONS 
In this paper four tests were investigated for use as a moisture susceptibility test.  One of the four tests is 

currently used on a regular basis to evaluate the moisture susceptibility of asphalt concrete mixtures.  Moisture damage 
can result from either a moisture susceptible bitumen or aggregates.  A mixture can be moisture susceptible even if the 
components of the mixture are not deemed moisture susceptible if the interaction between the bitumen and aggregates is 
not favorable.  This paper explores new and revised moisture susceptibility tests for asphalt mix and bitumen.  Each test 
investigated in this paper utilized a quantitative criterion to deem the material as either moisture susceptible or resistant. 

The four tests used to evaluate moisture identified some of the same materials as moisture susceptible.  
However, there were several mixes and binder results that were not in agreement.  This shows that a unified approach 
for determining moisture damage of the asphalt concrete mixture and bitumen is needed.  An evaluation of the chemical 
properties of the materials may explain some of the discrepancies.  Monitoring of these asphalt concrete mixtures in the 
field will also offer insight into which method better represents the affects of moisture damage.  The authors are in the 
process of obtaining distress and rutting data on each of the projects in this research study.  The mixture from these 
projects were sampled in the summer of 2004 thus resulting in four years worth of field performance data that can be 
compared to the performance testing done on the asphalt concrete mixtures and bitumen. 
 Additional work with the binder test using mastics will probably better relate the effects of moisture on the 
bitumen.  Future research should evaluate mastics and compare the results to the dynamic modulus results. 
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ABSTRACT (327 words) 

 
While laboratory ageing of bituminous binders has been studied intensively, ageing of binders in pavements is much 

less well understood because of number of increasing difficulties (suitable extraction and recovery methods of binders, 
different variables such as traffic, climate, etc…). Ageing is already a very complex process in conventional neat 
bitumens and the complexity increases when Polymer modified Bitumens are involved. Field ageing is generally 
assessed by conventional accelerated ageing tests in laboratory such as : 

� Rolling Thin Film Oven Test (“RTFOT”, norm EN 12607-1) that is expected to simulate hot mixing 
ageing: this technique has been validated for a long time for unmodified bitumens but, in the case of 
modified bitumens, its validity is still open to doubt. 

� Pressure Ageing Vessel (“PAV”, norm EN 14769) that is expected to simulate field ageing : in the case of 
unmodified bitumens, the simulated ageing provided is recognized to be equivalent to several years of 
service in a road, but how long this equivalence is depends on the bitumen;  however, in case of modified 
bitumens, no similar information is available. 

 
So, in order to evaluate the relevance of standardised accelerated ageing tests for the simulation of hot mixing and 

field ageing, an ongoing research effort sponsored by the LCPC has been undertaken. From the beginning of their 
construction in 2003, eleven surface courses of pavements (without traffic) across France have been surveyed. An 
attempt to correlate the binder’s consistency evolution due to hot mixing on site with the evolution due to RTFOT test 
in laboratory was realized. In the same way, the changes undergone by the binder on the roadway, during use, was 
compared to those obtained after PAV test in laboratory. The first preliminary results indicate that the relevance of the 
RTFOT test depends on the binder’s viscosity (necessity to fit the RTFOT temperature) and that the PAV equivalence 
depends on several parameters, such as voids contents, climate, binder’s composition (polymer nature, content and 
manufacturing process). 

 
Keywords : durability, ageing, Polymer modified Bitumens, conventional ageing tests, in situ evolution. 
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1. INTRODUCTION 
 
During the design phase of bituminous mix for road pavements, it is fundamental to be able to predict or at least to 

estimate the evolution of physical properties of binder with respect to time, in order to ensure the durability of the 
whole infrastructure. At this time, several accelerated ageing methods have been developed and standardized at the 
European level to simulate binder’s ageing in the road [1,2]. It is generally accepted that the Rolling Thin Film Oven 
Test (“RTFOT”, norm EN 12607-1) simulates the changes that occur in a unmodified binder during mixing, 
transportation and laying of a hot mixed bituminous material, although this may need validating for some modified 
binders [3]. On the other hand, different methods exist to simulate the long term changes (hardening) that occur in a 
bituminous mixture in service, but no one is universally accepted. The Pressure Ageing Vessel (“PAV”, norm EN 
14769) is a potentially suitable ageing method developed during the American Strategic Highways Research Program 
(SHRP). This method has been adopted in USA; in Europe, the corresponding procedure has been standardized and is 
currently in use to simulate field ageing, even there is no available information about the equivalence of this test with 
the service years of a binder in a road. In particular, there is a lack of information in the case of modified bitumens [4]. 

 
At this time, the laboratory simulation techniques of the ageing actions on modified bitumens are still a substantially 

open problem because they were developed for unmodified binders and need re-evaluation for polymer modified 
bitumens. So, to evaluate the relevance of standardised accelerated ageing tests for the simulation of hot mixing and 
field ageing, an ongoing research effort sponsored by the French Roads and Bridges Central Laboratory (LCPC) has 
been undertaken. From the beginning of their construction in 2003, eleven surface courses of pavements (without 
traffic) across France have been surveyed. This paper presents an attempt to correlate the binder’s evolution due to hot 
mixing on site with the evolution due to RTFOT test in laboratory. In the same way, the changes undergone by the 
binder on the roadway, during use, was compared to those obtained after PAV test in laboratory. It is part of a wide 
cooperation between LCPC and different French Roads and Bridges Regional Laboratories (LRPC of Aix-en-Provence, 
Angers, Autun, Ouest Parisien, Saint-Quentin and Strasbourg) to study eleven pavements across France with respect to 
binder oxidative hardening. Among the studied eleven pavements, this paper will only present the two most 
investigated sections of this research project. By relating laboratory binder ageing to actual field ageing data, the 
investigation of the RTFOT test relevance and the PAV equivalence is evaluated by means of consistency parameters, 
oxidation level and rheological measurements and is discussed in this paper. 

 
2. DESCRIPTION OF THE EXPERIMENTAL PART  
 
2.1 Materials 
 
Field data presented herein were obtained from two surface courses of French highways, one in the South of France 

(pavement A) and the other near Paris (pavement B), for which the characteristics are the following : 
 

� Pavement A :  
� porous asphalt 0/10 mm (layer thickness of 4 cm) 
� binder content of 4,5% 
� air voids content of 24% 
� Styrene/Butadiene/Styrene modified bitumen (penetration at 25°C : 41 1/10 mm; ring and ball 

softening point : 56,0°C) 
� Pavement B : 

� asphalt concrete 0/6 mm for very thin layers (layer thickness of 2-2,5 cm) 
� binder content of 6,1% 
� air voids content of 13% 
� Ethylene/Vinyl Acetate modified bitumen (penetration at 25°C : 58 1/10 mm; ring and ball 

softening point : 53,0°C) 
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The lane without traffic of these roads were cored each year from 2003, which is the year of the road construction. 
Binder was extracted and recovered from each pavement cores, analysed by several methods and the results compared 
to laboratory ageing of the same binder that was used for the hot mix production at mixing plant on site. 

 
2.2 Ageing conventional tests 
 
Two conventional tests were used to simulate the modified binders ageing : the Rolling Thin Film Oven Test 

(RTFOT, sandard EN 12607-1) and the Pressure Ageing Vessel (PAV, standard EN 14769). RTFOT (75 min, 163°C, 
air flow of 4 l/min) and PAV (20h, 100°C, air pressure of 2.1 MPa) are expected to simulate respectively mixing ageing 
and field ageing [2,5].  

RTFOT is claimed to simulate ageing at the jobsite (i.e. mixing and laying). This test uses a temperature of 163°C 
with controlled air flow and thin films to give rapid loss of the volatile oils and some oxidation of the bitumen. It relies 
on the bitumen being fluid enough to roll around in the glass bottles as they move on a carousel, thus continously 
exposing new material to the stream of air [6]. Subsequently, specimens previously subjected to the RTFOT were 
prepared and tested in accordance with the PAV test. This static test is conducted at 100°C for 20 hours under an air 
pressure of 2.1 MPa [7]. One can note that this test is claimed to compress several years of exposure in the pavement 
into a much shorter period of time by using an air pressure and a relative high temperature which is never expected to 
be experienced by a binder in service. 

 
2.3 Characterization methods 
 
First of all, an important step before binders characterization is the binders extraction and recovery, carried out 

according an internal experimental procedure of LRPC of Aix-en-Provence : the pavement cores (after separating the 
layers by sawing) are broken into small pieces before solvent extracting the binder from the aggregates. The extraction 
is based on the dissolution in the tetrachloroethylene solvent (heated solvent for modified binders and solvent at room 
temperature for neat bitumens). This binder solution is then filtered and centrifuged to remove all aggregate particles 
from the binder solution. After that, the solvent is removed by distillation under air vacuum. It is important to note that 
after the binder was extracted and recovered, it is analysed by infrared spectroscopy to ensure complete solvent removal 
(no infrared peaks of chlorine) and the calcination residue during 8 hours at 450°C has to be less than 1% of binder test 
portion. 

 
After complete solvent removal, differental properties of the binder were determined : 

� Consistency parameters : measurement of penetration at 25°C (1/10 mm) according the european standard 
EN 1426 and ring and ball softening point (°C) according the european standard EN 1427. 

� Low-temperature flexural creep stiffness : creep tests were realized according the european standard EN 
14771 and carried out on all binders using a Bending Beam Rheometer (BBR) from Cannon [8]. The creep 
behaviour is then characterized by two parameters : the stiffness modulus S(t) and the slope of the creep 
curve, (logarithm (S) = f(logarithm(loading time)). Following SHRP recommendations, current SuperPave 
specifications at low temperature consider two critical temperatures, Ts=300MPa and Tm=0,3, based on 
the two previous parameters, the first one at which the stiffness modulus at 60 seconds loading time, S(60s) 
is 300 MPa, and the second one at which the slope of the creep curve, m(60s) is equal to 0,3. These limits 
on the m-value and the stiffness were set according to the work conducted by A002A and A005 contracts 
during the SHRP program [9], including field data. In addition, the m-value at Ts=300MPa was also 
determined. 

� Oxidation degree : determination of the carbonyl and sulphoxide indexes by Fourier Transform InfraRed 
(FTIR) spectroscopy analysis. According to earlier work [10], the samples were prepared by letting a hot 
binder droplet flow on a NaCl window in order to obtain a film thickness of about 20 'm. The infrared 
indexes are then defined as band area ratio : for the carbonyl index, the carbonyl absorption band from 
1720 to 1665 cm-1 to the sum of infrared bands at 1376 and 1456 cm-1, and for the sulphoxide index, the 
sulphoxide absorption band from 1098 to 980 cm-1 to the sum of infrared bands at 1376 and 1456 cm-1. 

 
3. RESULTS AND DISCUSSION  
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3.1 Short-term ageing study 
 
The first question to address is how modified binder harden during hot mixing at plant compare to normalized 

laboratory ageing simulation technique by RTFOT. Results from the the two studied pavements are summarized in 
tables 1 and 2.  

According to the consistency parameters and the low-temperature flexural creep stiffness, the elastomer modified 
binder properties evolution undergone during hot mixing at plant, namely hardness, is more pronouncing than the one 
after RTFOT at 163°C (reference temperature of the european standard). This could be due to the fact that the RTFOT 
reference temperature of 163°C is not representative of the actual temperature used in plant during the mixing of 
aggregates with modified binders (in fact, the temperature of the binder in the hot plant was set between 163 and 
175°C). So, for the SBS modified binder used in the pavement A, the temperature of 175°C for the RTFOT ageing 
simulation technique was tested.  The obtained results, shown in table 1, indicate a better agreement with those 
measured on the binder recovered after hot mixing at plant. Only the oxidation degree does not correlate.  

About the plastomer modified binder, whether it the RTFOT ageing simualtion technique is carried out at 163°C or 
175°C, the consistency properties and oxidation degree evolution are exactly the same but the low temperature flexural 
creep stiffness. In regard of this test, it seems that the RTFOT at 175°C lead to higher BBR related limiting 
temperatures than the one carried out at 163°C. Moreover, in comparison with the evolutions properties measured on 
the binder recovered after hot mixing at plant, there is not a totally agreement with either RTFOT at 163°C or RTFOT 
at 175°C. 

However, one can note than for the plastomer modified blend, Ts=300MPa is higher than Tm=0,3 for the ageing 
due to the RTFOT test. Consequently, for these binders, the criterion Tm=0,3 is less severe in terms of properties at low 
temperature as already observed in the literature [11]. For the sample aged by hot mixing at plant, there is no significant 
difference beween Ts=300MPa and Tm=0,3. 

On the inverse, for all ageing simulation techniques and the hot mixing at plant of the elastomer modified binder,  
Ts=300MPa is lower than Tm=0,3. 

Whether it is for the elastomer or plastomer modified binders, one can also note that the most important production 
of oxygeneated functions is obtained during hot mixing at plant. The explanation could be that during hot mixing 
process all the aggregates and filler is coated with a thin film of binders usually between 5 microns and 15 microns 
thick [12, 13] and consequently the conditions are very favorable for oxidation and loss of volatiles. Another potential 
explanation could be that modified binders do not flow in a fluid viscous manner in the RTFOT bottles as they rotate, 
so the binders are not evently exposed to air and produce a heterogeneous film which alters the rate of oxidation in 
comparison of the one of hot mixing at plant. 
 

PAVEMENT A (SBS modified binder) RTFOT 163°C RTFOT 175°C Hot mixing at plant 

Penetration at 25°C (1/10 mm) 

(confidence interval of +/- 3 1/10 mm) 

Retained penetration (%) 

30 

 

73 

24 

 

59 

25 

 

61 

Consistency parameters 

Ring and ball softening point (°C) 

(confidence interval of +/- 2,5°C) 

Softening point difference (°C)  

62,0 

 

6,0 

66,8 

 

10,8 

65,2 

 

9,2 

Ts=300 MPa  (°C) 

(confidence interval of +/- 0,3°C) 

-17,2 -15,5 -15,5 Low temperature flexural 
creep stiffness 

Tm=0,3 (°C) 

(confidence interval of +/- 0,8°C) 

-15,2 -12,7 -13,5 
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Carbonyl index (%) 

(confidence interval of +/- 0,7%) 

0,1 0,3 1,8 
Oxidation degree 

Sulphoxide index (%) 

(confidence interval of +/- 0,5%) 

8,6 5,6 11,7 

Table 1 : Results of short-term ageing (by conventional tests and during hot mixing at plant) of elastomer 
modifed binder. 

 
PAVEMENT B (EVA modified binder) RTFOT 163°C RTFOT 175°C Hot mixing at plant 

Penetration at 25°C (1/10 mm) 

(confidence interval of +/- 3 1/10 mm) 

Retained penetration (%) 

36 

 

62 

36 

 

62 

30 

 

52 

Consistency parameters 

Ring and ball softening point (°C) 

(confidence interval of +/- 2,5°C) 

Softening point difference (°C)  

56,0 

 

3,0 

57,4 

 

4,4 

58,8 

 

5,8 

Ts=300 MPa  (°C) 

(confidence interval of +/- 0,3°C) 

-17,6 -16,9 -16,2 Low temperature flexural 
creep stiffness 

Tm=0,3 (°C) 

(confidence interval of +/- 0,8°C) 

-21,4 -18,7 -16,8 

Carbonyl index (%) 

(confidence interval of +/- 0,7%) 

0,6 0,9 1,7 
Oxidation degree 

Sulphoxide index (%) 

(confidence interval of +/- 0,5%) 

4,1 4,6 7,7 

Table 2 : Results of short-term ageing (by conventional tests and during hot mixing at plant) of plastomer 
modifed binder. 

 
3.2 Long-term ageing study 
 
Long-term ageing occurs partially throughout the short-term ageing frame and while the mixture is in service and 

exposed to environment. This long-term ageing is predominantly caused by oxidation [14]. 
Tables 3 and 4 summarize the level of oxidative hardening that was reached after one and three years of road 

service in comparison of the conventional standardised ageing test RTFOT + 20h PAV, carried out on the same 
modified binders that were used for the pavement A and B construction. 

Based on the consistency parameters, the low-temperature flexural creep stiffness and the oxidation degree, the 
properties evolution obtained after RTFOT + 20h PAV ageing laboratory simulation is equivalent to 12 months ageing 
in the pavement A (SBS modified binder), once the initial jump is past.  

For the EVA modified binder aged in the pavement B (see table 4), there is no obvious agreement between field 
data and long-term ageing simulation technique : according the consistency parameters, the properties evolution 
obtained after RTFOT + 20h PAV ageing laboratory simulation is equivalent to only 5 months ageing in the pavement, 
once the initial jump is past. But, based on the Bending Beam parameters, after 5 months of in situ ageing, the low-
temperature stiffness is even a little more important than the one measured after the laboratory ageing simulation 
technique. Likewise, the 5 months of in situ ageing lead to a more intense production of oxygeneated functions than 
RTFOT + 20h PAV. 
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PAVEMENT A (SBS modified binder) RTFOT 163°C + 
20h PAV 

12 months of 
road service 

44 months of road 
service 

Penetration at 25°C (1/10 mm) 

(confidence interval of +/- 3 1/10 mm) 

19 19 14 
Consistency parameters 

Ring and ball softening point (°C) 

(confidence interval of +/- 2,5°C) 

71,2 70,8 76,2 

Ts=300 MPa  (°C) 

(confidence interval of +/- 0,3°C) 

-14,6 -14,3 -12,6 Low-temperature flexural 
creep stiffness 

Tm=0,3 (°C) 

(confidence interval of +/- 0,8°C) 

-9,4 -10,0 -5,5 

Carbonyl index (%) 

(confidence interval of +/- 0,7%) 

1,7 2,2 4,8 
Oxidation degree 

Sulphoxide index (%) 

(confidence interval of +/- 0,5%) 

9,6 10,1 13,4 

Table 3 : Results of long-term ageing (by conventional test and in situ in pavement) of elastomer modifed binder. 
 
 

PAVEMENT B (EVA modified binder) RTFOT 163°C + 
20h PAV 

5 months of road 
service 

40 months of road 
service 

Penetration at 25°C (1/10 mm) 

(confidence interval of +/- 3 1/10 mm) 

23 25 17 
Consistency parameters 

Ring and ball softening point (°C) 

(confidence interval of +/- 2,5°C) 

60,4 61,4 65,4 

Ts=300 MPa  (°C) 

(confidence interval of +/- 0,3°C) 

-16,2 -15,4 -11,8 Low-temperature flexural 
creep stiffness 

Tm=0,3 (°C) 

(confidence interval of +/- 0,8°C) 

-16,8 -15,4 -11,8 

Carbonyl index (%) 

(confidence interval of +/- 0,7%) 

1,1 2,1 3,3 
Oxidation degree 

Sulphoxide index (%) 

(confidence interval of +/- 0,5%) 

6,7 7,4 8,6 

Table 4 : Results of long-term ageing (by conventional test and in situ in pavement) of plastomer modifed 
binder. 

 
From these results, one can conclude that for elastomer modified binder aged in the pavement A, the RTFOT plus 

20 hours PAV ageing corresponds to about one year in the pavement after hot-mix plant and placement ageing. Of 
course, this generalization is not universally true, as binders in pavement will age at different rates depending upon 
climate, air voids, modified binder oxidation kinetic parameters and initial ageing level when placed. This is 
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particularly the case for the plastomer modified binder aged in the pavement B, for which there is no clear 
correspondance between the long-term ageing simulation technique and the field data. 

It can be also noted that long-term ageing is an oxidation process which mainly concerns the superficial layer of the 
road pavement. More precisely, the surface binder is strongly exposed to oxidation, accelerated by UV ray action [3]. 
However, the normalized laboratory simulation of the long-term ageing process doesn’t take account the influence of 
light on bitumen ageing. This could explain some of the divergences noticed between the standardized laboratory 
simulations of ageing and observations in the field [15]. 

 
3.3 Hardening parameters evolution rates 
 
As the previous comparison of field data to laboratory ageing is a ponctual approach, it has to be balanced by the 

evolutions rates on site of hardening parameters. These last ones are estimated by linear regressions of penetration and 
softening point values versus road service months (see figures 1 and 2) and compared to the ones obtained for the 
pavement A08 constructed in 1987 (previous study of survey over time of three identical thick layer asphalt concretes  
0/14 mm using three different plain bitumens A, B and C). 

Figure 1 : Evolution rates of penetration at 25°C during service life of pavement A and B. 
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Figure 2 : Evolution rates of softening point during service life of pavement A and B. 

 
Based on the equations of consistency evolutions (estimated from 3 points issued from the 3 on-site survey years), 

one can say that : 
� The regression coefficients are better in the case of Polymer modified Bitumens in comparison of those of 

plain bitumens. 
� The decrease rate of penetration for Polymer modified Bitumens varies between 0,21 and 0,29 while it is 

contained between 0,41 and 0,57 for plain bitumens. 
� The increase rate of softening point for Polymer modified Bitumens varies between 0,15 and 0,23 while it 

is contained between 0,16 and 0,22 for plain bitumens. 
 

It is important to note that as climate, air voids, binder oxidation kinetic parameters and initial ageing level when 
placed are different for each pavement, the conclusion about the best behaviour of binder from the ageing point of view 
is not possible in this case.  
 

4. CONCLUSIONS 
 
 This work represents a conprehensive effort that was conducted over three years and is carried on in a new ongoing 
research program sponsored by the LCPC in order to address several significant issues of modified binder oxidation in 
pavements. A specific interest was to determine the level of hardening reached in pavements and to evaluate the 
relevance of standardised accelerated ageing tests for the simulation of hot mixing and field ageing.  
 
The present work gives a contribution to the evaluation of the effectiveness of ageing simulation tests in modified 
bitumens. Based on all hardening results (not only the 2 pavements detailed in this paper), a number of conclusions 
concerning modified binders ageing are tentatively offered : 

� The relevance of the RTFOT standardized test depends on the binder’s viscosity and this is particularly true 
for modified bitumens : there is a necessity to fit the RTFOT temperature. For the elastomer modified bitumen 
of pavement A, temperature of 175°C was tested and showed a good agreement of physical properties with 
those measured on the binder recovered after hot mixing at plant. But, for the plastomer modified bitumen of 
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pavement B, there is not a totally agreement of the evolutions properties measured on the binder recovered 
after hot mixing at plant with either RTFOT at 163°C or RTFOT at 175°C. 

� The PAV simulated ageing is recognized to be equivalent to several years of service in a road for unmodified 
bitumens, but how long this equivalence is depends on several parameters, such as voids contents, climate, 
binder’s composition. However, in case of modified bitumens, no similar information was available. Looking 
at the first set of characteristics and pavements investigated, it can be again confirmed that the equivalence 
depends on several parameters;  but, according the consistency parameters, the equivalence is such that 
RTFOT + 20h PAV ageing approximatively correspond to around 1-2 years of field ageing. This observation 
needs to be balanced by the hardening parameters evolution rates (same magnitude than the plain bitumens) 
and to be confirmed by other properties evolution. In particular, one can note that the influence of UV ray 
action on the superficial layer ageing is not taken into account by the RTFOT + 20h PAV procedure and could 
explain some of the divergences. 
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406-010 PREDICTION OF DURABILITY OF WARSAW STREETS RECONSTRUCTION 
CARRIED OUT IN 2004 
 
D. MALISZEWSKA, M. MALISZEWSKI, D. SYBILSKI 
Road and Bridge Research Institute (IBDiM), Jagiellonska 80, 03-301 Warsaw, POLAND 
 
ABSTRACT 
 
Prediction of durability was carried out according to pavements renewed using technology proposed by Road and 
Bridge Research Institute (IBDiM). Technology of reconstruction consisted of old asphalt pavement milling and 
replacing it with two high quality layers. First layer, binder course, was made of high stiffness modulus asphalt 
concrete and second, wearing course, was made of SMA. In both mixes, the traditional bitumen was replaced by 
polymer modified bitumen. This technology was applied on several Warsaw streets, however prediction is based upon 
five of them. First part of paper was formed on basis of conclusions made during the technological supervision. It 
consists in assessment of correctness of repair as regards workmanship and quality of used materials. In IBDiM, at 
recipe designing stage, basic physical characteristics and mechanical characteristics of bituminous mixtures (visco-
plastic deformation resistance, fatigue resistance and complex stiffness modulus) were examined. During paving, 
control testing of composition of bituminous mixes was carried out. In second part of paper, deflections before and after 
renewal, measured by Falling Weight Deflectometer FWD, were compared. Next, construction durability was 
calculated by using mechanistic designing method and fatigue criteria, as well. Modulus of the layers was obtained 
from field (FWD) and laboratory (ITT) measurements. Another stage of the thesis was to predict future heavy vehicle 
traffic growth on chosen streets. Finally, calculated pavements bearing capacity and predicted heavy traffic intensity 
were equated. In this way, durability of reconstructed pavements was obtained. On the basis of all laboratory tests and 
calculations, it was affirmed, that pavement renewal assures better predicted durability then traditional pavement 
repair. In spite of less work expenditure, less cost and time, obtained predicted durability was similar to durability of 
overhaul. 
 
Keywords: high stiffness modulus asphalt concrete, prediction of durability, extended pavement durability, glass grids, 
repair method 
 
1. INTRODUCTION 

 
Road and Bridge Research Institute (IBDiM) cooperates with Directorate for Urban Roads in Warsaw (ZDM) since 
many years. In the early 90-ties ZDM was convinced by IBDiM about need of performing a ground renewal or 
modernization of some main streets, but it was difficult due to poor budget reserves. Only several sections of some 
streets were deeply reconstructed. On the rest of the most damaged sections only some shallow repairs were performed. 
At the end of 90-ties diagnostics of Warsaw streets condition were performed. On basis of obtained results special 
report was prepared in 2003 [1]. The scope of this report contained analysis of measurements taken from 260 km of 
country, provincial and local streets. It covered about 35 % of the streets managed by ZDM. It was diagnosed that only 
12 % of analyzed streets did not need repair, about 50 % needed modernization (strengthening) and about 32 % needed 
asphalt layers renewal. In summary more than 80 % of analyzed streets needed maintenance, so it was a serious 
problem. 
 
2. CHOICE OF REPAIR TECHNOLOGY 

 
Warsaw serious traffic volumes during a week must not be omitted during considerations about technology of pavement 
repair. There is lack of non-collision bypasses or ring roads in Warsaw, so the heavy via-traffic as well as target heavy 
traffic mixes with all kinds of light traffic. Rebuilding of any street located in the central districts of Warsaw involves 
terrible traffic deterioration in the whole city. 
Taking into account mainly practical aspects, but having in mind the design aspects, the proper repair technology has 
been worked out. Following aspects were considered: 

- limited budget, 
- large number of streets to be rebuild, 
- avoiding serious impact on traffic conditions. 

Repair technology suggested by IBDiM and accepted by ZDM was comparably low financial load for budget, quick and 
involving low impact on traffic condition. It also employed new technology worked out by IBDiM. It was assumed that 
repair time may be no longer than from Friday evening to Monday morning. 
Diagnosis of the existing pavements was the basis for selection of streets for rebuilding. Bearing capacity could not be 
deteriorated below the required level. Measurements were done using the most accurate method at present – Falling 
Weight Deflectometer (Figure 1). 
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Figure 1: FWD loading plate with geophones 
 
For the purpose of the quick repair technology most up to date materials and technologies were engaged. The fact that 
Polish roads are exposed to extreme weather conditions (air temperature below -30 �C during winter and above +40 �C 
in the summer time), two most important issues had to be considered – permanent deformation resistance and cracking 
resistance. 
Chosen repair technology has been called “Milling and strengthening”. It comprises milling of about 12 cm of old 
asphalt layers and replacing them with two new, high quality and high properties asphalt layers. In case of presence of 
cracks in uncovered sub-base, depending on their amount, reinforcing grid should be applied, to minimise the reflective 
cracking propagation to new asphalt layers.  
High tensile strength (about 100 kN/m) and high elasticity modulus glass fibre reinforcing grid was used in “Milling 
and strengthening”. The idea of using reinforcing grids in asphalt pavements was born in the geotechnical applications. 
Reinforcement in form of non-woven and grids applied for strengthening and stabilizing soils, aggregates, etc. is widely 
known and successful. Practice has showed that it is successful also in asphalt applications, however the effect is not 
visible from the beginning. Positive impact of the reinforcement comes out in further stages of pavement work. In 
unreinforced pavement new layers must face the fatigue cracking or reflective cracking itself. In reinforced pavement 
part of stresses is taken over by reinforcing grid. Thus obtained effect should be described as increasing the pavement 
life by mean of cracking reduction. Therefore reinforcing role of glass grid was not directly taken into account in later 
pavement durability considerations. Reinforcing grid was decided to be used locally (covering the crack with 100 cm 
width sheet) if the sub-base was uncracked or slightly cracked (Crack Index � 3) or on the whole sub-base surface if the 
sub-base was cracked (Crack Index > 3). Crack Index is calculated from sum of ½ count of partial cracks (not full 
pavement width) and count of full pavement width cracks on 100 m section length. Reinforcing grid was also used as a 
method of reinforcing and reducing the irregularity of sub-base. In case of Warsaw streets it is particularly important, 
because of wide range of sub-base constructions occurring in old pavements (cobble, granite brick, lean concrete, etc.). 
It can be specified as a city history record. 
New asphalt layers used in repair technology were made of high quality raw materials, such as elastomer modified 
bitumen [2]. Traditional paving grade bitumen does not provide pavement serviceability in such wide temperature 
range, as well as high heavy vehicle volume that occur in Poland. Bitumen thermoplastic properties, what is very well 
known, are highly temperature dependent. Within range less than 100 �C bitumen properties change diametrically. In 
high temperatures it forms viscous liquid and in low temperatures it changes to highly elastic solid. More or less the 
same properties apply to asphalt. The higher spread between these boundary temperatures is obtained (so called visco-
elasticity range), the better properties asphalt mixture has. Addition of elastomers (e.g. 4 % of SBS) is one of the 
methods for extending the visco-elasticity range [3], [4]. 
Besides the elastomer modified bitumen, also high quality mineral aggregates were used. Chosen paving aggregates 
characterized themselves with high mechanical strength. In wearing course also high polishing resistance aggregates 
were used. The brightness of pavement is also usually important aspect of safety level, and it can be increased by 
application of light aggregates (e.g. granite, gabbro). 
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Designed cross-section consisted of two layers: 
- 9 cm of High Elasticity Modulus Asphalt Concrete (HMAC) [5], 
- 3 cm of Stone Mastic Asphalt (SMA) [6]. 

Suggested pavement repair technology is illustrated in the Figure 2. 
Lower layer in described construction was resistant to permanent deformations which can occur in the summer period, 
as well as fatigue cracking in autumn and spring period. Laboratory tests and computer analysis verified on the full 
scale tests performed in IBDiM showed up, that usage of HMAC seriously strengthens pavement structures. For 
example, asphalt layer made of 12 cm thick HMAC is equivalent to asphalt layers made of classic Asphalt Concrete of 
about 16-18 cm thick. In case of “Milling and strengthening” HMAC 0/16 mm with elastomer modified bitumen (PmB 
25/55-60 according to EN 14023) was designed.  
Upper layer is made of SMA. This mixture was based mainly on chippings fraction and contained elastomer modified 
bitumen. Chippings particles are interlocking and forming rutting resistant and stable skeleton. Binder properties are 
selected specially to assure the low-temperature cracking resistance of the pavement. In case of “Milling and 
strengthening” SMA 0/8 mm with elastomer modified bitumen (PMB 45/80-55 according to EN 14023) was designed. 
Selected wearing course technology not only assured the proper road safety level (skid resistance) and durability (water 
and frost resistance) but also touched some innovative aspects. SMA was chosen also according to its noise reduction 
properties (on average 5 dB lower than in typical AC16) [7]. These properties had been omitted in Polish roadway 
engineering considerations so far. It was proved by noise measurements that application of this type of wearing course 
type results in noise reduction comparable to acoustic barrier effect. Noise reduction is especially important in dense 
urban areas, and will be appreciated by inhabitants, in comparison to the state before the pavement repair. 
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preparation
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paving of new
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Figure 2: Pavement repair technology applied on Warsaw streets 
 
The following repair technique was proposed: 

- Friday evening, about 10 p.m., street is being closed for traffic, 
- old asphalt layers milling on depth of 12 cm is performed and preliminary adequate road profile is being created, 
- after milling, the sub-base is being prepared for paving new layers by precise cleaning, applying tack-coat and, if 

necessary, significant sized holes are being patched with asphalt mix, 
- glass grids are being applied in cases described on previous page, 
- manholes and other elements of underground infrastructure are being adjusted to suit binder course thickness, 
- on Saturday morning paving of binder course starts, 
- after laying binder course second tack-coat is being applied and final adjustment of manholes and other elements 

of underground infrastructure is being performed, 
- on Sunday morning paving of wearing course starts, 
- after paving of wearing course, in the final stage of compaction, when the pavement is still warm (about 90 �C), 

thermoplastic tape road markings are being placed, 
- on Monday morning rebuilt section is being opened for traffic. 
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3. SURVEILLANCE AND INSPECTION TESTS 
 

IBDiM has exercised control over properties of asphalt mixes, which were applied in new layers. The control was 
performed in two steps. 
First step was carried out during the mix design stage. Constituent materials and mixing formula were approved in both 
asphalts. Besides standard tests also tests which were not very common in Poland these days were performed. 
Uncommon test set consisted of permanent deformation resistance (rutting) in large apparatus, complex modulus and 
fatigue test on four point bending beam. Test results had to conform to specifications given by IBDiM. In case of SMA 
rutting resistance of P10 category (according to EN 12697-22, large apparatus, 60 �C, 10 000 cycles). HMAC had to 
fulfil requirements not only for rutting resistance P5 category (according to EN 12697-22, large apparatus, 60 �C, 
30 000 cycles), but also fatigue resistance of �6-130 (according to EN 12697-24, 4PB-PR, 10 �C, 10 Hz) and complex 
modulus 	12 000 MPa (according to EN 12697-26, 4PB-PR, 10 �C, 10 Hz) tested on four point bending beam 
servohydraulic testing frame (Figure 3). All tested asphalts have met requirements. 
Second step of control has been carried out during construction. IBDiM lead continuous surveillance over quality of 
works and asphalt composition. Conformance of standard composition tests performed by contractors was controlled by 
random tests made by IBDiM. If the composition test result were positive, it meant that built in mixture was 
characterized by good properties obtained during recipe design stage (rutting and fatigue resistant). Surveillance lead by 
IBDiM also consisted in controlling if all technological regimes were fulfilled regarding laying of the reinforcing grid 
(good tension of grid, well prepared tack coat), paving of asphalt layers (technological temperatures, weather 
conditions, preparation of foundation, compaction) (Figures 4 and 5). 

 
 
Figure 3: Complex modulus and fatigue test facility 
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Figure 4: Example of paving the wearing course on well prepared binder course 
 

 
 
Figure 5: Road rollers compacting freshly paved wearing course 
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4. PREDICTION OF DURABILITY OF THE REPAIR TECHNOLOGY CALLED „MILLING AND 
STRENGTHENING” 
 

Because of the wide range of pavements condition before the reconstruction (as regards cross-sections, constituent 
materials, and traffic load) it is hard to judge the general predicted durability for this kind of repair. IBDiM experiences 
from road repairs with similar technique, conducted in 1994 showed that 10 years of serviceability is attainable. 
Durability analysis performed in our thesis was based on five chosen street sections, reconstructed using “Milling and 
strengthening” method. These streets were reconstructed in 2004. Bearing capacity was measured on selected sections 
using FWD method before and after reconstruction. “After measurements” were performed using the same equipment, 
by the same team, in exact the same locations as the “before measurements”. As regards measurements before the 
reconstructions, only data from 1998 were available. If the “before measurements” were performed just before the 
reconstruction (not in 1998 but e.g. 2003), the differences in deflections compared to “after measurements” (performed 
in 2005) would be more significant (Street 4 presented even the increase of mean deflections). Taking into account 
pavement elastic deflections under the loading plate, an average of 20 % decrease (without Street 4) was observed 
between old and renewed construction on evaluated streets. It means that bearing capacity has increased. Summary of 
measurements is shown in Table 1. 
 
Test Section Mean deflections (m) Standard deviation (m) Proportional difference 

Before 238 54 Street 1 After 199 40 -16 % 

Before 279 35 Street 2 After 208 48 -25 % 

Before 227 79 Street 3 After 170 60 -25 % 

Before 196 67 Street 4 After 210 47 +7 % 

Before 335 162 Street 5 After 282 136 -16 % 

 
Table 1: Comparison of deflections before and after reconstruction 
 
Next, modulus of pavement layers remained after milling and sub-soil were back-calculated from FWD “after 
measurements”. Asphalt layers modulus were very high (30 000 – 80 000 MPa) so it was decided to obtain data from 
ITT (10 �C) test on cores drilled from pavement. Modulus data, together with thicknesses of layers (Table 2) measured 
from drilled cores, were used to calculate the state of stresses and strains in pavement construction using linear elastic 
multilayer software. 
 
Test Section Layer Thickness (cm) Stiffness modulus (MPa) Poisson’s ratio 

SMA 8 3,7 4 891 0,25 
HMAC16 9,7 8 108 0,25 

remaining old pavement 18,9 942 0,25 Street 1 

sub-soil – 137 0,30 
SMA 8 2,8 3 354 0,25 

HMAC16 7,3 7 188 0,25 
remaining old pavement 36,5 1 105 0,25 Street 2 

sub-soil – 126 0,30 
SMA 8 2,8 4 688 0,25 

HMAC16 6,3 10 345 0,25 
remaining old pavement 18,2 1 426 0,25 Street 3 

sub-soil – 141 0,30 
SMA 8 3,7 3 721 0,25 

HMAC16 9,5 8 149 0,25 
remaining old pavement 21,1 1 413 0,27 Street 4 

sub-soil – 112 0,30 
SMA 8 2,7 4 784 0,25 

HMAC16 8,2 6 615 0,25 
remaining old pavement 23,2 2 424 0,25 Street 5 

sub-soil – 125 0,30 
 
Table 2: Data used for computation of state of stresses and strains 
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5. SUMMARY AND CONCLUSIONS 
 

Warsaw street pavements are being repaired according to “Milling and strengthening” method since 2004. Over 1,5 
million square meters of pavements have been already brought to serviceability by using above described technology. 
Many of repaired street sections are classified as “top-importance” transportation tracts. Majority of the repairs were 
really great success. Only three or four locations failed, because contractors were not disposed of extra time needed to 
make proper work. Some permanent deformations occurred in locations where later expertises showed very weak 
remaining pavement. In these cases new technology was developed and this year will be implemented. Over 700 
thousands square meters (about 80 km) of pavements are planned to be repaired in 2007 and 2008. 
Developed technology assures sufficient pavement life. Typically assumed 10 years life was computationally proved to 
be even 18 years long (with deviation from 1 to 2 years). 
Positive influence of reinforcing fibre glass grid on propagation of reflective cracking development in asphalt 
pavements was confirmed. 
Economical aspects of this pavement repair technology cannot be omitted. Costs of this repair method, depending on 
the traffic category, are 2,5 – 3,5 times less than typical pavement reconstruction or even 6 – 10 times less than typical 
pavement deep reconstruction. Glass grids are installed only if it is needed so they do not influence significantly the 
overall costs. 
If we consider all corresponding social costs – loss of users’ time, transportation difficulties etc. – economical positive 
aspect of such quick repair method would be more significant. Induced traffic difficulties are incomparably less than if 
the street was closed not for weekend but several weeks or months. Above described repair method in just tiny way 
influences the transportation system. “Milling and strengthening” do not absorb to much extra costs, which as it was 
calculated are huge. Another IBDiM analysis resulted in that social costs induced by rebuild of one of important 
Warsaw’s junction were 300 thousands Euros each month. 
Used technology assures enough time to perform the reconstruction during weekend. The technology can be even speed 
up if needed, for example by using special paving technologies [9] or special asphalt mixes production technology [10], 
[11]. 
First of road repairs using technology of “Milling and strengthening” were performed in spring 2004. Visual inspections 
made in 2006 of pavements repaired in 2004 and 2005 showed that they are in good condition, figures 9-10. 
To sum up, used technology can be recommended for other cities. It must be emphasized, that its effectiveness depends 
mainly on proper choice of sections according to pavement bearing capacity before repair. Described sections were 
characterized by deflection values less than 400 'm (single values) before repair and sub-bases were made of concrete 
or hydraulic stabilization. Another types of sub-bases should be investigated. 
 

 
 
Figure 9: 2006 visual inspection of one of rebuilt streets 
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Figure 10: 2006 visual inspection of one of rebuilt streets 
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ABSTRACT 
 
Asphalt pavements are exposed to traffic and climatic conditions.  Their performance characteristics develop 
continuously during lifetime.  A well-known factor affecting performance is the development of the binder by ageing.  
The impact of moisture conditions on ageing is less well-known.  The object of this study is, therefore, to evaluate the 
impact of moisture on the ageing of different binders and asphalt mixtures.  As a first part of this research the impact of 
moisture on the ageing of three bitumens (one unmodified and two polymer-modified (with SBS and EVA)) was 
evaluated.  For that purpose long-term ageing in the Rotating Cylinder Ageing Tester (RCAT, EN 15323) was 
performed on the binders under various moisture conditions.  The development of binder characteristics was measured 
and compared.  In a second part of the research the effect of moisture on the binder from an asphalt mixture itself was 
studied.  Porous asphalt mixtures were aged for several months in an oven at 60°C under a flow of oxygen and various 
moisture conditions.  The binders were recovered and several characteristics were compared.  This article presents the 
results of this study. 
 
Keywords: ageing, RCAT test, moisture effect. 
 
* Corresponding author 
 
1. INTRODUCTION 
 
Once laid, an asphalt pavement is exposed to climatic and traffic conditions.  Its characteristics (stiffness modulus, 
fatigue behaviour, …) develop over time.  This development is strongly related to the characteristics of the binder used.  
Besides traffic conditions, the main “aggressive” factors acting at the surface of a road pavement are oxygen from the 
air, water (ambient moisture or rain/ice), and de-icing salts.  In porous asphalt, these various factors may even act 
throughout the thickness of the course. 
The object of the research work presented in this article is to evaluate the impact of moisture on the ageing of 
bituminous binders and porous asphalt. 
Binders were aged for 140 h in the laboratory by the RCAT (Rotating Cylinder Ageing Test) procedure, whereas 
asphalt mixtures were aged for several months in an oven at 60 °C.  The oxygen used in these different conditioning 
modes was moistened or not, to evaluate the impact of moisture on the ageing process. 
 
2. EXPERIMENTAL SETUP 
 
In a first stage, we investigated the impact of moisture on the ageing of three types of binder (road bitumen, SBS-
bitumen, and EVA-bitumen).  Their characteristics are given in table 1. 
 
 Type of binder 
M244 Pure binder 70/100 
M248 Polymer-modified bitumen with 7.5 % SBS 
M249 Polymer-modified bitumen with 6 % EVA 
 
Table 1:  Binder characteristics 
 
These binders were subjected to accelerated ageing in the laboratory, using the RCAT test procedure described in 
standard EN15323 [1].  Each binder (500 g) was first aged at 163 °C (RCAT163, 4.0 l/min air, 235 min, 5 revs/minA) to 
simulate the ageing that occurs during the production and laying of an asphalt mixture.  After that, it was aged for 140 h 
at 90 °C (RCAT90, 1 rev/min) under a flow of oxygen (4.5 l/h O2), to simulate ageing in a pavement in service.  
Portions were sampled at different times during the test, to monitor binder characteristics. 
 
RCAT ageing at 90 °C was performed in two ways on each binder: once in a “dry” atmosphere and once in a moist 
atmosphere.  In the latter case, a purifying jar filled with water was added in the oven, on the line of oxygen flow. 
 

                                                 
A These test conditions produce similar ageing as that achieved in an RTFOT test [2]. 
 



 

2 

Relative humidity during the test, as measured with an electronic hygrometer, averaged 1 and 8 % under the dry and 
moist conditions, respectively.  This would correspond with a relative humidity of 24 and 100 %, respectively, at a 
mean temperature of 20 °C (which is the mean temperature at the surface (-0.5 cm) of a road pavement in Belgium [3]).  
It should be noted that the amount of water present under the moist conditions was about 2.5 times higher than 
necessary to obtain a water-satisfied atmosphere at 20 °C. 
In a second stage, the impact of moisture on ageing was evaluated for two types of porous asphalt (voids content > 
20 %) prepared in the laboratory with the pure binder and with the EVA-modified bitumen.  The compositions of the 
porous asphalt mixtures are presented table 2. 
 

  % ED_M244 ED_M249 
Aggregates 10/14 56.5 Porphyry 
 6.3/10 19.4 Porphyry 
 2/4 7.6 Porphyry 
 0/2 13.3 Porphyry 
 Filler 3.2 Type IIaw (composite filler) 
     
Binder  5 M244 M249 

 
Table 2:  Compositions of porous asphalt mixtures manufactured in the laboratory (% by mass) 
 
After the mixtures had been plate-compacted as specified in EN 12697-22, cylindrical test specimens (5 cm thick and 
10 cm in diameter) were drilled from the slabs and aged for several months in an oven at 60 °C under a flow of dry or 
moistened oxygen, as described below. 
The specimens were placed per series of three in different cylinders.  These were placed in the oven and connected 
serially to the line of oxygen.  The oven was then set at 60 °C and a flow of oxygen (1 l/h O2) was sent through the 
circuit. 
For the specimens of porous asphalt prepared with the road binder, ageing under dry oxygen was performed separately 
from ageing under moist conditions.  In the latter case, the impact of various degrees of relative humidity on ageing was 
investigated by connecting the cylinders serially and by placing a water-filled purifying jar on the line of oxygen inside 
the oven, between the outlet of the canister and the first cylinder (figure 1).  This resulted in a relative humidity 
decreasing along the circuit. 
For the specimens of porous asphalt containing EVA, the line of oxygen was doubled with a view to investigating their 
ageing behaviour under dry and moist conditions (with the latter created by adding a purifying jar on the line of oxygen) 
in one test run. 
Before and after ageing, the binders of each series were extracted with toluene as specified in EN 12697-1 [4], except 
for the dissolution mode (specimens for one night in the solvent) and the centrifugation rates (maximum rate during the 
first and second passage of solution: 150 and 100 cm³/min, respectively).  Then they were recovered separately 
according to the procedure described in standard EN 12697-3 [5]). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Setup for the ageing of porous asphalt mixtures in an oven at 60 °C under moistened oxygen 

0 Flowmeter 
1 Line of oxygen entering the oven 
2 Water-filled purifying jar 
3 Closed metal cylinder 
4 Porous asphalt specimen 
5 Line of oxygen leaving the oven 
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Both the binders sampled during RCAT ageing and those recovered from porous asphalt were characterized by 
measuring needle penetration, ring-and-ball softening temperature, and oxidation peaks in IR spectrometry. 
The measurement protocol followed for penetration is described in standard EN 1426 [6].  This measurement was made 
in water at 25 °C.  Ring-and-ball softening temperature was measured in water as well, using the procedure described in 
standard EN 1427 [7]. 
The progress of binder oxidation in ageing was determined from the oxidation peaks observed in IR spectrometry, that 
is, the peaks at 1,700 and 1,030 cm-1.  The first peak is characteristic of the presence of carboxylic functions in the 
binder, while the second characterizes sulphoxide functions.  Both are indicators of binder ageing, as they reflect the 
degree of oxidation.  The results reported hereafter include the maximum heights as well as the surface areas of the two 
peaks.  The respective spectrum ranges considered are 1,690 to 1,710 cm-1 and 1,025 to 1,035 cm-1

 for determining the 
heights of the peaks, and 1,530 to 1,770 cm-1 and 1,000 to 1,105 cm-1 for determining the areas.  The total area, Atot, is 
reported as well.  This represents the area covered in the spectrum range between 946 and 1,885 cm-1 and includes 
virtually all the modifications caused in the binder by ageing.  Each spectrum was normalized first by making a 
correction to the base line between 459 and 1,885 cm-1 and them by normalizing the peak at 1,460 cm-1 to an absorbance 
of 1.2. 
 
3. RESULTS 
 
3.1 The impact of moisture on the ageing of bituminous binders 
 
Table 3 (part 1 and part 2) reviews the technological and chemical characteristics of the three types of binder (pure, 
SBS-modified, and EVA-modified) before and after RCAT ageing at 90°C, for the three conditions of relative 
humidity: 

- “dry” conditions: 0.8 % of relative humidity at 90°C (no purifying jar added); 
- moist conditions: 

o 1 % of relative humidity at 90 °C (purifying jar on the oxygen line outside the oven); 
o or 8 % of relative humidity at 90 °C (purifying jar on the oxygen line inside the oven). 

Also reported in this table are: 
- the difference between the values measured for each characteristic before and after RCAT ageing at 90 °C under 

the three different conditions of relative humidity, in order to evaluate the impact of moisture on variations due to 
ageing; 

- repeatability on the difference between values before and after ageing.  This repeatability was determined as 
specified in standards EN 1426 and EN 1427, for the measured values of penetration and ring-and-ball softening 
temperature. 

For example, according to EN 1426 the difference between two average results should not exceed a value of 2 
(when pen < 50).  For the absolute differences between values before and after ageing, / (140/oh), this would 
correspond to a repeatability of 4 on /; 

- the repeatability of the IR method as determined in the laboratory after performing the same measurement six 
times on four different binders that had been subjected to different dissolution modes. 
It should be noted that these repeatability values are underestimated, as the effects of the ageing mode (and the 
recovery mode – see Section 3.2) have not been considered. 
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Technological characteristics RCAT163+RCAT90 
Pen (1/10 mm) T R&B (°C) 

Relative humidity at 90 °C (%) Dry 1 8 Dry 1 8
Equivalent relative humidity at 20 °C (%) 24 30 100 24 30 100

0 h 46 / 42 53.1 51.7 52.0 
140 h 28 28 27 59.5 58.4 58.9

/(140/0h) 18 / 15 6.4 6.7 6.9 M244 

Repeatability on /(140/0h) 4 (or 8 %*) 2 
0 h 59 / 54 68.9 70.5 70.1 

140 h 36 35 32 68.7 71.9 72.1 
/(140/0h) 23 / 22 0.2 1.4 2.0

M248 

Repeatability on /(140/0h) 4 (or 8%*) 3 
0 h 49 / 45 55.8 57.9 56.4

140 h 25 26 24 65.9 66.7 67.8 
/(140/0h) 24 / 21 10.1 8.8 11.4 

M249 

Repeatability on /(140/0h) 4 (or 8%*) 3 
  * : pen 0 50       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: Technological and chemical characteristics of the pure binder (M244), the SBS-modified binder (M248) and the EVA-modified binder (M249) after short-term 
ageing (RCAT163+ RCAT90; 0h) and long-term ageing (RCAT163+RCAT90; 140h), under various conditions of relative humidity at 90 °C 

Chemical characteristics RCAT163+RCAT90 
H1700 (-) A1700 (- . cm-1) H1030 (-) A1030 (- . cm-1) Atot (-.cm-1) 

Relative humidity at 90 °C (%) Dry 1 8 Dry 1 8 Dry 1 8 Dry 1 8 Dry 1 8 
Equivalent relative humidity at 20 °C (%) 24 30 100 24 30 100 24 30 100 24 30 100 24 30 100 

0 h 0.072 0.068 0.069 8.9 8.6 8.9 0.075 0.073 0.070 5.1 5.1 4.9 145.4 144.1 143.8
140 h / 0.115 0.108 / 11.5 10.9 / 0.111 0.106 / 6.7 6.4 / 155.6 154.0

/(140/0h) / 0.047 0.039 / 2.9 2.0 / 0.038 0.036 / 1.6 1.5 / 11.5 10.2
M244 

Repeatability on /(140/0h) 0.006 0.4 0.002 0.4 2.8 
0 h 0.116 0.120 0.121 13.3 13.5 13.1 0.066 0.063 0.067 4.5 4.0 4.2 161.0 163.4 159.0

140 h 0.150 0.151 0.154 15.7 15.4 15.8 0.096 0.092 0.100 5.7 5.4 5.8 173.2 175.8 175.0
/(140/0h) 0.034 0.031 0.033 2.4 1.9 2.7 0.030 0.029 0.033 1.2 1.4 1.6 12.2 12.4 16.0

M248 

Repeatability on /(140/0h) 0.006 0.4 0.002 0.4 2.8 
0 h / 0.082 0.077 / 15.7 15.0 / 0.101 0.086 / 6.7 6.8 / 167.9 167.0

140 h 0.127 0.124 0.107 18.2 18.1 17.0 0.137 0.134 0.121 8.4 8.2 7.7 179.0 178.9 175.0
/(140/0h) / 0.042 0.030 / 2.4 2.0 / 0.033 0.035 / 1.5 0.9 / 11.0 8.0

M249 

Repeatability on /(140/0h) 0.006 0.4 0.002 0.4 2.8 
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When examining table 3, it appears that: 
- long-term ageing (for 140 h) induces a decrease in penetration by 15 to 24 units, depending on the type of binder 

and the moisture conditions considered; 
- ring-and-ball softening temperature is increased by long-term ageing.  The increase depends on the type of binder 

and is very small for the SBS-modified bitumen; 
- the maximum heights of the oxidation peaks at 1,700 and 1,030 cm-1, the areas under them and the total area 

covered by the spectrum increase in the same order of magnitude during ageing, whatever the type of bitumen 
and the moisture conditions; 

- the impact of moisture is negligible in comparison with the effect of ageing. 
 
To evaluate the impact of moisture on ageing more accurately, we have represented in figure 2 the differences measured 
between the various technological and chemical characteristics before and after long-term ageing under different 
conditions of relative humidity at 90 °C: 0.8 % (“dry”), 1 %, and 8 %. 

 
 

Figure 2:  Effects of long-term ageing (RCAT90) on (a) the penetration and ring-and-ball softening 
temperature, (b) the height and (c) the area of the oxidation peaks at 1,700 et 1,030 cm-1 and (d) the total area of 
the infrared spectrum of three binders (pure (M244), SBS-modified (M248) or EVA-modified (249)), evaluated 
under various conditions of relative humidity (dry, 1 % and 8 %) 
 
It can be seen that the impact of moisture on the ageing of pure, SBS- and EVA-bitumens is very limited and of the 
same order of magnitude as the repeatability of the tests: 

- the decrease (1 to 3 dmm) in the differences between penetration values before and after ageing in a moist 
atmosphere (8 %) rather than in a dry atmosphere (0.8 %) is of the order of the repeatability.  The same applies to 
the differences between ring-and-ball temperatures (with a decrease between 0.5 to 1.8 °C). .As for the IR 
measurements, the graphs presented compare the impact of 1 to 8 % of relative humidity at 90 °C; the changes 
induced by increasing relative humidity are very limited as well. 
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3.2 The impact of moisture on the ageing of binders recovered from porous asphalt 
 
To verify these observations on asphalt mixtures, two types of porous asphalt were manufactured in the laboratory – one 
with a pure bitumen (ED_M244) and one with an EVA-modified bitumen (ED_M249) – and aged for several months in 
an oven at 60 °C, under a flow of oxygen and various conditions of relative humidity.  Table 4 reviews the equivalences 
between the relative humidities measured during ageing at 60 °C and those corresponding to an average road surface 
temperature of 10, 20 and 30°C. 
 

 
 
 
 
 
 
 
 
 

() = ratio between the amount of excess water and the amount required for 100 % of relative humidity at this 
temperature 
 
Table 4: Relative humidities measured during ageing tests on porous asphalt mixtures in an oven at 60 °C and 
their equivalent values at various average road surface temperatures 
 
The characteristics of the binders extracted at various stages in the ageing process are given in tables 5 and 6. 
 
o Porous asphalt with pure bitumen (ED_M244) 
 
Since for this mixture we did not have results from two ageing tests of the same duration under so-called dry and moist 
conditions, the values reported in table 5 for dry ageing were obtained from an ageing test conducted for 168 days and 
extrapolated to 217 days of ageing by a kinetic approach presented in the literature [3]. 
When analysing table 5 and figure 3, the observations made on binders aged in dry and moist atmospheres are 
confirmed.  The impact of moisture on ageing is very small, and even negligible in the case of pure binders.  The 
changes in both the technological and chemical characteristics induced by ageing are markedly larger than those that 
can be ascribed to differences in moisture conditions during ageing.  No systematic tendency of these characteristics to 
increase or decrease with relative humidity can be detected. 
 
 

Relative humidity (%) 
Measured at: Equivalent values at: 

Mixture 

60 °C 30 °C 20 °C 10 °C 
7 33 60 100 (1.2) 

19 89 100 (1,6) 100 (3.4) 
29 100 (1,4) 100 (2.5) 100 (5.1) 

ED_M244 

47 100 (2.2) 100 (4) 100 (8.3) 
ED_M249 24 100 (1.1) 100 (2) 100 (4.3) 
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ED_M244 Pen (dmm) R&B (°C) 
Relative humidity at 60 °C 47 29 19 7 Dry 47 29 19 7 Dry 
oh  47 47 52.5 53.5
Ageing - 217 d – 60 °C - O2 16 16 15 17 19 67.1 67.4 69.4 67.0 70.3

/(217 d/oh) 31 31 32 30 28 14.6 14.9 16.9 14.5 16.8
Repeatability on /(217 d/oh) 4 2 

           
ED_M244 H1700 (-) A1700 (- . cm-1) 

Relative humidity at 60 °C 47 29 19 7 Dry 47 29 19 7 Dry 
oh 0.071 0.119 8.9 12.9
Ageing - 217 d – 60 °C - O2 0.229 0.243 0.254 0.240 0.282 18.6 19.0 19.3 18.6 22.2

/(217 d/oh) 0.159 0.173 0.184 0.170 0.163 9.7 10.1 10.4 9.7 9.3
Repeatability on /(217 d/oh) 0.006 0.4 

 
ED_M244 H1030 (-) A1030 (- . cm-1) Atot (- . cm-1) 

Relative humidity at 60 °C 47 29 19 7 Dry 47 29 19 7 Dry 47 29 19 7 Dry 
oh 0.073 0.092 5.0 5.6 144.6 155.8
Ageing - 217 d – 60 °C - O2 0.137 0.139 0.139 0.136 0.150 7.8 8.1 7.9 7.6 7.6 180.6 182.2 184.9 181.3 195.6

/(217 d/oh) 0.064 0.067 0.067 0.063 0.057 2.8 3.1 2.9 2.6 2.0 36.0 37.6 40.3 36.7 39.9
Repeatability on /(217 d/oh) 0.002 0.4 2.8 

 
Table 5: Technological and chemical characteristics of pure binders extracted and recovered with toluene from porous asphalt manufactured with road bitumen 
(ED_M244), before and after ageing in an oven at 60 °C under oxygen and various conditions of relative humidity (the values reported for ageing in a dry environment 
were obtained by extrapolation) 
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o Porous asphalt with EVA-modified bitumen (ED_M249) 
 
A similar conclusion can be drawn for the ageing of porous asphalt manufactured with bitumen that has been modified 
with EVA (ED_M249) (table 6 and figure 3). 

 
 
Figure 3 – Effects of long-term ageing (at 60 °C under oxygen) on (a) the penetration and ring-and-ball softening 
temperature, (b) the height and (c) the area of the oxidation peaks at 1,700 and 1,030 cm-1 and the total area of 
the infrared spectrum of road binders recovered from two porous asphalt mixtures manufactured with pure 
bitumen (ED_M244) and EVA-modified bitumen (ED_M249), depending on the conditions of relative humidity 
during ageing 
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ED_M249 Pen (dmm) R&B (°C)

Relative humidity at 60 °C (%) 24 Dry 24 Dry
oh  45 57.8 
Ageing - 203 d – 60 °C - O2 17 19 72.4 75.3

/(203 d/oh) 28 26 14.6 17.5
Repeatability on /(203 d/oh) 4 3 

 
ED_M249 H1700 (-) A1700 (- . cm-1) H1030 (-) A1030 (- . cm-1) Atot (- . cm-1)

Relative humidity at 60 °C (%) 24 Dry 24 Dry 24 Dry 24 Dry 24 Dry 
oh 0.090 15.9 0.101 6.8 169.4 
Ageing - 203 d – 60 °C - O2 0.238 0.250 23.9 24.8 0.155 0.161 8.9 9.4 197.8 202.4

/(203 d/oh) 0.148 0.160 8.0 8.9 0.054 0.059 2.1 2.6 28.4 33.0
Repeatability on /(203 d/oh) 0.006 0.4 0.002 0.4 2.8 

 
Table 6: Technological and chemical characteristics of pure binders extracted and recovered with toluene from 
porous asphalt manufactured with EVA-modified bitumen (ED_M249), before and after ageing in an oven at 
60 °C under oxygen and various conditions of relative humidity 
 
4. CONCLUSION 
 
By performing tests on three types of binder (pure, SBS-modified and EVA-modified) and two porous asphalt mixtures, 
we have demonstrated that the impact of moisture on the ageing of bituminous binders is negligible in comparison with 
the effect of long-term ageing on the technological and chemical characteristics of those binders.  No clear tendency 
could be detected for binder characteristics to vary with relative humidity. 
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ABSTRACT 
 
The Ageing Profile test enables rheological properties of binders to be plotted, to simulate the effects of manufacture 
and ageing. Different products, on the road, age at different rates and a profile provides valuable information to assist 
in the evaluation of performance. Binder properties after ageing protocols are currently being specified in the UK. 
Ageing Profiles, using Clause 923 of the UK’s Manual of Contract Documents for Highway Works, were prepared for 
five different binders, including elastomeric and plastomeric binders and hard penetration 10/20 grade bitumen for 
Enrobé à Module Elévé Type 2 (EME2) asphalt.  Conventional RTFOT (EN 12607-1) and PAV85 (EN 14769) tests 
were used to determine where these points occur on the Ageing Profiles and rheological data compared.  In addition to 
rheological properties after ageing, the UK specification for EME2 binder specifies Fraass levels for the binder, as 
supplied, and the simple Moriyoshi low temperature cracking test method was compared with Fraass as a potential 
control test. 
 
Keywords: ageing, bitumen, complex modulus, low temperature, rheology. 
 
1. INTRODUCTION 
 
As one of the main factors affecting the durability of asphalt pavements, the process of bitumen ageing in service has 
raised major interest over the years. Various laboratory techniques have been developed to artificially simulate the short 
term ageing (occurring during the mixing and construction stage, mainly due to the loss of volatile components) and 
long term ageing (occurring over several years in service, mainly due to oxidation) of bitumen.  
Conventional ageing methods, such as the Rolling Thin Film Oven Test (RTFOT) and Pressure Ageing Vessel (PAV) 
have been most frequently adopted to approximate in the laboratory the various stages of binder ageing/hardening. 
These methods are now harmonised EN Standards [1], [2]. Currently, the empirical tests of penetration and softening 
point are specified for bitumen after RTFOT and data are being collected in order to specify both: (i) rheological 
properties such as complex shear (stiffness) modulus G*and phase angle � and (ii) low temperature characteristics, 
using the bending beam rheometer (BBR) and Fraass on binder as supplied and after ageing protocols. 
 
Although RTFOT and PAV have been employed over the years, some concerns have been raised with regard to their 
suitability, especially for ageing of polymer modified binders (PMBs): 

� during the RTFOT, the PMB sample tends to form a ‘surface skin’, which prevents the specification 
requirement for a ‘moving film’ of binder and therefore homogeneous ageing of the sample; 

� the PAV is a static test, which can generate heterogeneous aged samples and, for ageing of PMBs, the testing 
conditions may result in separation of the polymer. Oxidation only takes place at the surface of the sample as 
oxygen does not diffuse easily into bitumen. As the thickness of the sample is 3200 microns, mixing of the 
residue prior to subsequent testing is critical. 

As a result, other ageing protocols have been investigated. Two candidate protocols with good potential due to their 
multipurpose nature are: 

� The Rotating Cylinder Ageing Test (RCAT), developed by the Belgian Road Research Centre, (EN 15323) [3]. 
Verhasselt [4] suggested that adopting similar conditions to the RTFOT (163 °C) but with an ageing duration 
of 235+5 minutes in the RCAT can simulate the conventional RTFOT ageing (average value, reported to be 
suitable for both paving grade and PMBs). The BitVal report [5] states that 20 hours of PAV at 100 °C was 
found to be equivalent to 176+16 hours RCAT at 85 °C and 125+ 11 hours RCAT at 90 °C. For some PMBs, 
however, a larger variability in the test duration has been observed, possibly due to polymer separation during 
PAV.    
The main advantages of the RCAT are the fact that only one apparatus is used, eliminating unnecessary 
handling/heating operations associated with conventional ageing methods, and a reasonable amount of 
homogeneous aged binder can be recovered for subsequent testing. However, the duration of the test represents 
the main disadvantage. 

� The standard ‘Short Term Ageing Test’ followed by the Modified Ageing Rolling Thin Film Oven Test, 
specified in Clause 923 of the UK’s Manual of Contract Documents for Highway Works (MCHW), for binders 
used in asphalt manufacturing or other Hot Mixed Materials [6]. This dynamic laboratory ageing procedure 
provides short, medium and long-term homogeneously aged samples in a relatively short period of time. 
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This paper compares the conventional ageing procedures RTFOT and PAV with Clause 923, by assessing the 
rheological properties of five selected UK binder residues, removed at various stages of ageing. The comparison of both 
complex shear (stiffness) modulus and phase angle provides greater assurance that the aged residues are similar as just 
measuring stiffness by using penetration or softening point values may not pick up differences in elastic behaviour that 
could be the result of different levels of oxidation. The source of bitumen, colloidal state and grade also determine the 
rate of oxidation so it is likely that ageing profiles rather than end values will be important to characterise binders for 
the future. 
 
Hard paving grade bitumen, 10/20, was included for test as it is currently of great interest in the UK for the manufacture 
of EME2 asphalt and currently there is a lack of data for this binder, partly caused by the large time period to produce 
aged residues and partly because of the limited number of laboratories possessing the low temperature equipment, such 
as Fraass and BBR. 
 
The Fraass Breaking Point (FBP) test method [7] has been known as the only low temperature test available for 
specifications and quality control purposes for many years and is specified for binders as supplied, without ageing. The 
UK specification for hard grade bitumen for EME2 is attached in Annex 1 (see [6], Clause 930) and a Fraass level is 
specified for the unaged binder. This paper investigates a potential alternative to Fraass, as a simple factory production 
control test, the Moriyoshi Breaking Point (MBP) [8], named after its developer Professor Moriyoshi of Hokkaido 
University in Japan.  
 
The EME2 specification also requires the collection of rheological and low temperature data after RTFOT and PAV. 
The Ageing Profile test (Clause 923) as described in this paper is a specified alternative ageing protocol to RTFOT and 
PAV for EME2 hard paving grades 10/20 and 15/25 and it is hoped that this rapid protocol will enable data to be 
collected quickly and economically. 
 
2. SCOPE OF WORK 
 
2.1 Ageing Characteristics 
 
For many years, the conventional RTFOT method [1] has been adopted to approximate in the laboratory the short term 
ageing of bitumen, which occurs in the manufacture, transport and laying of asphalt. As a first task, this paper compares 
the conventional RTFOT method against the Standard ‘Short Term Ageing Test’ described in Clause 923 of the MCHW 
[6], by assessing the rheological properties of the binder residues.    
Considering the long term changes (hardening in the road), the conventional Pressure Ageing Vessel (PAV) method, 
developed during SHRP (from a UK test method for ageing road tar) is specified for paving grade bitumens and for 
PMBs. In the SHRP PAV, the sample, approximately 3.2mm in thickness, is statically exposed to the combined effects 
of elevated temperature (90 °C, 100 °C or 110 °C) and pressure (2.1 MPa) for 20 hours. The High Pressure Ageing Test 
(HiPAT) was developed in the UK, based on the PAV, but adopted a lower testing temperature (85 °C) with a longer 
exposure time (65 hours). This longer term ageing method is now included in the EN Standard test procedure [2].      
As the Modified Ageing RTFOT of Clause 923 has the capability to produce samples at various stages of ageing, it has 
the potential to provide an ‘Ageing Profile’, showing the changes during the life of the binder as well as at the end of 
life. This paper uses rheological data to examine the Ageing Profile and to establish a correlation between the different 
methods. 
 
2.2 Low Temperature Characteristics, Fraass Breaking Point (FBP) and Moriyoshi Brittle Point (MBP) 
 
The poor precision of the FBP method [7], even for unmodified binders, represents a significant cause of concern 
between the suppliers and purchasers. The main difficulties and uncertainties suspected to have an effect on test 
precision are:  

� Sample preparation – difficulty in preparing the thin, uniform binder film avoiding overheating and/or the 
possibility of disturbing the sample when inserting it in the bending apparatus; 

� Uncertainty regarding the quality of the bonding between the binder and the metal plate; 
� Control of the applied strain rate and temperature gradient, for the manual equipment, in particular;  
� Uncertainty regarding the capture of crack initiation. 

Consequently, there is a need for either improvement of the Fraass Apparatus and/or the test protocol, or for seeking an 
alternative measure of low temperature behaviour. As a starting point, the commercially available manual Fraass 
apparatus was modified to semi-automatic, where the bending is achieved by a motor-driven cam disc. This 
modification resulted in an improved control of the testing parameters and repeatable results were consequently 
obtained (see Section 4.0).   
FBP is specified for EME2 binder as supplied (unaged) and FBP data after RTFOT and after PAV is being monitored. 
There is a need for rapid and simple control tests to support the accredited initial type tests. The available data on aged 
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binders is very limited due to the length of time required for test and in the case of Fraass the skill needed to obtain the 
necessary precision. The EME2 specification has motivated the search for a simple low temperature control test and 
hence the Moriyoshi test was examined as part of this paper.  
 
2.3 Samples for Testing 
 
During this study, the ageing characteristics and low temperature performance were assessed for a total of five binders: 
three paving grade (specifically 10/20; 40/60 and 100/150) and two PMB (elastomeric and plastomeric). 
 
3. AGEING CHARACTERISTICS 
 
3.1 Conventional RTFOT (EN) compared with the ‘Short Term Ageing Test’ (Clause 923) 
 
The main differences between the two test protocols are that Clause 923 adopts polytetrafluoroethylene (PTFE) in place 
of the traditional glass bottles and introduces a stainless steel screw in each PTFE bottle, to stir and homogenise the 
sample during ageing (shown in Photos 1 and 2). Consequently, due to the continuous exposure of fresh sample to air, 
the test duration is reduced (the screws accelerate the ageing process) and, in the case of testing PMBs, the problems 
related to ‘skinning’ are minimised.  
For each binder, the following short term ageing procedures were carried out: 

� Conventional RTFOT (EN): 8 glass bottles, each containing 35g of binder, were rotated in a vertically rotating 
shelf, while blowing hot air into each bottle, at 163 °C for 75 minutes. 

� Standard ‘Short Term Ageing Test’ (Clause 923): 8 PTFE bottles, each containing 19g of binder and a 
stainless steel screw, were subjected to similar testing conditions as above, at 163 °C but for a shorter period of 
time (45 minutes). 

 

             
Photo 1: Glass bottle – RTFOT (EN)                         Photo 2: PTFE bottle and stainless steel screw – Clause 923 
 
Sub-samples of short term aged binders were then collected for rheological characterisation; long term ageing was 
subsequently continued on the remaining samples and will be discussed in Section 3.2. 
Rheological characterisation was carried out using an Advanced Gemini Dynamic Shear Rheometer (DSR), with 8mm 
flat plate geometry and 1mm gap. For each sample, temperature sweeps from 0 °C to 80°C at 0.4 Hz were carried out in 
the DSR. Specimens were prepared and tested in accordance with the EN standard [9].  
Table 1 presents a summary of selected data from the rheological assessment carried out for the short term aged 
samples, specifically the complex shear (stiffness) modulus (G*) and phase angle (�) at 25 °C and 0.4 Hz. A graphical 
comparison of the rheological data (comprising ageing profiles) is presented in Section 3.2.  
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Complex Modulus (G*) at 25 °C, 0.4 Hz (Pa) Phase Angle (�) at 25 °C, 0.4 Hz (degrees) 
Binder EN 12607-1 

(75min) 
Clause 923 

(45min) 
Ratio 

Clause 923/EN  
EN 12607-1 

(75min) 
Clause 923 

(45min) 
Difference 

10/20 7.72E+06 5.43E+06 0.7 45.6 49.8 4.2 
40/60 1.23E+06 1.17E+06 0.9 63.6 65.1 1.5 

100/150 3.40E+05 1.75E+05 0.5 69.8 71.8 2.0 
Plastomeric 1.06E+06 9.07E+05 0.9 50.6 53.0 2.4 
Elastomeric 1.11E+05 1.00E+05 0.9 60.5 61.0 0.5 

Table 1 : Complex Modulus (G*) and Phase Angle (�) at 25 °C and 0.4 Hz 
 
For the 40/60 and PMBs, the stiffness values of the aged residues obtained by the two methods were found to be 
comparable, whilst the 10/20 and 100/150 binders appeared to have aged more under the conventional RTFOT than 
under the shorter protocol. However, the differences between phase angle values obtained by the two protocols appear 
to be generally small. 
 
3.2 Conventional PAV85 or HiPAT (EN 14769) compared with the Modified Ageing Rolling Thin Film Oven 
       Test (Clause 923) 
 
For each binder, the ageing was continued as follows: 

� Conventional PAV85 was carried out by subjecting the sample post RTFOT (75 minutes) to oxidation in a 
pressurised ageing vessel. The procedure involves ageing 50g of binder in a 140mm diameter tray (binder film 
approximately 3.2mm thick) in the heated vessel, pressurised with air at 2.1MPa, for 65 hours at 85 °C. 

� The Modified Ageing RTFOT (Ageing Profile Test) was carried out by subjecting the sample post Standard 
‘Short Term Ageing’ (45 minutes) to further ageing, at 135 °C. Sub-samples were then removed at 3 stages of 
ageing: after 4 hours, 8 hours and 22 hours.     

 
For simplicity, schematic diagrams of the ageing protocols are presented hereafter: 
 

a) Conventional methods (EN) 
 

 
b) Clause 923 method [6] 

 
 

Rheological characterisation was carried out as described in Section 3.1 and the test results are presented in Table 2 and 
Figures 1 to 4. 

Complex Modulus (G*) at 25 °C, 0.4 Hz (Pa) Phase Angle (�) at 25 °C, 0.4 Hz (degrees) 
Binder EN (65 hr) Clause 923 (8 hr) Ratio Clause 

923(8hr)/EN 
EN (65 hr) Clause 923  

(8 hr) 
Difference 

10/20 1.68E+07 1.49E+07 0.9 35.4 37.7 2.3 
40/60 4.73E+06 3.85E+06 0.8 51.2 52.5 1.3 

100/150 8.04E+05 7.55E+05 0.9 59.8 61.3 1.5 
Plastomeric 4.44E+06 2.71E+06 0.6 41.9 43.5 1.6 
Elastomeric 4.80E+05 5.09E+05 1.1 56.3 56.0 0.3 

Table 2 : Complex Modulus (G*) and Phase Angle (�) at 25 °C and 0.4 Hz 
 

Standard ‘Short Term Ageing Test’ 
163 °C 
Air 
45 minutes 
Stainless steel screws 
PTFE bottles 
‘Short Term Aged Binder’ 

Modified Ageing RTFOT (Ageing Profile) 
135 °C 
Air 
4 hours 
8 hours – ‘Aged Binder’ 
22 hours 
Stainless steel screws 
PTFE bottles

RTFOT (EN) [1] 
163 °C 
Air 
75 minutes 
Glass bottles

PAV85 (EN) [2] 
85 °C 
2.1 MPa 
65 hours 
Static test
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Figures 1 and 2 : Ageing Profile for Paving Grade Binders 
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Figures 3 and 4 : Ageing Profile for PMBs 
 

Figures 1 to 4 show a progressive hardening of binder during the Modified Ageing RTFOT. The data presented in Table 
2 and Figures 1 to 4 indicate a reduced test duration in the Modified Ageing RTFOT, estimated at 8 hours, in 
comparison to the PAV85 (65 hours).  
Overall, the unmodified binders appear to have aged at a similar rate; however, the 10/20 binder displayed a relatively 
slower increase in stiffness during the long term ageing. The rheological data for the unmodified binders demonstrate 
that the ageing/hardening obtained in the conventional PAV85 was slightly more severe than that following 8 hours in 
the Modified Ageing RTFOT of Clause 923, illustrated by the slight increase in the elastic response of the aged binders. 

0.75 4 8 22

1.25

0

10

20

30

40

50

60

70

80

90

0 10 20 30Time (hours)

Ph
as

e 
A

ng
le

 (d
eg

re
es

) a
t 0

.4
H

z,
 2

5o C

Clause 923 (Plastomeric) RTFOT to EN 12607-1 (Plastomeric)
Clause 923 (Elastomeric) PAV85 (Plastomeric)
RTFOT to EN12607-1 (Elastomeric) PAV85 (Elastomeric)

P
A
V 
8
5

Plastomeric

Elastomeric

0.75 4 8 22

1.25

1.00E+02

1.00E+03

1.00E+04

1.00E+05

1.00E+06

1.00E+07

1.00E+08

0 10 20 30Time (hours)

C
om

pl
ex

 M
od

ul
us

 (P
a)

 a
t 0

.4
H

z,
 2

5o C

Clause 923 (Plastomeric) RTFOT to EN12607-1 (Plastomeric)
Clause 923 (Elastomeric) PAV85 (Plastomeric)
RTFOT to EN12607-1 (Elastomeric) PAV85 (Elastomeric)

P
A
V 
85

Plastomeric

Elastomeric



 
 
 

7

Notwithstanding, it can be concluded that, overall, the stiffness values of the PAV85 aged samples were found to be 
comparable to those after 8 hours in the Modified Ageing RTFOT.  
 
For PMBs, it can be seen that during the intermediate ageing (4 hours), the Plastomeric binder appeared to have a 
relatively lower resistance to ageing than the Elastomeric binder, as shown by the steeper incline of the phase angle 
curve. However, during the long term ageing, both PMBs appeared to have aged at a similar rate.  
It was also observed that the conventional PAV85 method appeared to have hardened/aged the Plastomeric binder more 
significantly than the 8 hours Modified Ageing RTFOT, whilst, for the Elastomeric binder, the aged sample’s stiffness 
values were comparable. The differences between phase angle values obtained by the two protocols appear to be 
generally small.      
 
For completion of this study, following each temperature sweep from 0 °C to 80 °C at 0.4 Hz, a cooling sweep was also 
carried out in the DSR, on the same test specimen. The rheological data (phase angle versus temperature, in particular) 
demonstrated that different hysteresis patterns were obtained between the heating up and cooling down of the binder 
sample for different products.  
Figures 5 and 6 illustrate some examples of hysteresis selected from the rheological data. 
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Figure 5 : Elastomeric binder                                          
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Figure 6 : Plastomeric binder 
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Figure 5 shows comparable viscoelastic response of the Elastomeric binder during heating up and cooling down 
temperature sweeps. This characteristic remains consistent for short and long term aged samples. However, the 
Plastomeric binder shows very distinctive hysteresis curves. A gap in viscoelastic response between heating up and 
cooling down was observed for the short term aged samples, whilst the shape of the curve changed significantly after 
the long term ageing. 
No significant changes in hysteresis curves were observed for the complex modulus (stiffness) measurements. As the 
equilibration time was considered sufficient (around 10 minutes) and no compliance issues were suspected, it is possible 
that the hysteresis observed for phase angle is due to some kind of structural changes within the sample. It would seem 
that the direction of heating or cooling the sample has an effect on DSR results and therefore should be stated especially 
when providing product identification for Plastomeric binders. 
 
4. LOW TEMPERATURE CHARACTERISTICS 
 
FBP was carried out for the five selected binders, in the unaged condition only (currently, only binder as supplied has 
specified Fraass levels), following the testing method described in [7]. To ensure confidence in the test results, five 
measurements were carried out for each binder and the average data reported. In the test procedure, a thin layer of 
binder sample is applied to a metal plate and then subjected to a constant cooling rate while being flexed repeatedly 
until fracture occurs. The temperature at which the appearance of the first crack is observed is reported as the FBP.  
The MBP was determined in accordance with the method described in [8], specifically 50g of binder is prepared in a 
140mm diameter/10mm depth tray and then immersed into a low temperature bath of desired starting temperature. The 
temperature is then reduced in 1 °C steps and the binder surface is assessed for any fracture lines. The MBP is the 
highest temperature of 2 specimens. However, to increase the confidence in the test results, the current assessment also 
includes additional 3 specimens for each binder.  
 
The Fraass and Moriyoshi testing apparatus are presented in Photos 3 and 4. 
 
 

                    
Photo 3: Fraass Apparatus                                                    Photo 4: Moriyoshi Apparatus                        
 
The results of these tests are presented in Table 3. 
 

FRB (°C) MBP (°C) 
Binder Test 

1 
Test 

2 
Test 

3 
Test 

4 
Test 

5 
Average Specification 

Levels* 
Test 

1 
Test 

2 
Test 

3 
Test 

4 
Test 

5 
Average 

10/20 -5 -5 -6 -6 -4 -5 < 0 -22 -22 -22 -21 -20 -21 
40/60 -7 -6 -8 -6 -7 -7 < -7 -27 -27 -26 -26 -26 -26 

100/150 -16 -17 -15 -16 -16 -16 < -12 -32 -
31.5 -31 -

31.5 
-

31.5 
-31.5 

Plastomeric -20 -19 -19 -19 -18 -19 - <-34 °C 
Elastomeric -23 -22 -23 -22 -23 -23 - <-34 °C 
Note: *EN 12591 [10] for 40/60 and 100/150 and EN 13924 [11] for 10/20  

Table 3 : FBP and MBP Data 
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The present study found an average difference of 17 °C between the FBP and the MBP. FBP values are, however, 
expected to be higher than MBP values as a consequence of the external stress applied to the thin binder film in the FBP 
and reliance on thermal fracture of the thicker binder film in the MBP test. The protocol to test polymer modified 
binders at temperatures below -34 °C will be investigated in further work. The results for the MBP even for 10/20 
paving grade were found to be very repeatable and consistent, see Table 3.  
 
5. CONCLUSIONS 
 
The following conclusions can be drawn from the assessment of ageing characteristics:  

1. The conventional RTFOT (EN) and the Standard ‘Short Term Ageing Test’ (Clause 923) techniques produce 
relatively comparable ageing results in terms of phase angle and complex shear (stiffness) modulus. 

2. The conventional PAV85 (EN) appears to yield aged samples with similar characteristics to those obtained 
after 8 hours in the Modified Ageing ‘RTFOT’ (Clause 923), therefore the Ageing Profile test should be 
shortened from 22 hours to 8 hours maximum.  

3. Due to the different hysteresis encountered in the phase angle against temperature relationships, it is 
recommended that relevant specifications distinguish between heating up/cooling down temperature sweep 
requirements, especially for plastomeric binders. 

4. The Clause 923 test protocol uses only one apparatus and has the ability to carry out both short and long term 
ageing processes eliminating unnecessary handling/heating operations. Concerns about the PAV85 
heterogeneous ageing especially of polymer modified binders are removed because of the continually mixed 
binder film during the Ageing Profile test. 

5. Adopting the Modified Ageing RTFOT, the long term ageing test can be carried out in a much shorter period 
of time than is the case with the PAV/RCAT and the Ageing Profile plot provides more information about the 
rate of oxidation. 

 
With regard to the assessment of alternative low temperature protocols, it can be concluded that the main advantages of 
the MBP method are: 

� cost effectiveness - equipment cost probably similar to the FBP, but the cost to carry out the test is less (much 
simpler test); 

� straightforward test, which can be performed as a control test for EME2 binder at the mixing plant; 
 

However, there are issues to clarify with respect to the temperature limitations and the suitability of the test for PMBs. 
The bath and anti-freeze fluid used in the existing study were not suitable for temperatures below -34 °C. 
 
To follow up this study, further work is planned to: 

� assess the repeatability and reproducibility of the MBP method, especially for PMBs 
� assess the effects of short term / long term ageing on different EME2 hard grade binders to provide data 

against the UK specification in Clause 930 (see binder specification: Annex1). 
� reduce the short term ageing test temperature from 163 °C to 135 °C by increasing the time of test (probably  

to about 80 minutes rather than 45minutes) to reduce oxidation of hard grade binders, because they have less 
volatile components (compare with RCAT, 235 minutes at 163 °C). 
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ANNEX 1 – Extract from Interim Advice Note 101/07 Amendment 1 (Revised MCHW Specification –900 
Series) 
 
 

Table 9/4 Initial Binder Characteristics, as supplied 
 

Hard Grade Binders for EME2 FPC Characteristic Test Method Unit 
10/20 pen 15/25 pen Test frequency 

Change of mass, 
max 

 % 0.5 0.5 A 

Retained Pen 
25°C, min 

EN 1426 % 65 65 Q 

Increase in 
Softening Point, 
maximum 

EN 1427 °C 8 8 Q 

Fraass breaking 
point, min 

EN 12593 °C Target mean (1) 
+2 max 

Range -8 to +7 

Target mean (1) 
+2 max 

Range -8 to +7 

Q 

Notes: 
(1) Target max value based on a rolling mean of the last 3 consecutive results in compliance testing or FPC as 
appropriate. 
All tests to be carried out on sub-samples of a single bulk sample of binder. 
Minimum test frequency: Q = Quarterly, A = Annually. 
(Indicated frequencies apply only if product is in regular supply.) 
 
 

 
Table 9/5 Binder Characteristics, after short-term ageing to EN 12607-1 (RTFOT) 

 
 

Hard Grade Binders for EME2 FPC Characteristic Test Method Unit 
10/20 pen 15/25 pen Test frequency 

Change of mass, 
max 

 % 0.5 0.5 A 

Retained Pen 
25°C, min 

EN 1426 % 65 65 Q 

Increase in 
Softening Point, 
maximum 

EN 1427 °C 8 8 Q 

Fraass breaking 
point, min 

EN 12593 °C Target mean (1) 
+2 max 

Range -8 to +7 

Target mean (1) 
+2 max 

Range -8 to +7 

Q 

Notes: 
(1) Target max value based on a rolling mean of the last 3 consecutive results in compliance testing or FPC as 
appropriate. 
All tests to be carried out on sub-samples of a single bulk sample of binder. 
Minimum test frequency: Q = Quarterly, A = Annually. 
(Indicated frequencies apply only if product is in regular supply.) 
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Table 9/6 Binder Characteristics to be Reported 
 
 

FPC frequency Characteristic Test Method  Unit Binder 
for EME2 AS STA LTA 

Brookfield Viscosity 
T 200cP 

°C TBR A   

T 2000cP °C TBR  A  
T 5000cP 

EN 13302 

°C TBR  A  
G* and Phase Angle Pa, 

Degrees 
TBR A A A 

VET temperature, G’ = G”, at 
0.4 Hz 

°C TBR A A A 

G* at the VET temperature Pa TBR A A A 
G’ and G” Mastercurves 
80°C to 0°C 

Graphical 
Output 

TBR A A A 

G” & Phase angle at 15°C, 10Hz 
and 20°C, 1Hz 

 
prEN 14770 
 
 
Clause 928 
 
 
Graphical Output Pa, 

Degrees 
TBR A A A 

Ts=300 MPa, by BBR °C TBR Q Q Q 
T m=0,3, by BBR 

prEN 14771 
°C TBR Q Q Q 

Pendulum Cohesion, min SHW CI 939 
(Reported 
graphically) 

J/cm2 TBR Q Q Q 

Notes: 
As   = As Supplied;          STA = After EN 12607-1 (RTFOT) *              LTA = After PAV85* 
*An ageing profile determined in accordance with SHW CI 923 is an acceptable alternative to STA and PAV85. 
All tests to be carried out on sub-samples of a single bulk sample of binder. Minimum test frequency: Q = Quarterly, A = 
Annually. (Indicated frequencies apply only if product is in regular supply.) 
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ABSTRACT 
 
The research results described in this paper are the sequel of a research programme published in 2004 for the E&E 
Congress[1]. This research project concerns a new alternative for bound and unbound base layers for road 
constructions: aged-bitumen bound base structure (acronym aB³). The material is a hot mixture of reclaimed asphalt 
pavement, reduced roofing felt waste and new granulates. This latter is added only to meet a specific granulate 
gradation of a specific reference asphalt mixture. There is no new binder added in the first place. aB³ is laid directly on 
the subbase or subgrade and leads thanks to its specific mechanical properties to a reduction of road structure 
thickness. In 2001 a test track in Antwerp was constructed and the fundamental properties of its mixtures were 
determined. At that point it could be concluded that aB³ was a useful base material with technical and economical 
benefits. 
In 2006 a new test track was carried out in Beveren, Flanders. Here three different mixtures of aB³ were used 
successively. The economical and mechanical results of the first test track were confirmed. New tests (healing, FWD) 
give more insight into the applicability of this material. 
 
Key words:  design of pavement, RAP, recycling, healing 

 
1. INTRODUCTION 
 
1.1. Earlier work 1997-2005 [1] 
 
aB³, aged-bitumen bound base structure is the innovative result of three research projects, funded by the Flemish 
Government, carried out at the University Colleges of Antwerp from 1997 until 2006. 
In the line of the Flemish Construction and demolition Detritus Plan, the project focussed on a recycling process for 
reclaimed asphalt pavement (RAP) and the waste of bituminous roof felts. The first material is a granulated old asphalt 
mixture which is nowadays well-known and frequently used. The second material is a waste material from the 
demolition or renovation of flat roofs. Yearly more than 50000 tonnes are dumped in Flanders because no recycling 
process is known. In this project the roofing felts are reduced to granules of 1mm³, further called RRF (reduced roofing 
felt) and have the same granular components as asphalt (stones, sand, filler) and a bituminous binder. However, the 
components are from different origin and have different specifications, e.g. in roofing felt mostly oxidized binder is 
used. 
Both products RAP and RRF  have the same base raw materials (stone, sand, filler and bitumen) and are therefore 
potential secondary raw materials for warm mixed asphalt pavement. Roofing felt waste holds more than 60% binder. 
Bitumen is a recyclable visco-elastic plastic material, used for e.g. binding the inert aggregates to each other. A good 
adhesion and appropriate visco-elastic properties are vital for a durable road structure. The first conclusion of this 
research indicated that a rather small amount of roofing felt waste can be added into warm mixed asphalt mixtures 
without quality loss in comparison with a reference asphalt mixture. In an economically and innovatively way, the use 
of this type of waste in asphalt mixtures, was unacceptable.  
However, the roofing felt holds more than 60% binder, so a little amount of this material can give the total binder in the 
mixture a rather harder character, similar to EME. Moreover, when using RAP (45%) than the addition of 5% roofing 
waste could be providing the mixture with enough binder to result in a well-bound mixture. The exact amount of RAP 
and RRF depends on their constitution: when the RAP composition meets the target composition, more than 50% of 
RAP can be used; the limiting factor is than the RAP-capacity of the asphalt production plant. The search for alternative 
applications led to a new concept for road construction: a bituminous bound base foundation for flexible pavements.  
At this point, a number of advantages of this material raised and some negative properties could be neutralised: the very 
hard binder has a high resistance to rutting and ensures a rigid underlayer; the brittle binder is used below the structure. 
In this case, unfavourable surface properties (ravelling) have no significance. 
The realisation of this concept learned us that aB³-mixtures can be produced, transported, handled and compacted 
similar to asphalt mixtures. An economic study revealed that with the current market prices the aB³ concept is a worthy 
alternative for unbound and bound base foundation mixtures. By means of an analytical study it was shown that the aB³-
concept generates a material reduction in comparison with a traditional road structure of the same life span. The 
analytical study was provided with new dynamic-mechanical stiffness and fatigue test results (BRRC). 
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In 2001 a test track was constructed as aB³: a car park in Antwerp for heavily charged vehicles was carried out with four 
different compositions. The aB³-mixture is a derivative of a standard asphalt base layer of which the binder is 
completely derived from the binder in the RAP and the RRF. The RAP was an ordinary aged standard asphalt mixture 
with typical binder properties: penetration 21 and softening point R&B 58,8°C. The RRF had a penetration of 6 and a 
softening point of 118°C. With these materials mechanical specifications are determined (2pt-stiffness and fatigue 
measurements,  DSR, ITS, Marshall, wheel track test, gyratory) and the test track at Antwerp is conducted. For detailed 
results, reference [1] can be suggested. 
 
It is technically possible and economically interesting to construct structures with aged-bitumen bound base material, 
directly upon the subgrade soil, with adequate or even improved lifetime expectation without repercussions for the 
environment. No expensive adjustments are necessary in the production process of an asphalt mix plant with parallel 
drum. The workability, production and transport of the mixes with RRF and RAP are similar to asphalt. For this project, 
an ordinary dense asphalt composition was taken as mixture (AC 0/14). Tests indicate that an aB³-layer has equal or 
even better mechanic properties than an asphalt mix when used in the lower region of the structure. Computer 
programs, such as VEROAD and NOAH are recommended for designing a structure with aB³. Mechanical properties 
are obtained (by preference) by tests or simulated with PRADOWIN. In general we recommend the aB³-layer for road 
type up to B4 (number of admissible 100 kN standard axles 16 x 106). 
 
 

 
Figure 1: comparison of a standard structure and the aB³-alternative 
 
 
1.2. Objective of continued research 
From the results described above, the industrial, the research and government partners decided to continue this research 
by means of another test track construction in 2006, a dynamic mechanical test programme and to validate the state of 
both test tracks in July 2007 with FWD measurements. 
 
2. AB³ - PROJECT 2006 BEVEREN [3] 
 
2.1 Introduction 
 
In July 2005 the City Council of Beveren disposed a 0,5 km rural road for a aB³ test track. This project gave a new 
opportunity for more research into the mechanical properties of aB³ and to verify the qualitative production and 
compacting of aB³. The research team decided to divide the test track in 3 sub test tracks. Three different aB³-mixtures 
are used.  
 
2.2. Materials  
 
The aB³-mixtures are made of RAP, RRF and new granulates for the optimization of the gradation. No new binder is 
used in this basic mixture. In this project a new mixture is introduced: i-aB³ and aB³-SS. 
The i-aB³, improved aB³, is in fact the same mixture (in gradation) as aB³ but with an addition of 1% new binder. The 
aB³-SS is an aB³-mixture with steel slag instead of new (limestone) course granulates. 
The RAP that was used for tests and track construction has the following characteristics: 
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Mix Composition  
Binder (m/m%, in) 5,7 Binder 

Coarse 43,3  
Sand  41,2 Pen: 15 1/10mm 
Filler 9,8 R&B: 66,5 °C 

 
   Table 1: RAP mixture composition 
 
 
The RRF was characterised with centrifugation and recovery of the binder as 
 

Mix Composition  
Binder (m/m%, in) 55,3 Binder 

Coarse 4,6  
Sand  30,1 Pen: 7 1/10mm 
Filler 10,0 R&B: 106,5 °C 

 
    Table 2: RRF composition 
 
 
For the mixtures aB³-SS steel slags are used. These are granulated aggregates coming as a residual product from steel 
production. In Flanders it may be used as a secondary material. It is an alternative for e.g. certain stone fractions. In the 
aB³-SS mixtures the fractions 8/14 and 14/20 are from this origin. 
A FTIR-analysis is done on several binders: B15 (a virgin pen-binder with pen:19), 35/50 binder (a virgin pen-binder 
with pen: 41), a RAP-binder (recovered from an arbitrary RAP with pen:30) and the RRF-binders. Figure 2 is the output 
for  the 1750-1500 cm-1 region. The C=O area can be seen as an ageing indicator. It is very obvious that RRF binder 
has a very high oxidation degree, which isn’t so remarkable: at first use the roofing felt is often bound making use of 
blown binder. The binder recovered from the aB³ test track at Antwerp has a C=O peak between the RRF and the RAP-
peak. This can indicate that the aB³-binder over a period of 7 years hasn’t aged a lot: it is already aged binder before 
production of aB³.  In a report of Van den bergh et al [3] DSR and BBR-measurements of these binders are further 
explained. 
 
 

FTIR measurements on various binders
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Figure 2: comparison of a standard structure and the aB³-alternative 
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2.3. Mixtures and mixture properties 
In this study for test track realization, three mixtures are used for sub base layer. 
In all mixtures, the same grading and binder quantity is taken. From the first study [1] it was concluded that a gradation 
of type AC 0/14  with 5,2% binder (dense asphalt mixture for base layers) was satisfactory and met the Flemish 
standards for an asphalt base layer (Marshall stability, wheel tracking test, ITS, fatigue and stiffness characteristics, 
voids, gyratory compaction). Note that our objective is to use this aB³ not as an asphalt layer but as a road foundation 
layer.  Because aB³ is a new material and application (a rigid bituminous subbase layer) no other relevant specification 
was found. The aimed gradation was: 
 

aB³ composition 
Binder (m/m%, up)  5,2 
Coarse  57,73 
Sand  36,14 
Filler 6,13 
Voids (v/v%) 4% 

 
    Table 3: aB³ mixture composition 
 
This dry gradation has to be obtained with at least 3,5% RRF and 45% RAP. Analytical mixture design with 
PRADOWIN showed that 3,5% RRF and 47,5% RAP met the AC 0/14-gradation. From that basic mixture two other 
mixtures were designed and tested. The three mixtures applied for the test tracks are tabled below.  
 
 

 aB³: Aged-bitumen 
bound base material 

i-aB³ 
improved aB³ 

aB³ SS 
aB³ basic with steel 

slags 
Composition (m/m%)    

RRF 3,5  2,5 4 
RAP 47,5 47,0 47,5 

New granulates 49 49,5 48,5 
New binder - 1  (pen= 65 

R&B=46,8°C 
- 

    
Binder composition    

RRF / RAP / NEW  (m/m%) 47,9/52,1/0 32,1/48,8/19,1  
Predicted Pen (1/10mm) 10 15,5 10 

Predicted R&B (°C) 85,7 75,6 87 
Penetration (1/10mm) after 

production 
7 10 21 (1) 

R&B (°C) after production 90,6 84,1 77,8 (1) 
    
Mixture characteristics    

ITS @25°C MPa 3,41   (�=0,29 ) 2,77 (�=0,04 ) 2,5 (�=0,14 ) 
ITSR (2) 52,5 56,0  40,4 

Marshall Stability kN 25,4 (�=0,9 ) 19,2 (�=0,6 ) 22,0 (�=2,0 ) 
Retained Marshall stability kN 21,9 (�=1,7 ) 18,1 (�=0,04 ) 19,7 (�=1,0 ) 

Voids % 4,0  4,2  6,8  
 
         Table 4: test track mixture composition 
 
Some remarks are noted from the table above. First of all we can see that the binder is still aged after production. The 
absolute results of ITS and Marshall stability are very well, both for conditioned and non-conditioned. The ITSR(2) is 
rather low. For aB³ there are no Belgian specifications defined yet because this material is still in an experimental 
phase. Though, one can compare this mixture to a standard base layer. For a standard base layer AC 0/14, the ITSR has 
to be minimum 60%.  This limit is at this moment under consideration because some well-performing mixtures have 
ITSR –values less than this 60%. Other tests on specimens with more binder (5% RRF and 50% RAP) gave ITSR up to 
108%. This indicates that 5,2 % binder is de lower limit for this application. 
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Another remark can be made for the use of steel slags. The binder properties (1) for this mixture aB³-SS are dubious: 
the penetration is too high and the softening point is too low compared with the calculated values. It is possible that the 
recovery process wasn’t proper executed. Compared to aB³, the aB³-SS mixtures are inferior. 
 
2.4. Stiffness and fatigue characteristics.  
In order to conduct a proper vertical road design, the mixture stiffness and fatigue characteristics of the basic aB³ were 
determined.  
3 test plates (60 x 40 x 12 cm) were made at the MOW Evere with the wheel slab compactor  (EN12697-33). 18 
specimen beams (400x50x50 mm³) were prepared and conditioned at 15°C for the 4point-bending beam test device. 
Stiffness and fatigue tests were performed at the Laboratory of Road and Railway Engineering of TU Delft (EN12697-
26).  
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Figure 3: mastercurve of aB³ mixture  

 
In the diagram above, the mastercurve of aB³ Antwerpen (2 point bending test, BRRC, 2001) and of a AC 0/14 (AB-
3A)  mixture is plotted with the mastercurve of aB³- Beveren (4 point bending test, TUD, 2006). 
From the diagram above, it can be concluded that the two aB³-mixtures are quite similar for stiffness, even though the 
RRF and RAP were of different origin. This means that with the specific aB³-composition, it is possible to predict the 
mixture stiffness fairly for aB³ and compare the measured and calculated stiffness with each other. 
Figure 4 represents the fatigue curve. 
 

 

Figure 4: fatigue line of aB³ and AB3A 
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In figure 4 the fatigue line of aB³ is plotted against the general fatigue line of AC 0/14 (AB 3A). Note that the fatigue 
line of aB³ has a smaller inclination than AC 0/14. In the lower-strain region (less than 200 microns), aB³ results in a 
longer fatigue life than AC 0/14 when the same initial strain is applied. 
 

 

Figure 5: fatigue line of aB³ and fatigue line after 14 days storage 

Figure 5 shows the result of a healing experiment with the beams of the fatigue test. The upper curve represents the 
fatigue curve of figure 3. After fatigue occurs at 50% stiffness decrease, the beams are stored at 15°C during 14 days 
and then re-fatigued with the same strain. One can see that the re-fatigue line is almost a horizontal line.  With this 
result, we assumed that almost no healing takes place at 15°C.  
 
 
2.2. Road Class definition and proposed vertical structure 
In order to determine the proper vertical road structure with aB³, the traffic spectrum was analysed and it was decided to 
construct a road for 20 years and up to 4 million standard axle loads of 100kN (road class B6). The road structure for 
B6 with classical layers is as follows: 19 cm asphalt and 23 cm granular subbase. 
The subgrade soil has an elasticity modulus of 92MPa. For mixture stiffness the following table gives more 
information: 
 

 Smix, 15°C, 8 Hz  [MPa] 
AB4C, top layer 9200     (calculated) 
AC 0/14, base layer 14500    (calculated) 
aB³ 15000   (experimental) 
i-aB³ 13000   (calculated) 
aB³-SS 11100   (calculated) 
Subgrade 92   (experimental) 

 
   Table 5: calculated and measured stiffness of relevant mixtures 

 
Based on earlier work [1] and new analytical calculation (BISAR and VEROAD) the following structures were 
considered. 
 

aB³ i-aB³ aB³-SS 
100m 130m 130m 

4 cm AB-4C 4 cm AB-4C 4 cm AB-4C 
6 cm AC 0/14 6 cm AC 0/14 6 cm AC-0/14 

10 cm aB³ 11 cm i-aB³ 12 cm aB³ 
10 cm unbound base 10 cm unbound base 10 cm unbound base 

30 cm 31 cm 32 cm 
 
    Table 6: test track road structure 
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The thickness for i-aB³ is one centimetre more than for aB³. The reason for this is that the calculated stiffness of this 
mixture is lower than for aB³. However, to calculate the thickness for the B6 class by determining the initial strain in the 
base layer, both mixtures use the same fatigue line. This is in fact not correct. Both mixtures have different fatigue lines 
and probably different healing coefficient. In all calculations above of aB³ and i-aB³ mixtures, no healing factors are 
taken into account (healing factor = 1). 
 
2.3. Test track realization [2] 
During May 2006 the test tracks are realized under good weather conditions. Like the test tracks in 2001 (Antwerpen) 
no problems about transport and compaction are noticed. The mixing and compaction temperatures are similar to 
asphalt: resp. 180°C and 145°C. One remark however has to be made: the RRF is added with the RAP via the secondary 
“RAP” parallel drum. After production a certain amount of RRF sticked on the blades.  This problem is deduced when 
the RRF is added directly in the mixer.  
This ‘sticky’ problem doesn’t occur during transport, laying and compacting.  
 
3. VALIDATION TEST TRACKS 2007 with FWD 
 
In September 2007 the test track of Beveren is evaluated using a falling weight deflection device of MOW and cores are 
collected. The test track gives no visible sign of damage, not even at the (free) border. 
A visual inspection of the cores indicates no superficial damages or loss. In general, the pavement layers are conducted 
as specified by road design calculation.  
The three test track sections were tested by FWD every 10 metres. Afterwards a rest life was calculated for a road class 
B6. For the first test track section (aB³) the predicted rest life is more than 20 years. The E-modulus of the construction 
is 10000 to 13000 MPa. The second test track section with i-aB³ gave a lower E-modulus,  5000 to 8000 MPa, resulting 
in a shorter rest life of 8 years. The last section with aB³-SS seemed to give better results: 7000-8000 MPa resulting in a 
rest life of 13 years. However, this latter had more variation in its results. The last section, with a standard configuration 
of 12 cm asphalt on a granular base course, has a rest life of zero years. 
 

 

Figure 6: FWD-results for the test tracks of Beveren after 1 year in service 

 
The figure above gives a graphical view of deflections and the needed reinforcement (overlay) to gain rest life up to 10 
years. Test track section 1 starts at 0 up to 100 metres; the second test track ends at 230; the third track ends at 360. 
After 360 metres the standard road structure is applied.  
 
4. CONCLUSIONS 
 
Laboratory experimental tests and FWD validations of two test tracks confirm that aB³ is an attractive structure for rural 
roads and car parks, as an alternative for unbound and bound base material. aB³ has beneficial mechanical properties 
such as high resistance to wheel tracking, high stiffness modulus and a fair ITS ratio. To avoid fast deterioration, the 
healing coefficient has to be set to 1 during road structure design. The use of low strains at the bottom of the aB³ layer, 
is strongly recommended. FWD-validation tests show no damage for aB³ and a low damage factor for i-aB³ and aB³-SS 
related to a standard road structure after 1 year in service. 
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ABSTRACT 
 
Polymer modified bitumens (PmB’s) have long been used in the road industry to improve pavement performances, 
particularly on the surface course, with respect to the most important damages, rutting, thermal and fatigue cracking. 
Although these materials are getting widely used, their behaviour regarding their stability upon ageing in situ on the roads 
or even during handling is not so well understood. 
Such a lack of knowledge can be seen as detrimental to an even bigger development, particularly in this new era of 
sustainable development where materials enabling durability enhancement should be of particular interest. 
LCPC and Total launched in the early 2000’s a common and huge laboratory study to address the issue of the evolution of 
the chemical and physical properties of PmB’s upon ageing. Although this study involved a wide variety of polymer 
modifiers, this particular paper is dedicated to elastomer modified systems only. 
Composition parameters have been looked upon, such as the polymer structure and content and the bitumen origin. Another 
process parameter has been carefully studied: the influence of an eventual chemical crosslinking.  
This paper discusses results obtained through a number of characterization methods both physical-chemical, such as FTIR 
microscopy, and rheological such as dynamic shear and bending beam rheometers, performed both before and after short 
(RTFOT) and long (PAV) term ageing. Tying up rheological and chemical results allows drawing conclusions and 
directions on how to improve the ageing resistance of elastomer modified bitumens 
 
Keywords: elastomer modified bitumens, ageing, crosslinking, microscopy, rheology 

 

1. INTRODUCTION 

Polymer modified bitumens (PmB’s) have long been used in the road industry to improve pavement performances, 
particularly on the surface course, with respect to the most important damages, rutting, thermal and fatigue cracking. 
Although these materials are getting widely used, their behaviour regarding their stability upon ageing in situ on the roads 
or even during handling is not so well understood. 
Such a lack of knowledge can be seen as detrimental to an even bigger development, particularly in this new era of 
sustainable development where materials enabling durability enhancement should be of particular interest [1]. 
LCPC and Total launched in the early 2000’s a common and huge laboratory study to address the issue of the evolution of 
the chemical and physical properties of PmB’s upon ageing. Some of the results were already presented for the last E&E 
congress in Vienna, 2004 [2, 3, 4]. 
Although this study involved a wide variety of polymer modifiers, this particular paper is dedicated to elastomer modified 
systems only. 
Composition parameters have been looked upon, such as the polymer structure and content and the bitumen origin. Another 
process parameter has been carefully studied: the influence of a chemical crosslinking.  
This paper discusses results obtained through a number of characterization methods both physical-chemical, such as FTIR 
microscopy, and rheological such as dynamic shear and bending beam rheometers, performed both before and after short 
and long term ageing.  

2. EXPERIMENTAL 

2.1 Materials 

Two neat bitumens were used as bases for preparing the modified binders: Bc, a conventional bitumen obtained from a 
TOTAL refinery and Bo, purposely prepared in the laboratory to be sensitive to oxidation. 
Two types of elastomers, styrene-butadiene copolymers were used in the PmB formulations, linear (one SB, and one SBS 
called SBSl) and two radial SBS (called SBS*), at two concentration levels, 3 and 6 weight %. 
The PmB's were prepared by mixing the base bitumen with the polymer under moderate shear (300 rpm) at 180°C for a few 
hours. Some of the blends with SB and SBS* were then in-situ crosslinked according to the Styrelf® proprietary reaction 
process [5, 6].  
The binder characteristics, including their penetration at 25°C and softening point before and after RTFOT + PAV ageing 
are displayed in Table 1, along with other properties. 



 

2.2 Ageing procedure 

Two standardized test methods, Rolling Thin Film Oven Test (RTFOT, standard EN 12607-1) and Pressure Ageing Vessel 
(PAV, standard EN 14769) were used to simulate the PmB’s ageing at the laboratory: 
� RTFOT (75 min at 163°C under air flow) is expected to simulate ageing at the jobsite (i.e. mixing and laying). This 
technique is validated for unmodified bitumens and considered as more severe than actual jobsite conditions [7]; although 
already used [8, 9] to compare various PmB’s in lab studies, its validity for such binders is still under discussion. 
� PAV (20h at 100°C under air pressure) is claimed to simulate several years of ageing in field service conditions. This 
link established for unmodified binders is bitumen dependant [10, 11, 12], but assumed to be equivalent on average to four 
years in service [13]. 
This paper only considers characterization results obtained after performing both tests consecutively. 
 
As previously described [14], the association of a heating cell with an IR (IR) microscope permits to simulate oxidative 
ageing, to visualize in situ the continuous evolution of a PmB microstructure by optical microscopy, and to identify the 
chemical structure changes by IR analysis.  
Although the detailed experimental conditions were presented earlier [3, 14], they are summarized below for a better 
understanding of the paper: 
� The simulated oxidation is carried out in a horizontal ageing cell, by heating the sample at 130°C for 2 hours under 
synthetic air. In terms of chemical changes of the bitumen matrix, carbonyl and sulfoxide formation, the RTFOT and PAV 
ageing sequence was found equivalent to 60 min ageing at 130°C in the heating cell [14]. 
� The micro-IR analysis is performed in a spectrometer coupled with an IR microscope fitted with a detector. Using a 
motorised x-y sample stage, one can collect IR spectra over a specific sample area and map in the x-y plan the functional 
groups formed across the sample. 
� Particular IR analysis and sample preparation conditions are needed. Thus, true polymer contents in the micro-phases 
can be obtained by comparing the polymer IR index, ratio of the specific SB absorption band at 965 cm-1 to that of the 
bitumen at 1376 cm-1, to a calibration curve obtained after analysing PmB’s with known polymer contents [14]. The specific 
SB IR band is selected for not interfering with the bitumen. 

2.3 Rheological characterization 
Frequency sweep tests were carried out using a RDA II dynamic shear rheometer (DSR) from Rheometric Scientific 
following sample preparation and testing conditions as in EN 14770 standard. The tests were performed between –30°C and 
100°C using different geometries as a function of the binder stiffness: torsion bar between –30 to 0°C, 8 and 25 mm parallel 
plates respectively between 0 to 40°C and 40 to 100°C.  
The rheological characteristics were displayed in the Black space plotting the phase angle � against the complex modulus 
G*. This diagram represents the overall rheological behaviour of the binder, irrespective of the temperature and frequency. 
Requiring no data shift, unlike rheological master curves, it gives a sort of material rheological fingerprint. Thus, the Black 
curve shape can highlight structured binders such as PmB's, highly paraffinic or asphaltenic bitumens. In this particular 
study so few binders would follow the time temperature superposition principle (only neat ones), that Black diagrams were 
considered as more relevant and appropriate than rheological mastercurves. 
SHRP Superpave high temperature parameter G*/sin �.and its corresponding temperature limits (temperatures at which it is 
equal respectively to 1 KPa before and 2.2 after RTFOT ageing) were also calculated through these DSR measurements. 
 
Creep tests were carried out according to the European standard EN 14771, using a Bending Beam Rheometer (BBR) from 
Cannon. The creep behaviour was then characterized by the stiffness modulus S(t) and the m-value, the slope of the creep 
curve (logarithm (S) = f(logarithm(loading time)). Following current SHRP Superpave specifications, the two critical 
temperatures, TS=300MPa and Tm=0,3, were calculated. The first one is the temperature at which the stiffness modulus at 60 
seconds loading time, S(60s) is equal to 300 MPa, and the second one is the temperature at which the slope of the creep 
curve, m(60s) equates 0,3. These limits on the m-value and the stiffness were set according to the field validation work 
conducted during the SHRP program, standard [AASTHO, MP1]. Additionally, m-value at Ts=300MPa was also determined. 
BBR parameters focus on the low temperature behaviour of those materials which is not accurately assessed by the DSR 
measurements. 

3. RESULTS AND DISCUSSION  

3.1 Binder characteristics 

Table 1 presents the classical binder characteristics, penetration and ring and ball softening points for the whole set of 
binders, before and after RTFOT ageing. It also displays the binder SHRP Superpave gradation measured following 
AASHTO MP1 standard, taking into account the appropriate RTFOT and PAV ageing conditioning.  
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EN 14023 
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EN 14023 

EN 12591 / 
EN 14023 

AASHTO 
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Bc 78 46,5 49 63 51,5 5 58-22 
Bc-SBSl-3 57 54 43 75 56 2 70-22 
Bc-SBS*-3 60 52,5 43 72 56 3,5 70-22 
Bc-Styr1-3 65 56 47 72 58,5 2,5 70-28 
Bc-Styr2-3 60 60,5 46 77 59 -1,5 70-28 
Bc-SBSl-6 43 89,5 37 86 84 -5,5 70-22 
Bc-SBS*-6 47 86,5 37 79 94,5 8 82-22 
Bc-Styr1-6 60 73 45 75 72,5 -0,5 76-28 
Bc-Styr2-6 48 91 41 85 88 -3 82-28 

Bo 71 48 33 46 58 10 64-16 
Bo-SBSl-3 51 56 29 57 65 9 76-16 
Bo-SBS*-3 50 57 30 60 65 8 76-16 
Bo-Styr1-3 52 56 29 56 66 10 70-22 
Bo-Styr2-3 50 65,5 29 58 70 4,5 76-16 
Bo-SBSl-6 38 88 25 66 88,5 0,5 76-10 
Bo-SBS*-6 39 87 25 64 93 6 82-10 
Bo-Styr1-6 58 68 42 72 75 7 82-22 
Bo-Styr2-6 41 79 32 78 84,5 5,5 82-22 

 
Table 1: Physical characteristics of the binders 

A binder code is used to simplify the nomenclature of the binders. It works as Base Bitumen - Polymer type - % Polymer. 
“Styr” stands for crosslinked PmB’s through the Styrelf® process, 1 and 2 relate to the two different styrene-butadiene 
copolymers (SB or SBS*) used in the composition. 

This table shows: 

- Regarding classical testing:  

o Bitumen Bo really is sensitive to oxidation, as expected. This bitumen base would be out of EN 12591 
specifications in terms of R&B softening point variation after RTFOT ageing, and marginally in for the 
retained penetration. On the other hand, Bc definitely meets the specifications. 

o The PmB’s generally feature higher R&B and lower penetrations than the base bitumen and accordingly 
to their polymer content, as widely admitted. 

o PmB RTFOT ageing properties are bitumen base dependant: as a general trend, PmB’s made out of Bo are 
more sensitive than those from Bc, as seen through their R&B variation after RTFOT. However, their 
ageing index (R&B variation after RTFOT) is usually lower than this of the base and can even be 
negative. This ageing index does not seem to be PmB process dependant. There is no clear systematic 
difference between physical and crosslinked blends. 

- Regarding SHRP gradation: 

o It is widely spread out, between 58 and 82 (°C) for the high temperature limit and between -10 and – 28 
(°C) for the low temperature end. Note that according to SHRP Superpave MP1 specifications, the low 
temperature gradation is obtained by subtracting 10°C to the actual highest value of the limited 
temperatures for S and m, from the BBR measures. 

o PmB’s always display increased high temperature limits compared to the base, and accordingly to their 
polymer content.  
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o Figure 1 shows the actual temperature limit values both at high and low temperatures, positioning all 
binders in a high vs. low limiting temperature map. Although there is no definitive trend at high 
temperature between the PmB’s which are evenly spread, crosslinked PmB’s systematically feature lower 
temperature limits than the base and the physical blends (see figure legend to identify materials), therefore 
better performance with respect to thermal cracking resistance. On the other hand, some physical blends 
have even higher low temperature limits than the base ones.  

o This point, related to ageing and BBR properties, will be developed a little further (see section 3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Positioning of the various elastomer modified binders 

 

3.2 Heating cell ageing and FTIR microscopy analysis 

For the sake of simplification, this section of the paper focuses on the highly modified binders. This approach is valid due to 
the fact that the trends as a function of the polymer content are approximately the same for all PmB’s, and that higher 
polymer content has the merit to emphasize the phenomenon’s, not significantly changing their nature. 
The IR mapping of the physical and in-situ crosslinked PmB’s manufactured by adding 6% of SBS to the base bitumen Bc 
are displayed here. 
 

First of all, the kinetics study of the heating cell simulated ageing (at 130°C, under air, for 2 hours) of PmB containing 6% 
of SBS shows considerable changes in micro-morphology with time (see figure 2). As above mentioned, the analysis is 
based on the SBS IR absorption band at 965 cm-1 to the specific bitumen IR absorption band at 1376 cm-1. 

 

 

 

 

 

 

 

 



 

Figure 2: Kinetic evolution of 6% SBS physical blend, observed by IR mapping 

From 0 to 60 min oxidation, the distribution of both micro-phases remains the same with a quasi-constant SBS content in 
each domain i.e.; about 12% SBS in the polymer rich area and 0.6% in the surrounding bitumen matrix.  
From 60 to 120 min, the micro-morphology of the blend noticeably changes as the SBS content significantly decreases in 
the copolymer rich area (from 11.8 to 6.9%) while increasing in the surrounding bitumen matrix (from 0.6 to 2.9%). The 
SBS copolymer distribution in the binder appears thus more homogeneous after ageing. This SBS distribution 
homogenisation could be a consequence of oxidative polymer chain scissions as observed in the ageing of pure SBS 
copolymer in such a temperature range [15], [16]. One can suppose oxidized SBS molecules are more compatible with 
oxidized bitumen molecules.  
There are basically two reasons for this evolution: increase in polarity and/or molecular weight reduction of SBS. It is also 
worth recalling that the bitumen phase ageing results in more condensed aromatics species that are less compatible with the 
degraded polymer, as earlier presented [15]. These results obtained through the oxidation heating cell procedure are in good 
agreement with those obtained by conventional ageing at the lab scale. However, one must keep in mind that the severity of 
the cell conditions (thin film, long duration at a high temperature) may make binders undergo higher oxidation level than in 
the field at the same temperature.  
 
Regarding the in situ crosslinked PmB’s, due to the fineness of the polymer distribution, the IR mapping of the samples is 
difficult to acquire at the resolution scale. Nevertheless, the ageing kinetic study of the Bc-Styr1-6 crosslinked shows no 
change in morphology (see figure 3), the binder remaining as homogeneous as before ageing.  

Figure 3: Kinetic evolution of 6% SB1 crosslinked binder, observed by IR mapping 
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On the other hand, the PmB becomes more homogeneous (see figure 4) for the one manufactured with copolymer SBS* in 
base Bo, that was heterogeneous before ageing. Once again chemically reacted PmB structure seems to have a stabilizing 
effect. 

 

 
Figure 4: Kinetic evolution of 6% SB2 crosslinked binder, observed by IR mapping 

 

3.3 DSR Rheological properties 
� Base bitumens 

Figures 5a and 5b show the Black curves of bitumens Bc and Bo. Although their rheological behaviour are quite similar at 
the origin, both bases become more elastic after ageing on the area corresponding to the 10-70°C temperature range, with a 
lower phase angle for a similar modulus value. One can assume that some polar molecules formed under ageing associate in 
a gel-like structure imparting more elasticity to the matrix. This oxidation effect is more pronounced for Bo, which contains 
a higher amount of species susceptible to oxidation. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5a: Black curve of bitumen Bc    Figure 5b: Black curve of bitumen Bo 
 

� Influence of polymer addition 
Figure 6 shows the effect of adding 3 and 6% SBS* on the rheological properties of the un-aged binder. In this Black 
diagram there is no sign of significant changes from polymer addition at low temperature, as already mentioned in the 
literature [2].  
Paving grade PmB's are generally heterogeneous materials, with polymer-rich nodules dispersed in a bitumen-rich matrix. 
This asphaltene-rich continuous phase features a high modulus close to the glassy state and controls the PmB rheological 
properties. BBR measures are more appropriate to characterize low temperature properties (see further). 
Focusing on the 10 to 70°C temperature range, as the temperature increases, the complex modulus of the bitumen-rich 
matrix G*

m decreases to equate and then gets lower than the polymer-rich phase G*
p. This relaxation occurring when G*

m 
and G*

p are equal is represented by a minimum of � or a pseudo-plateau on the Black diagram (Figure 6). Such a 
phenomenon has been described as a hard-soft relaxation elsewhere [17]. Above this relaxation, the rheological properties 
of the material are polymer-rich nodule controlled because they are more elastic than the matrix. The existence of a pseudo-
plateau in the Black curve demonstrates the polymer reinforcement of the binder. 
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Increasing the polymer content from 3 to 6% traps more maltenes molecules in the polymer nodule swelling, enriching the 
bitumen matrix in asphaltenes. Consequently, G*

m increases and the temperature at which G*
m equates G*

p, increases as 
well. Polymer chain entanglements are also more likely to occur, leading to a similar shift. Then, at high temperature, G*

m 
and G*

p decreases and the material becomes a viscous liquid. All those effects are also visible on figure 6. 

 

Figure 6: Black curves of bitumen Bc and 3 - 6% SBS* physical blends before ageing. 

� Influence of polymer structure  
Figure 7 displays Black diagram of physical blends made out of linear SBSl and radial SBS*. Before ageing the SBS* 
modified binder is more elastic, featuring lower phase angle in the modulus mid range. The elasticity enhancement, 
imparted by the polymer addition, remains after RTFOT + PAV for both SBS but more for SBS*. In fact, this copolymer 
seems to better sustain ageing as explained by Lamontagne [8]. IR microscopy observation shows that SBS* is better 
distributed in the matrix after RTFOT + PAV (Figure 7), as a result of a good compatibility of the oxidized polymer with 
the oxidized bitumen molecules.  

 
Figure 7: Black curves of physical blends Bc-SBSl-6 and Bc-SBS*-6. 
 

� Influence of a crosslinking reaction 
Comparison of Bc-SBSl-3 and Bc-Styr1-3 allows evaluating the influence of the crosslinking reaction (Figure 8). Before 
ageing the improvement of the rheological properties due to addition of 3% polymer is more important for the in situ 
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crosslinked PmB than for the corresponding physical blend (comparison between Bc-SBSl-3 and Bc-Styr1-3) (Figure 8). In 
fact, the temperature of the hard/soft relaxation is shifted towards higher temperatures. This is also a result of the polymer 
network maintaining a structure less temperature sensitive.  
After ageing, the trend remains the same and the effect is more pronounced when the polymer content of the in situ 
crosslinked PmB's increases. For in situ crosslinked PmB's, the copolymer and the bitumen-rich matrix remain compatible 
after ageing and the polymer still brings elasticity to the matrix. No morphology photograph is shown because the structure 
is homogeneous for this series of crosslinked PmB’s, and stays as so after ageing. 

 
Figure 8: Black diagram of physical blend Bc-SBSl-3 and the corresponding in situ crosslinked PmB 
 

� Influence of the bitumen base nature 

Figures 9a and 9b display the rheological properties of PmB's prepared out of Bc and Bo.  
The rheological properties of the unaged crosslinked Bc-Styr1-6 and Bo-Styr1-6 are very different. The polymer and the 
crosslinking reaction improve less the rheological properties in case of oxidizable base Bo than for Bc.  
In Figure 9a, the micro-morphology of Bo-Styr1-6 is unusually heterogeneous for a crosslinked modified binder. This is in 
line with the poor rheological behaviour of the binder. After ageing, however the binder micro-morphology evolves 
favourably towards a better polymer distribution in the matrix and more homogeneous structure. The Black curve shape 
follows this structure evolution (Figure 9b).  
On the other hand, physical blends prepared out of the same Bo (Figure 10) evolve differently: their rheological properties 
are degraded after ageing, probably due to a lower compatibility between the polymer and the matrix oxidized species. 
Considering these results, one can assume that the crosslinking process kind of trap the bitumen molecules, improving the 

overall rheological behaviour after ageing.  
 
Figure 9 a and b: Black curves of two crosslinked PmB's from Bc (a) and Bo (b), before ageing and after ageing. 
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Figure 10: Black curve of the physical blend Bo-SBSl-6 and the related crosslinked PmB, after ageing. 

 

3.4 BBR rheological properties 

As already seen in table 1, there are huge differences between the limiting temperatures at low temperatures for the various 
binders of this study. The purpose of this section is to see how this happens through the RTFOT+PAV sequence of ageing. 

Figure 11 shows the limiting BBR stiffness temperatures (temperature at which S is equal to 300 MPa) for all binders at 
three stages, before ageing, after RTFOT and after RTFOT + PAV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Limiting stiffness temperature as a function of ageing 
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In all cases, the temperature increases as ageing increases. The increase level is always a little higher after PAV, meaning 
PAV is more severe than RTFOT. Polymers always improve this stiffness related criteria before ageing for PmB’s made out 
of Bc, but not so significantly in Bo. Only small differences appear between PmB’s. 

Going to m-value based criteria shows a completely different scenario as showed on Figure 12 below. This time, some of 
the PmB’s don’t even improve the parameter before ageing. This is particularly the case for the 6% polymer physical blends 
which actually look worse than the 3% modified ones. 

It gets much worse after RTFOT and PAV. All physical blends PmB’s actually display significantly higher limiting stiffness 
than their base bitumen whatever the polymer content, the situation being more dramatic for base Bo. More polymer 
addition is worse regarding the m-value after this ageing sequence. 

On the other hand, the crosslinked binders do behave better whatever either the polymer or the base. However, these binders 
feature an increase of limiting m-value temperature at the same level as the base but shifted towards lower temperature. It 
seems that the binder matrix dictates the law, but that the polymer network resist to the degradation. This interpretation is 
supported by the ageing kinetic study presented above which demonstrates the stability of such PmB’s in terms of 
microstructure.  

In polymer science, relaxation properties are often related to microstructures. Following this path, one can assume that these 
good low temperature properties of the crosslinked PmB’s are linked to the fineness of their original microstructure which 
can resist better to ageing. On the other hand, heterogeneous physical blends are much more sensitive to ageing. 

Figure 12:  Limiting m-value temperature as a function of ageing 

 
4. CONCLUSIONS 
 
This paper focused on the ageing properties of PmB’s made out of styrene-butadiene copolymers. The study covered a wide 
range of properties on the entire service range of temperatures. The following conclusions can be drawn on the main driving 
parameters of the ageing of elastomer PmB’s: 
- The base bitumen has a great influence on the PmB structure and its evolution during ageing.  The polymer swelling 

depends on bitumen and polymer structure (for a given polymer chemical composition). It changes during ageing 
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- The manufacturing process drastically influences the fineness of the microstructure and stability upon ageing. Thus, in 
situ crosslinking imparts better compatibility with the bitumen matrix and more durable mechanical properties upon 
ageing, on the whole temperature range and particularly considering the relaxation properties at low temperature.  

- One can imagine such binders to be more cracking resistant. This is in line with some field studies already published 
[18, 19] 

- BBR criteria (stiffness, m-value and limiting temperatures) are good indicators to evaluate PmB’s performance in terms 
of thermal cracking and ageing resistance. The m-value assumed to be linked to binder relaxation ability, particularly 
discriminates between binders. 

- Black curves are a good finger print of PmB rheological behaviour and closely related to their inner microstructure. 
 
Some perspectives can be envisaged from this study: 
- Those trends have to be confirmed by comparing with other properties and to be field validated 
- Although BBR parameters seem to give valuable indications on binder low temperature behaviour, fracture properties 

as measured by fracture toughness can give other insights beside rheology that are of importance in the field of 
cracking. Some papers already showed the interest of fracture parameters [20]. This work is being pursued by 
LCPC/LRPC Aix-en-Provence [21, 22] and the method is under evaluation by CEN TC336/WG1. 

- More field validation would be needed to better assess the life cycle cost of pavements using PmB’s, although some 
attempts have been already made with respect to field sections follow up [18, 19, 23]. 
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ABSTRACT 
 
As is well known, in bituminous mixtures, longitudinal joints can deteriorate faster than other areas; this contributes to 
the ultimate performance, then to pavement life and life cycle cost. In fact, because of the difficulty in compacting the 
unconfined edges, lower density zones can occur at the joints. 
Moreover, this problem may have different roles in Porous European Mixes (PEM) and dense graded mixes. 
Current solutions to assess joints quality include visual inspection and coring. This methods have opposite but well-
known drawbacks, because they do not achieve a convenient balance between speed and accuracy. 
In the light of above facts, the objectives and scope of this paper have been confined to a literature review on the above-
specified topic and to investigate on density and texture-related issues in the joint area of PEMs, by the synergistic use 
of non-nuclear densimeters and more traditional devices. 
In order to pursue the objectives, in-lab and on-site experiments have been designed and performed on a motorway (as-
constructed) in southern Italy. On the basis of the obtained results, specific recommendations have been made for 
practical applications, pointing out limitations, reliability and perspectives. 
 
Keywords: joint, Asphalt, specific gravity. 
 
1. BACKGROUND 
 
Lower density zones can occur at the longitudinal joints and this problem may have a special role in porous asphalt 
concretes. 
Therefore, local singularities in terms of density and surface texture are often detected and this can cause a decreased 
level of performance [1] [2] [3] [4] and can modify pavement life cycle. 
According to the international literature on longitudinal joints [5] [6] [7] [8] [10] [11] [12], construction process is 
affected by many factors: paving technique, joint features, compaction strategy, etc. Visual inspection (surface defects) 
and  joint density measurements are needed in order to estimate density levels and to assess if requirements are fulfilled.   
Specifications usually require a longitudinal joint density at least 90% c.a of maximum specific gravity, or at least 93% 
c.a of the bulk specific gravity of all laboratory prepared specimens [5]. 
Quality assurance procedures on longitudinal-joint of PEMs require a convenient balance between speed and accuracy 
but this goal is quite difficult to obtain [4]. In the light of above facts, the main objective was to investigate on density 
and texture-related issues in the joint area of PEMs, by the synergistic use of non-nuclear densimeters and more 
traditional devices. 
In figure 1 a simple theoretical model for interpreting the variation of specific gravity (Gmb), outflow times (�t), 
effective porosity (neff) and Sand Height (SH) is shown. Six zones are represented [13]: i) 1-2: transition from the 
borderline of the Hot Lane (BHL) to the Undisturbed area of the HL (UHL); ii) 2-3: area of the UHL; iii) 3-4: transition 
from the UHL to the BCL (beyond the  Joint J); note that the points 1 and 4 are predicted to be minima for Gmb 
function; iv) 4-5: transition from BCL to UCL; v) 5-6: area of the UCL; vi) 6-7: transition from UCL to another BCL 
(not in joint).  
The following indicators can be introduced: 
/Gmbik= Gmb (xk)- Gmb (xi)                                                 (Eq.1) 
/xik= xk-xi                         (Eq.2) 
/Gmbik(%) = 100·[Gmb (xk)- Gmb (xi)]/ Gmb (xi)������                  (Eq.3) 
[1Gmb /1x]ik 2 �/Gmbik//xik                                                  (Eq.4) 
/nik = nk-ni                         (Eq.5) 
/nik(%) = 100·[nk - ni]/ ni���������������������������������������                                                   (Eq.6) 
[1n /1x]ik 2�/nik//xik                                                  (Eq.7) 
Similar equations can be easily introduced for the other two indicators �t and SH. 
/(/t)ik= /t (xk)- /t (xi)                                                       (Eq.8) 
/SHik= SH (xk) – SH (xi )                                                   (Eq.9) 
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Figure 2: Multiple Stress Creep Recovery Test Results of Original Aged Bitumens  

(Applied Stress = 100 Pascals) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3:      Percent Recovery Comparison of Bitumens from the Multiple Stress Creep Recovery Test 
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D6752; ASTM D6857; GmbAO = mix bulk specific gravity after opening (ASTM D6752; ASTM D6857); neff = mix 
effective porosity (ASTM D6752; ASTM D6857); Gmbdim= mix bulk specific gravity according to AASHTO T269. 
 The effective porosity (neff) has been calculated from Gmb and GmbAO: neff=(GmbAO	�w- Gmb	�w) 	(GmbAO	�w)-1, �W = water 
density.  
Many possible sources of variance have been considered for the given plan of experiments: 

a) Random distribution of actual values; 
b) Construction; 
c) Test procedures. As above – mentioned three procedures have been considered for the determination of the 

bulk specific gravity: Gmbdim, Gcor, P. In the case of the indicator P, the following main sources of variance have 
been taken into account: aggregate type, temperature, moisture, others. Note that, as is well-known, Gmb is 
dimensionless, while P can be expressed in g/cm3. Anyhow, all the results can be easily interpreted in terms of 
g/cm3 (Gmb·�w), i. e. density. 

Six different sections (S1 to S6) of the same lot of PEM have been surveyed (just after the construction-phase of the 
acceptance) in terms of the above-mentioned classes of indicators (volumetric: Gmb, neff; functional: �t, SH). Note that 
the complexity of the problem, the superposition of different sources of variance (longitudinal, transverse, etc), and the 
particular typology of mix suggested a synergetic use of parameters in the aim of assessing robustness, “descriptive 
power”, and statistical features of each of them.   
 
3. RESULTS AND ANALYSES 
 
Figures 2 and 3 show grading curve, bulk density (dimensional method, range), air voids (effective porosity, range) and 
bitumen content (average value).  
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 Figure 2: Grading curve Figure 3: Range of variation of Gmbdim and neff 
 
Figures 4 to 21 and tables 1 to 3 summarize the obtained results. Figures 4 to 9 show the variations of Gmbdim (specific 
gravity, dimensional method), Gmbcor (specific gravity, vacuum sealing device), P (density, non-nuclear portable device). 
Note that a vertical line (bolded) is reported at the abscissa 490 cm c.a.: it represents the joint position and divides the 
hot lane (HL,  on the left) from the cold lane (CL, on the right). Moreover, note that for each section, on the left real 
values are shown, while on the right a smoothed profile of density is shown. The smoothed profile originates from 
averaging in the aim to reproduce the model set up in figure 1. 
The gap of density at the joint is quite evident, but, at the same time, real values in the Hot Lane are often not close to 
the smoothed profile. 
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Figure 4: Density variation (section 1; left: real values; right: smoothed profile) 
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Figure 5: Density variation (section 2; left: real values; right: smoothed profile) 
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Figure 6: Density variation (section 3; left: real values; right: smoothed profile ) 

S 4

1,65
1,70
1,75
1,80
1,85
1,90
1,95
2,00
2,05

0 100 200 300 400 500 600

Distance (cm)

G
m

b

Gmbdim Gmbcor P

HOT LANE COLD 
LANE

 

S 4

1,65
1,70
1,75
1,80
1,85
1,90
1,95
2,00
2,05

0 100 200 300 400 500 600

Distance (cm)

G
m

b

Gmbdim Gmbcor P

HOT LANE COLD 
LANE

Figure 7: Density variation (section 4; left: real values; right: smoothed profile) 
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Figure 8: Density variation (section 5; left: real values; right: smoothed profile) 
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Figure 9:  Density variation (section 6; left: real values; right: smoothed profile) 
 
Figures 10 to 15 refers to effective porosity (section 1 to section 6). As above seen, for each section, on the right a 
smoothed profile is reported. 
Also in this case, the plot of real values (on the left) only partially overlaps the smoothed profile (on the right). 
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Figure 10: Effective porosity (section 1; left: real values; right: smoothed profile ) 
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Figure 11: Effective porosity (section 2; left: real values; right: smoothed profile) 
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Figure 12: Effective porosity (section 3; left: real values; right: smoothed profile) 
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Figure 13: Effective porosity (section 4; left: real values; right: smoothed profile) 
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Figure 14: Effective porosity (section 5; left: real values; right: smoothed profile) 
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Figures 16 to 21 show SH and �t (dotted line, indicator: triangle; axis on the right) variation over each section. 
 

 

 

 

 

 

 

 

 

 

 Figure 16: SH and	t as function of 
distance (section 1) 

Figure 17: SH and 	t as function of distance 
(section 2) 

 

 

 

 

 

 

 

 

 

Figure 18: SH and 	t as function of 
distance (section 3)  

Figure 19: SH and 	t as function of distance 
(section 4) 
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Figure 15: Effective porosity (section 6; left: real values; right: smoothed profile) 
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Figure 20: SH and 	t as function of 
distance (section 5) 

Figure 21: SH and 	t as function of distance 
(section 6) 

 
Tables 1 and 2 summarise the comparison between the simplified model above-described (figure 1) and the obtained 
results, while in table 3, for each recurring point, the longitudinal variability has been examined (see also figure 1). 
Note that for each section (S), for the given parameter (e.g. Gmbdim), the following statistics have been determined: 

- minimum value (min), maximum value (max), and the relative difference � = max-min; 
- mean (avg); 
- standard deviation (dev.st); 
- coefficient of variation (dev.st/avg); 
- the difference (for example �Gmbdim) between the value of the parameter in the point 4 of figure 1 (probable 

minimum density) and the value of the parameter in the points 2 and 3 of the same scheme in figure 1. Note 
that this value is that one reported on the plots on the right in figures 4 to 9 and it is obtained by averaging the 
values far from “singularities” (joint and shoulder), that is to say by averaging the values in the “middle” of the 
lane. 

 
 Gmbdim Gmbcor P 

S min max /. avg dev. 
st. 

dev.st 
/avg /Gmbdim min max / avg dev.

st. 
dev.st
/avg /Gmbcor min max / avg dev. 

st. 
dev.st
/avg /P 

1 1.67 1.85 0.18 1.72 0.06 0.03 -0.11 1.87 2.00 0.13 1.93 0.04 0.02 -0.08 1.83 1.97 0.14 1.91 0.04 0.02 -0.07

2 1.73 1.91 0.18 1.83 0.06 0.03 -0.12 1.91 2.04 0.13 1.98 0.04 0.02 -0.09 1.89 1.97 0.08 1.93 0.03 0.02 -0.03

3 1.67 1.86 0.19 1.78 0.06 0.04 0.02 1.9 2.00 0.10 1.95 0.03 0.02 0.00 1.82 2.02 0.20 1.93 0.05 0.03 -0.05

4 1.75 1.91 0.16 1.83 0.06 0.03 -0.11 1.94 2.04 0.10 1.98 0.03 0.02 -0.05 1.84 1.99 0.15 1.93 0.04 0.02 -0.04

5 1.75 1.88 0.13 1.82 0.05 0.03 -0.11 1.92 2.02 0.10 1.96 0.03 0.02 -0.04 1.87 1.91 0.04 1.89 0.01 0.01 -0.02

6 1.69 1.89 0.20 1.80 0.08 0.05 -0.14 1.90 2.02 0.12 1.97 0.05 0.02 -0.04 1.85 1.96 0.11 1.90 0.04 0.02 -0.03

Avg 1.71 1.88 0.17 1.80 0.06 0.03 -0.10 1.91 2.02 0.12 1.96 0.04 0.02 -0.05 1.85 1.97 0.12 1.91 0.04 0.02 -0.04

Table 1:     Main statistics (densities) 
 

 neff / t SH 

S min max /. avg dev. 
st. 

dev.st 
/avg /neff min max / avg dev.

st. 
dev.st
/avg /�/t) min max / avg dev. 

st. 
dev.st
/avg /SH 

1 25.11 30.32 5.21 27.71 1.67 0.06 3.17 3.33 4.83 1.5 4.05 0.65 0.16 -1.07 2.83 3.46 0.63 3.20 0.33 0.10 0.48 

2 21.81 28.51 6.7 24.90 2.61 0.11 4.80 5.03 13.18 8.15 7.14 3.42 0.48 -8.15 1.79 2.89 1.1 2.27 0.57 0.25 0.34 

3 24.07 28.4 4.33 26.12 1.58 0.06 1.55 2.41 6.06 3.65 4.68 1.53 0.33 -0.82 2.41 2.92 0.51 2.72 0.27 0.10 0.43 

4 20.33 27.03 6.70 24.24 2.40 0.10 4.01 4.57 7.52 2.95 5.80 1.28 0.22 -2.47 1.96 3.19 1.23 2.78 0.71 0.26 1.23 

5 23.11 27.39 4.28 25.54 1.58 0.06 2.79 4.01 5.39 1.38 4.81 0.57 0.12 -0.68 4.68 5.66 0.98 5.10 0.50 0.10 -0.98 

6 21.85 26.95 5.1 24.55 1.71 0.07 2.71 4.27 6.89 2.62 5.46 1.00 0.18 -0.53 3.72 9.14 5.42 5.95 2.84 0.48 1.25 

Avg 22.71 28.10 5.39 25.51 1.923 0.08 3.17 3.94 7.31 3.38 5.32 1.41 0.25 -2.28 2.90 4.54 1.65 3.67 0.87 0.21 0.46 

Table 2:     Main statistics (effective porosity, outflow time, sand height) 
 

Sections: S1-S6 Gmbdim Gmbcor P 

� Points � /. avg / avg / avg 

(Cold Lane)  c6 0.16 1.78 0.11 1.96 0.07 1.88 

(Cold Lane) c5 0.23 1.80 0.11 1.96 0.07 1.91 

(Cold Lane) c4 0.20 1.81 0.10 1.97 0.11 1.90 

(Cold Lane) c3 0.15 1.85 0.08 2.00 0.09 1.92 

(Joint) cg 0.17 1.78 0.09 1.96 0.10 1.92 

(Hot Lane)  c8 0.12 1.75 0.07 1.94 0.05 1.90 

(Hot Lane)  c9 0.17 1.78 0.12 1.95 0.07 1.91 

                                                        Table 3: “Longitudinal” statistics (Cfr. figure 1) 
 
By referring to figures 4 to 21 and tables 1 to 3 the following observations may be drawn: 

a. though some of the well-known undesired effects have been controlled (water  content, temperature, aggregate 
type-basalt, etc.), statistic robustness of the data base needs to be optimised. Values summarized in figures 4 to 
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9 show that each indicator of density has a different range of variation and biases among the different types of 
measurement are present as demonstrated in previous experiments [13]. The minimum value is usually given 
by the dimensional method (Gmb), the maximum by the vacuum sealing method (Gmbcor), while the highest 
range of variation is usually obtained through measurement carried out according to the dimensional method. 
Note that each value of Gmb or P originates from only one measurement. Therefore variance is affected both by 
spatial variability (longitudinal and transverse) and errors in measuring HMA density as above specified  [9]. It 
must be remarked that Gmbdim is greatly affected by core integrity. Many points do not agree with the simple 
model above-formalised; some of them are suspected to be outliers; 

b. as above-mentioned, density gaps at the boundaries (longitudinal joints and shoulders) greatly affect pavement 
quality. The higher the gap the more detrimental the consequences. Density gaps (Eq.1) are around -0.13 for 
DGFCs [4], while they can range up to -0.14 for the investigated PEMs. More research is needed to assess if 
PEMs and DGFCs have a similar behaviour;  

c. on the basis of the collected data, the coefficient of variation of the three considered “densities” is  about ten 
times lower than that of �t and SH (�0.02 vs.0.2);  

d. as far as  drainability (�t, s) and sand height (SH, mm) are concerned, it is important to observe that 1) when 
SH increases usually �t decreases; 2) boundary effect influence both SH and �t;   

e. the model in figure 1 resulted to be quite consistent. In the HL, joint area, �Gmbcor � -0.05, �Gmbdimr �  -0.10, 
�P � -0.04, �(�t) � -2.28, � neff  � 3.17, �SH � 0.46 (equations 1, 5, 9); 

f. note that, when percentages are concerned, the gaps for densities results -0.10/1.80·100=-6% for (Gmbdim), -3% 
for (Gmbcor), -2% (for P) and +13 % for (neff). On the contrary gap percentages for surface properties result as 
follows: -2.28/5.32·100 = -43% (for �t), +13% (for SH). It is interesting to observe that, when joint 
discontinuities are concerned, for the given case-history, SH has the highest sensitivity and P has the lowest 
sensitivity.   

g. finally it is important to remark that “longitudinal” variability (as opposite to transverse variability reported in 
tables 1 and 2) introduces an appreciable “noise”, often comparable to transverse variability (mainly due to 
joint construction). For example, for Gmbcor, longitudinally (see table 3), � ranges from 0.07 up to 0.12, while, 
across the section, � ranges from 0.10 up to 0.13 (see table 1). 

 
4. CONCLUSIONS 
 
In the light of above facts, the following main findings may be drawn: 
1) variations due to material and construction greatly affect the collected data base (see tables 1 to 3). For densities, 

bias among different methodologies is quite evident. Future research will include the consideration  of the clustered 
measures of P (5 measures for each point); 

2) on the basis of the collected data, it seems that P fits Gmbcor better than Gmbdim. Though its high-speed, the reliability 
of the non nuclear portable densimeter for the measurement of longitudinal joints density in HMA calls for 
improvements. However, tests seem to prove the possibility to detect important density variations. The key factor 
seems to be to “centre” the process (calibration); 

3) the transverse variations of the effective porosity are often quite appreciable and consistent;  
4) density and specific gravity transverse variations seem to be quite similar to that recorded by other authors on 

DGFC;  though more research is needed, this could support similar acceptance criteria for longitudinal joints in 
PEMs; 

5) the simple model formalised for bulk properties (density and porosity) and for surface properties (outflow times 
and macrotexture) has been in part validated; 

6) at longitudinal joints, it seems that the percent gap in bulk properties is generally lower than the percent gap in 
surface properties (absolute values);  

7) more research is needed on many of the above-mentioned topics. Future research will aim to mitigate the influence 
of the involved boundary conditions in order to make it possible to pursue more reliable inferences. 
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ABSTRACT 
 
This work intends to test a new application of artificial neural networks (ANN) to predict the effect of short and long-
term aging (RTFOT and PAV) of bitumen-rubber binders modified with shale-oil residue. Aging indices were used, 
based on penetration and softening point data obtained from thirty five bitumens, modified with different concentrations 
of crumb rubber and shale-oil residue. Multilayer Perceptron neural networks were used to model six aging indices. 
The association between fitted values by ANNs and observed values was evaluated through the coefficient of 
determination (R²). ANNs revealed to be effective tools to predict the effect of short and long-term aging of bitumen-
rubber binders modified with shale-oil residue, even for small samples, although the quality of the prediction has shown 
to be aging index dependent. The effect of aging can be better predicted through the ratio between penetration values, 
although the prediction using the increase of softening point values is satisfactory. Prediction of the effect of aging of 
bitumens using ANNs is advantageous in comparison to traditional statistical regression techniques, as the time for 
processing data is reduced and the prediction of new values can be done without requiring the researcher to have 
specific knowledge about conventional experimental planning and regression techniques. 
 
Key-words: bitumen-rubber binder, shale-oil residue, artificial neural networks, short- and long-term aging 
 
1. INTRODUCTION 
 
Artificial neural networks (ANN) are part of one of the branches of Computer Science, named Artificial Intelligence 
(AI), whose function is to develop computational models inspired in the natural capacity of the human brain of solving 
problems. The development of ANNs backs to the decade of 1940, when the first artificial model of a biologic neuron 
was proposed (McCulloch and Pitts model). However, only 40 years later, in the decade of 1980, the ANNs began to be 
widely used. Nowadays, because of the development of computation and the need of solutions of problems more and 
more complex, ANN are used in several areas, including biology, medicine, business, environment, industry, 
engineering, geology, physics, etc. Their main functions are related to the capacity of learning by examples, 
interpolating based on given standards and selecting specific characteristics from a sampling universe. Another 
important characteristic of ANNs is their low sensitivity to noise, that is, they are able to identify and discard inputs that 
are very different from the average values of the data set used to train the network. 
ANNs work basically learning by examples. Sets of inputs and outputs are presented to the network and then it learns to 
predict new values, based on the standards that the network captures from that specific set of values. If a slight change 
in the data is done, the obtained model can also be slightly different. This is due to its characteristic ability to learn by 
examples. Therefore, the quality of the inputs is determinant to the quality of the prediction obtained from the trained 
network. The quality of the learning also depends on the number of inputs used to train the network. One would expect 
that ANNs models obtained in researches related to bituminous materials would be poor, as to collect wide samples is 
not an easy task in most cases. In spite of this difficulty, some researches [3-5] show that ANNs are able to predict 
physical properties of bitumens with acceptable levels of accuracy. 
Due to their capacities, ANNs represent a potential tool in the solution of problems of Transportation Engineering. 
ANNs were used by the first time in the beginning of the decade of 1990, in areas as material classifications, prediction 
of materials performance, construction and rehabilitation of pavements, including non-paved roads, and transportation 
planning (Rodgher [1]). However, a small number of application of ANNs to predict the physical behavior of bitumens 
are available, as Dantas Neto et al. [2], that applied ANNs to model the viscosity of virgin binders, and the papers of 
Faxina et al. [3] and [4], where the authors applied ANNs to predict the effect of short-term aging on bitumens modified 
with crumb rubber and shale-oil residue, using the measurements of mass loss and fundamental properties measured in 
the shear mode (G* and �), and of Faxina et al. [5], where the authors compared the capacities of ANNs and traditional 
statistical modeling to predict the empiric rheological properties of bitumens modified with crumb rubber and shale-oil 
residue, in the virgin and short- and long-term aged conditions. It seems that there are not references in the literature to 
other studies related to the prediction of the effect of aging on properties of bitumens using ANNs. 
Perceptron, Adaline and Multilayer Perceptron (MLP) are currently the most used ANNs. Other ANNs are also applied 
to solve problems in Civil Engineering as the ANNs with radial basis, Kohonen and Hopfield (Rodger [1]). MLP ANNs 
are the most used nowadays, as they are able to solve problems that are non-linearly separable (Warner e Misra [6]). A 
linearly separable problem is one in which there is a hyperplan, reduced to a line in two dimensions, that can fully 
separate the classes the classifier tries to identify. In this kind of ANN, intermediate layers are placed between the input 



and the output layers, and the number of intermediate layers can be adjusted according to the complexity of the problem 
and the accuracy desired. There is not a predefined architecture and the user has to search the best alternative. This 
particularity of ANNs type MLP relates the quality of the solution to the quality of the architecture adopted. The 
training algorithm associated to MLP is the backpropagation (a supervised-learning algorithm), that permits the 
minimization of error adjusting the weights of the synapses. 
Studies about the effect of aging on bitumens have been performed during the last decades, trying to obtain a wider 
understanding of this phenomenon and its implications on the chemical and physical behavior of bitumens. Finding a 
method that simulates in laboratory, with the highest accuracy, the severe conditions that the bitumens are submitted in 
the field is, until now, one of the greatest challenges. SHRP drawn attention to the aging phenomenon, what led to a 
specification that requires the bitumen to be submitted to two aging procedures and consider the effect of aging to select 
bitumens. The procedures of the rolling thin film oven test (RTFOT) and the pressurized aging vessel (PAV) were 
incorporated to Superpave specification and are currently the most used in simulations in the lab. The procedure using 
the rolling cylinder (RCAT) is being used in researches, especially in Europe, and represents a promising alternative to 
study aging effect, once it combines, in the same procedure, the effects of short- and long-term aging. 
The objective of this works is to test the viability of using the artificial neural network to predict the effect of short- and 
long-term aging of bitumens, using the RTFOT and PAV procedures. Four groups of bitumens were selected: (1) 
conventional (non-modified), (2) modified with shale-oil residue, (3) modified with crumb rubber, and (4) modified 
with crumb rubber and shale-oil residue. Thirty five different bitumens were submitted to softening point and 
penetration tests, in the virgin and short- and long-term aged conditions. The effect of aging was evaluated through 
aging indices calculated using the values of softening point and penetration. Although not required to collect data to fit 
ANN models, a designed experiment was used and is briefly described below. 
Due to its capacity of learning, ANNs are a powerful tool to predict new values to problems with characteristics similar 
to those used in the training step. But it is worthy to remember that the trained network is specific to the data set used to 
train it, what means that the user can only apply the trained network to interpolate, never to extrapolate. Predicting the 
effect of aging in bitumens using this tool is advantageous when compared to traditional statistical techniques, 
especially in relation to the reduction of time consumed to handle and analyze data. Traditional statistical regression 
also requires the design of an experiment to specify the sample to be collected, what obliges the experimenter to have 
specific knowledge about designs of experiments. ANN is a practical tool to predict the effect of aging in the 
formulation of compositions of bitumen-rubber different from those from which information is available. 
 
2. DATA USED TO FIT THE ANN MODELS 
 
Data used to adjust the ANN models were obtained from a wider experiment, designed to assess the technical viability 
of using the shale-oil residue as an extender oil in rubber-bitumen systems. It was assumed that only physical properties 
would be of interest to verify the hypothesis that shale-oil residue could work as an extender oil. Five variables 
intervenient in the quality of the rubber-bitumens were selected, namely bitumen proportion, crumb-rubber proportion, 
shale-oil residue proportion, temperature of processing and time of processing. The objective was to evaluate how the 
proportions of the components and the levels of the process variables interfere on the role of shale-oil residue in the 
compositions. Although chemical characteristics of the components and chemical interactions are known to be relevant 
to evaluate the characteristics of aging of the samples, only rheological properties were selected, as a chemical 
evaluation of the phenomenon would be beyond the purpose of the original research. 
The bitumens were selected according to an experiment designed with the statistical tool of experiments with mixtures 
(Cornell [7]), taking account of restrictions in the proportions of the components and process variables. Denoting x1 as 
the proportion of bitumen, x2 as the proportion of crumb rubber and x3 as the proportion of shale-oil residue in the 
mixture, the restrictions imposed in percentage are: 0�x1�100, 0�x2�22 e 0�x3�18. This theory also requires the 
following restrictions to be met: x1 + x2 + x3 = 100 e x1, x2, x3 > 0. Temperature and time are the two process variables 
included, only at the high and low levels. Temperature levels are 170 and 200°C, codified as (-1) and (+1), and time 
levels are 90 e 120 min, codified as (-1) e (+1). 
Despite mixing speed is an important process variable in the production of bitumen-rubber, it was kept fixed to 4.000 
rpm, as a manner of fractionating the experiment. The design mixtures are: 100-0-0, 91-0-9, 82-0-18, 89-11-0, 60-22-
18, 69-22-9, 71-11-18, 78-22-0 and 80-11-9, where the first number is the proportion of bitumen, the second the 
proportion of crumb rubber and the third the proportion of shale-oil residue. Process variables were applied only to 
mixtures containing rubber. An additional set of mixtures was prepared, also using the theory of experiments with 
mixtures, based on the following restrictions: 68�x1�100, 0�x2�18 e 0�x3�14, to provide data for the validation step. 
These mixtures were prepared in the level (-1,-1) of the process variables (170°C and 90 min). The following mixtures 
compose the second set: 93-0-7, 86-0-14, 91-9-0, 77-9-14, 82-18-0, 75-18-7 e 68-18-14. 
The crumb rubber used was obtained from discarded tires of heavy vehicles (tractors and trucks). Its particle-size 
distribution is shown in Table 1. Thermogravimetry analysis indicated the following composition of the crumb rubber: 
64.3% of elastomers and plasticizers, 31.4% of carbon black e 4.3% of inorganic materials. The base bitumen is graded 
as a PG 70-10 according to Superpave and as a 30/45 bitumen in the penetration grade. The shale-oil residue is 
classified as AR-5 according to ASTM D4552. 
Data used to adjust the ANN models were obtained from penetration test (according to ASTM D 5-05a) and softening 
point test (according to ASTM D 36-95). Thirty five bitumens, in the virgin, short-term aged and long-term aged 



conditions were evaluated. Short-term aging was run in accordance with ASTM D 2872-97 and long-term aging, using 
RTFOT residue, was performed as described in ASTM D 6521-03a. The aging indices used were the ratio of 
penetration values or retained penetration (TFOT/virgin, PAV/RTFOT e PAV/virgin), in percentage, and the increase in 
softening point values (RTFOT-virgin, PAV-RTFOT e PAV-virgin), in °C. 
 

sieve opening, mm 1.19 0.59 0.42 0.297 0.175 0.150 0.074 bottom 
% passed 100.00 99.24 59.74 44.99 15.84 11.31 2.46 0.00 

 
Table 1:  Particle-size distribution of crumb rubber 
 
3. ANALYSIS PROCEDURE 
 
Table 2 brings the characteristics of the ANNs used to forecast the values of the aging indices. The architectures used 
are the most adequate and were chosen amongst several ANNs tested. The first number (5) represents the set of inputs, 
which corresponds to the proportions of bitumen, crumb rubber and shale-oil residue and to the process variables 
(temperature and time). The last numeral (always 1) is the number of outputs, which corresponds to the aging indices. 
The in-between numerals are the number of neurons of the intermediate layers: the models related to penetration were 
fitted using two intermediate layers and the models related to softening point were adjusted using three intermediate 
layers. The learning rate and the momentum are the same for all the modeled indices. Table 2 also contains the number 
of samples used to train and to validate the ANN models. Validation data were selected randomly and correspond to 
about 20% of the available data. The average error was set at 0.01. The average errors indicated in Table 2 are the 
values obtained after the training step. The number of cycles used in the training step is indicated in the last column. 
Some problems did not converge even to an elevated number of cycles.  
 

Table 2. Characteristics of ANNs 
 

Aging index Architecture Learning rate Momentum Data to training step Data to validation step 
pen RTFOT/virgin 5-7-10-1 0.6 0.8 106 26 
pen PAV/RTFOT 5-7-7-1 0.6 0.8 106 26 
pen PAV/virgin 5-7-7-1 0.6 0.8 106 27 

SP RTFOT-virgin 5-8-6-5-1 0.6 0.8 95 20 
SP PAV-RTFOT 5-8-6-9-1 0.6 0.8 89 20 
SP PAV-virgin 5-8-8-1 0.6 0.8 88 21 

 
4. RESULTS 
 
Figures from 1 to 6 indicate the association between the values predicted using ANNs and the real values. The coefficient 
of determination (R2) was used to measure the quality of the association between fitted and real values. Values near 1 
indicate the high capacity of ANNs to predict the effect of aging on bitumens. The plot in the left shows the association 
between predicted and real values for the training set and the plot in the right depicts the degree of association for the 
validation set. The R2 for penetration RTFOT/virgin is good, but the R² for the indices based on softening point are not that 
good, although the association is still satisfactory when the particularities of the test are taking into account. 
The possibility of changing the architectures makes the MLP ANNs a very flexible tool in model fitting and permits the 
investigation of other settings, in order to fit better models. However, experience shows that networks with two 
intermediate layers with the number of neurons about the double of the number of inputs, as those used in this study, are 
enough to model the majority of the problems with reasonable precision. Even using this kind of architecture, the 
models for softening point did not present fittings as good as the models for penetration. This motivates the reflection 
about which other factors may be influencing the quality of the fitting. 
The capacity of ANN to predict new values (the quality of the prediction) is also highly dependent on the quality of the 
data used to train the network. It was observed that, for penetration PAV/RTFOT, that presented the highest R² for training 
(99%), data are dispersed in an almost homogeneously way in the range of variation of this property. On the other hand, 
for the indices associated to softening point, that presented the smallest R², there is a concentration of points in certain 
regions. Figure 5, that depicts the association between fitted and real values for softening point PAV-RTFOT (R² = 77%) is 
a good example of the concentration of data in certain regions. Such a concentration reduces the quality of the learning 
and, consequently, the quality of the prediction. It was also observed that the quality of the fitting and the quality of the 
prediction are extremely sensitive to the data set that the software selects randomly for the training and validation steps. 
As the indices used are obtained from values of penetration and softening point, in the virgin and aged conditions, 
the low quality of the correlations for some problems, both in the training and the validation, is probably related to 
the quality of the data, that depends on the circumstances that they were obtained. Out of several intervenient factors, 
the following can be named: the quality of the experimental design in terms of the adequacy of the compositions and 
the level adopted for the process variables, the control on the inputs, the heterogeneity of the samples and the 
variability inherent to the test procedures. 
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Figure 1:  Association between predicted and real values for penetration RTFOT/virgin (training set in the left 

and validation set in the right) 
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Figure 2:  Association between predicted and real values for penetration PAV/RTFOT (training set in the left 

and validation set in the right) 
 
 

Penetration PAV/virgin

y = 0,9947x
R2 = 0,9805

25

35

45

55

65

75

85

95

25 35 45 55 65 75 85 95
real values (%)

fit
te

d 
va

lu
es

 (%
)

  
 
Figure 3:  Association between predicted and real values for penetration PAV/virgin (training set in the left 

and validation set in the right) 
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Figure 4:  Association between predicted and real values for softening point RTFOT-virgin (training set in the 

left and validation set in the right) 
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Figure 5:  Association between predicted and real values for softening point PAV-RTFOT (training set in the 

left and validation set in the right) 
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Figure 6:  Association between predicted and real values for softening point PAV-virgin (training set in the left 
and validation set in the right) 

 
Another question to be considered while working with prediction is the adequacy of the input as good predictors of the 
outputs. The variables considered in this study seem to be good predictors of the variability of the indices penetration 
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PAV/RTFOT and penetration RTFOT/virgin, but the same variables do not seem to be good predictors of the variability 
of the indices based on the softening point. Softening point seems to be a property more sensitive to other factors, 
inherent to the aging practices used, not perfectly controlled, for instance, either because they are factors of difficult 
control or because they are simply unknown. On the other hand, the indices penetration PAV/RTFOT and penetration 
RTFOT/virgin seem to be less sensitive to these not-controlled variability sources. Perhaps factor as variations of 
temperature, exposition time and film thickness, theoretically controlled, are factors more expressive on the variability 
of differences in softening point than the proportions of the components and the levels of the process variables, that are 
factors intrinsic to the composition of the mixtures and not exactly related to the aging mechanisms. In the case of the 
indices based on softening point, one possibility to be tested in order to improve the functional relationships is to use 
another type of relationship between data, for instance, the quotient and not the difference between values. 
 
5. CONCLUSIONS 
 
Multilayer Perceptron ANNs are efficient tools to model complex phenomena in several areas of knowledge and were 
tested in this work in relation to their capability to predict the effects of short- and long-term aging of bitumens 
modified with crumb rubber and shale-oil residue. ANNs reveled to be effective tools to predict the effect of accelerated 
aging, even for a small data set, although the quality of the prediction has shown to be aging index dependent. 
The best correlations between fitted and real values were obtained for the aging indices penetration PAV/RTFOT and 
penetration RTFOT/virgin. Poorer but satisfactory correlations were obtained for the indices based on the differences 
of softening point and for the penetration PAV/virgin. Out of the possible reasons for theses discrepancies in the 
capacity of prediction of the ANNs, some were identified and discussed. The quality of the data available to train the 
networks is a determinant factor, as the quality of the correlations is associated to the homogeneous distribution of 
data along the range of variation of the aging indices. Concentration of data in certain regions of this range reduces 
the quality of the learning and, as a consequence, reduces the quality of the prediction. Although there is 
randomization, the way the software separates the available data in training and validation sets also interferes 
expressively on the quality of fitting. 
The variability inherent to the tests of penetration and softening point also influence the quality of the prediction. 
Regarding to this, some factors were cited, as the quality of the experimental design in terms of the adequacy of the 
compositions and the levels of the process variables, the control of the inputs, the heterogeneity of the samples and the 
variability inherent to the test procedures. 
The adequacy of the inputs as predictors of the effect of aging was also indicated as an important factor on the quality 
of the prediction. The variability of the indices penetration PAV/RTFOT and penetration RTFOT/virgin was well 
explained by the variations in the proportions of the components and the levels of the process variables, but the 
variability of the aging indices based on the softening point was not well explained by these variables. Softening point 
seems to be highly sensitive to other sources of variability associated to aging, as variations of temperature, exposition 
time and film thickness, and not only those controlled in the experiment. The indices penetration PAV/RTFOT and 
penetration RTFOT/virgin seem to be less sensitive to not-controlled sources of variability, associated to aging 
procedures of the Superpave specification. Especially for the aging indices based on softening point, one alternative to 
be tested in order to improve the functional relations is to use another type of relation between data in the different 
aging conditions, for instance, the quotient and not the difference between the values. 
It is worthy to remember that the conclusions obtained in this research are valid in the conditions specified in the design 
of the experiment and that the ANNs can be used only to interpolate, never to extrapolate. Interpolating means that new 
values can be predicted only if materials are similar to the ones used in this experiment and if the process variables are 
in the ranges used here. This is due to the fact that the learning process is fully based on the examples used to train the 
networks. Different materials and process variables would result in a different data set that would result in a new ANN 
with a new set of weights. This does not diminishes the importance and the effectiveness of the ANNs as a prediction 
tools but only highlights the natural dependence that any process of learning, training or modeling has on the quality of 
the original data. 
As already pointed out by other applications, the MLP ANNs are powerful tools to prediction. In relation to the present 
study, it is important to compare the effectiveness of ANNs in predicting the effect of aging on rheological properties of 
bitumens with the quality of prediction using traditional statistical techniques. In spite of this comparison, that will be 
done in another opportunity, MLP ANNs are tools extremely flexible, practical and fast, specially nowadays, when 
computers of high capacity are available. The application of ANNs requires a set of knowledge more restrict than the 
needed to perform a conventional statistical analysis. Additionally, ANNs are applicable to phenomena in which the 
functional relationships between inputs and outputs are not explicit. Due to theses advantages, the use of ANNs is also 
promising in other applications related to paving. 
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ABSTRACT 
 
In preparing modified bitumen, generally thermoplastic elastomers as SBS (Styrene-Butadiene-Styrene) polymers have 
been used. In this work the influence of the nature of SBS system (linear or radial or their mixtures, keeping constant 
the whole polymer content, i.e. ca. 5 wt%, and constant butadiene/styrene ratio, ca. 2.3) on the chemical and 
rheological properties of the so-modified bitumen was evaluated as a function of the storage conditions.  
The structural evolution of modified and base bitumens was followed after ageing up to 3 weeks at 180°C under static 
partially oxidative conditions. Molecular weight of polymer and bitumen components was determined by GPC (Gel 
Permeation Chromatography), 1,2-butadiene amount by 1H-NMR and aromatic/aliphatic carbon fraction by 13C-NMR 
(Nuclear Magnetic Resonance), amount and nature of aromatic radicals by ESR (Electron Spin Resonance) and 
oxidation degree (i.e. carbonyl formation) by IR (InfraRed Spectroscopy). These data were compared with rheological 
transformations (i.e. viscosity test).  
Both bitumen and polymers in the mixtures showed a higher stability with respect to the pure materials.  
A degradation mechanism was proposed to explain the experimental evidences. 
 
Keywords: modified bitumen, polymers, thermal oxidation, cross-linkage, chemical properties, viscosity 
 
 
1. INTRODUCTION 
 
Requisite high-temperature storage of modified bitumens, prior to road paving, can be dramatically complicated by 
large increases in viscosity due to various phenomena, which have not be clearly detailed at the molecular level. Only in 
the present, bitumens were studied using empirical test methods. Due to large differences in origin, the chemical-
physical and mechanical (e.g. penetration and softening point) properties of conventional bitumen vary. Synthetic 
polymers are usually added, commonly SBS (Styrene-Butadiene-Styrene), to impart bitumen quality (e.g. toughness, 
elasticity) [1]. Besides the desired mechanical and plastic properties conferred to the modified bitumen, polymer 
addition can modify the stability of the mixture, because SBS is vulnerable to thermal and oxidative degradation. 
Thermal oxidation occurs through cross-linking of polybutadiene and causes enhanced linear visco-elasticity and strain-
hardening [2]. 
Physical chemical techniques were applied to evidence the molecular changes of both polymer and bitumen fractions 
during thermal ageing and the influence of these changes on physical and rheological properties. An un-modified 
bitumen and three modified bitumens were examined, where SBS (Styrene-Butadiene-Styrene) had linear (L) and/or 
radial (R) tertiary structures, during ageing at 180°C under a partially oxidative atmosphere for 3 weeks. 
 
 
2. EXPERIMENTAL 
 
2.1 Materials 
 
The base bitumen applied in this study was chosen with poor rheological and chemical properties, in order to enhance 
the effects of polymer addition. In fact, the base bitumen was modified by adding tri-block SBS (Styrene-Butadiene-
Styrene), with L or R tertiary structures, in different amounts (Table 1). modified bitumen was considered to be “un-
aged” (time zero) at the moment of reactor unloading.   
 
 
 

polymer - L-SBS R-SBS 
tertiary structure - linear radial 
physical state - powder powder 
styrene wt % �30 �30 
butadiene wt % �70 �70 

 
 
 
 



bitumen method  base modified modified modified 
sample   A B C D 
L-SBS  wt % - 2.25 3.25 5.50 
R-SBS  wt % - 2.25 1.50 0.00 
penetration EN 1426 dmm 86 56 61 53 
Ring & Ball softening point EN 1427 °C 44.0 83.5 86.5 84.0 
viscosity at 160°C EN 12596 poise 0.9 4.3 3.3 4.5 

 
Table 1:   Physical-chemical properties of polymers and bitumen 
 
 
2.2 Ageing procedure 
 
The un-modified and modified bitumens were quickly warmed and poured into aluminium cups and stored in a non-
convection oven at 180°C with air atmosphere. Small portions were removed at different times (3, 6, 9, 13, 16 and 20 
days) and kept at room temperature until analysis. Pure SBS was aged in a thin layer at 180°C in air for 10, 15, 20, 26, 
30, 40, 50, 60 and 110 min. 
 
2.3 Physico-chemical and rheological characterisation 
 
GPC analysis was performed on a Waters system and the data elaborated by Millenium vers. 3.20 software. Six 
columns packed with polystyrene support  (Styragel HR, 300mm x 7.8 mm ID) were chosen, in order to cover the 5x101 
– 105 molecular weight range. Calibration was performed using 5 monodisperse polystyrene standards with masses in 
the 947-109000 range. Samples, fluidised and homogenised by heating at 60°C under stirring, were injected at a 
concentration of  5 mg/ml in tetrahydrofuran (THF) with a 250 'l volume. The temperature was fixed at 40°C and the 
flow rate at 1 ml/min.  
The GCP data allow to describe the weight distribution according to the weight averages, calculated as follows: 
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where Ni represents the number of molecules with a molecular weight of Mi (expressed a g/mol). PI, i.e. polydispersity 
index, is related to the homogeneity of molecular weights in a certain range of elution. 
1H NMR spectra were collected with a Varian VXR-400 NMR spectrometer for samples dissolved in CDCl3. Spectra 
were recorded at 400 MHz with a 10° flip angle (2.5 's pulse) and 4 s re-cycle delay. Shifts were referenced in two 
ways: for SBS using the residual CHCl3 signal (7.25 ppm) and for bitumen-containing samples using the tallest signal 
(1.25 ppm) due to the linear chain methylene protons.  
IR spectra were carried out in transmission mode in the 4000-400 cm-1 region, resolution 1 cm-1, with a FT-IR mod. 
2000 (Perkin-Elmer) spectrometer. The samples were diluted 1 wt% with KBr, carefully mixed and pressed into one 
thin wafer. The IR spectra (10 scans) were recorded at room temperature. 
ESR analysis was performed at room temperature with a continuous wave ESR spectrometer (Bruker ESP-300E) 
operating at 9.5 GHz. Small fragments of bitumen (ca. 40 mg) were accurately weighted and positioned in the middle of 
the resonant cavity inside thin-wall NMR glass sample tubes. These experimental conditions assured that the registered 
intensity was proportional to sample weight. Spectra normalized by weight were compared graphically to obtain relative 
intensities of the observed signals. Low excitation power (0.001 mW) was used to avoid signal saturation. The other 
acquisition parameters were: modulation amplitude = 0.99 G, receiver gain = 5 exp 4, conversion time 328 ms, time 
constant 5.12 ms.  
Viscosity of un-modified and modified bitumen was measured by one rotational viscometer RT-20 Rotovisco Haake at 
160°C. The relation between measured stress and rotor speed was evaluated, applying a speed gradient from 0 to 1000 
rpm in 10 min.  
 
 
3. RESULTS AND DISCUSSION 
 
3.1 GPC analysis 
 
The GPC profiles of D sample during ageing, depicted in Figure 1, are representative of both modified and original 
bitumen. The high molecular weight (MW) polymeric fraction elutes in the 35-45 min range. Low MW bituminous 
species (and polymeric fragments) exit in the 45-63 min range and THF is at t>63 min. Beside the MW (from elution 
time), from the width of the elution peak the dishomogeneity of composition is evaluated, with a larger profile reflecting 
a wider distribution in MW’s (from heavy to light species). This lack of well-separated peaks was expected for complex 
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systems: the more extended the degradation, the larger appears the elution peak of bitumen. Mn values reported here are 
relative to calibration standards (polystyrenes) and not absolute.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  GPC profiles of modified bitumen D at different ageing times (expansion shows elution region of 
polymers) 
 
 
In Table 2 the main GPC results are summarised for both polymeric and bituminous fractions as a function of ageing 
time. Before ageing (time zero), Mn of bitumen is lower when SBS is present and when SBS has a greater content of 
linear architecture, i.e. following the rank A>B>C>D.  
  

A polymer bitumen
days Mn PI Mn PI

0 813 1.77
3 809 2.21
6 897 2.49

10 1073 3.25
13 1090 3.66
17 1178 3.89
20 1204 3.17

B polymer bitumen
days Mn PI Mn PI

0 93157 1.03 712 1.56
3 29497 1.14 664 1.81
6 25368 1.65 777 2.65
8 24047 1.03 816 2.07
9 24129 1.03 766 2.13

16 23604 1.04 818 1.96
C polymer bitumen

days Mn PI Mn PI
0 153561 1.17 705 1.52
3 67548 1.46 646 1.49
6 34752 1.15 730 1.74
9 26827 1.07 770 1.96

13 22463 1.05 687 1.75
16 22252 1.04 802 1.93
20 22391 1.03 835 2.04

D polymer bitumen
days Mn PI Mn PI

0 130389 1.11 696 1.49
3 69491 1.41 722 1.55
6 37077 1.21 758 1.75
9 24985 1.07 689 1.76

13 24177 1.06 782 1.82
16 22839 1.06 804 1.88
20 22443 1.05 795 1.99  

Table 2:    Evolution of the GPC parameters of un-modified and modified bitumens during ageing 
 
 
Ageing of the un-modified bitumen (A) caused a strong increase in MW. The causes for this increase, with the critical 
concomitant viscosity enhancement, will be focussed on later. The increase in Mn of bitumen with time was less 



pronounced for the modified bitumens. Mn of the polymer fraction exhibited the opposite trend, decreasing with time. 
Apparently, L-SBS slows the rate of degradation of polymer, evaluated by polymer Mn decrease, yielding the following 
rank of stability: D	C>B. 
 
3.2 ESR analysis 
 
Two signals are normally observed in bitumen by ESR spectroscopy [3]. One, rather weak, is formed by two octets, due 
to parallel and perpendicular hyperfine coupling of the electron spin with 51V (I = 7/2) and is assigned to vanadyl 
species (VO2+), inevitably present in trace amounts. The other feature is an intense and broad structureless signal at g = 
2.003 (R°), assigned to an organic radical, where the unpaired electron is delocalised over fused rings. The spectrum of 
B is reported in Figure 2, as a representative example. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: ESR spectrum of B 
 
 
Ageing did not affect the VO2+ species, but the R° signal increased and sharpened. The line sharpened as the organic 
radical content increased. Signal intensity is directly proportional to radical concentration, while the interpretation of 
bandwidth variations is not straightforward,  although generally ascribed to reduced electron-nuclear spin interaction, as 
would occur during ring fusion. The observed increase in radical concentration of modified bitumens on ageing agrees 
with the known radical mechanism for thermo-oxidation of organic materials. Indeed, oxygen is known to act as a 
radical multiplier via the formation of easily dissociable peroxide species. Thermo-oxidation in organic polymers is also 
a radical process, however the radicals are rarely observed due to their intrinsically low stability.  
The un-modified bitumen showed a higher radical concentration compared to the modified bitumens, pointing to more 
severe modifications. The radical concentration values follows the rank: A>B>C�D (see Figure 3).  
It appears that the linear polymer is more effective than radial one in the stabilisation of the modified bitumen. The 
maximum observed stabilising effect was already obtained at the L/R ratio = 3.25/1.5 and the increase to 5/0 did not 
yield any further improvement.  
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Figure 3: Intensity (a) and bandwidth (b) of ESR signal at g = 2.003 as a function of ageing time on A, B, 
C and D samples. 
 
 
3.3 IR analysis 
 
Functional groups from the bitumen and SBS were detected by FT-IR spectroscopy: aliphatic species (absorption bands 
at 2953, 2923, 2852, 1459 and 1376 cm-1) with a chain length of least 4 carbons (722 cm-1), aromatics (weak and broad 
absorption at 1600 cm-1, indicative of both isolated and poly-condensed rings containing aliphatic substituents) and 
sulfoxide groups (S=O band at 1030 cm-1). IR signals assigned to SBS were at 967 (trans-PB) and 699 cm-1 (PS) [4].  
No oxygenated carbon groups were detected before ageing (Figure 4). After 3 days of thermo-oxidation, in the spectrum 
of un-modified bitumen A a broad signal appeared at 1698 cm-1, due to C=O groups from \,�-unsaturated ketones or 
carboxylic acids (e.g. Ph-CO2

-). This signal was used to measure the extent of oxidation via a carbonyl index Ico/Iref, 
where the area of the signal at 1698 cm-1 (Ico) is compared to that of a reference signal in the 1400-1500 cm-1 range (Iref). 
Oxidation of A was relatively rapid during the first 10 days and a levelled off at longer ageing times (Figure 5), possibly 
due to the reduced mobility of oxygen in the aged, toughened material.  
 

  
Figure 4: IR spectra of modified bitumen C at different ageing times at 180°C (0-20 days, from top to 
bottom) 
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The oxidation rate of SBS was much higher than that of bitumens, with the C=O groups clearly present after 25 minutes 
(Figure 6). The radial polymer appeared more stable towards oxidation than the linear one, as proposed in [5], with a 
clear C=O signal present after 40 minutes (not shown here). Nevertheless, the modified bitumens oxidized more slowly 
than the un-modified bitumen (Figure 5), as a function of L- and/or R-SBS content and according to the rank: 
A>B>C�D.  
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Figure 5 : Carbonyl index (ICO/Iref) as a function of ageing for the A, B, C and D samples 
 
 

 
 
Figure 6: IR spectra of L-SBS at different ageing times (minutes) at 180°C  
 
 
3.4   1H NMR analysis 
 
1H NMR analysis provided selective information on the polymer and bitumen, considering the spectrum to contain six 
types of hydrogens (Figure 7): aromatic, two types of olefinic, alpha, prevalently CH2 and CH3’s. Alpha hydrogens are 
attached to a carbon atom bonded directly to an unsaturated group (or oxygenated group). The chemical shift ranges 
defining these areas are given at the bottom of table 3. 
Spectra of pure bitumens (not shown) confirmed the absence of olefinic signals. This fact allowed % SBS, % olefin, % 
1,2-BD and % bitumen hydrogen types to be calculated for the modified bitumens. SBS content was estimated from a 
linear relation, drawn previously for standard mixtures: (% mole SBS) = 3.8 (% mole total olefinic H). This relation is 
valid for polymers with 33% wt. styrene, or ca. 15 % mole of aromatic H, such as the ones under study here (Table 3) 
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The error in this estimate is relatively small (ca. 2%) as seen from the % SBS values calculated for pure SBS in Table 3. 
The amount of vinyl groups or 1,2-BD co-monomer, with respect to the total butadiene, was determined as % 1,2-BD = 
100 (i / (i+e)), see Figure 7. The contribution of SBS to the three spectral regions with bitumen signals was subtracted 
out knowing the (X/olefinic) spectral area ratios for the pure polymer, X = aromatic (0.6), alpha (1.8) and CH2 (0.4). 
Although only C was studied in detail, Table 3 reveals that thermo-oxidation causes a decrease in SBS and vinyl 
content for all the modified bitumens. Olefin loss is due to polymer cross-linkage, involving predominantly 1,2-BD 
units, with formation of saturated groups and to oxidation with formation of carbonyl species. The small build-up of 
oxygenated species, evidenced by IR during ageing, could not be detected by the much less sensitive NMR technique. 
The formation of –CH2-C=O groups should increase the amount of alpha hydrogens, but this trend was too small to be 
evidenced by our 1H NMR conditions. The unsaturated groups of the bitumen (aromatic) appeared to decrease 
marginally with ageing at 180°C, however, the change is not greater than the error of the measurement (ca. 2%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7:   1H NMR spectra of L-SBS (top) and modified bitumen C at time zero (bottom) dissolved in 
CDCl3 with signal assignments. 



  
sample SBS 1,2-BD                  H types of bitumena  H types (observed NMR areas)

days at 180°C (%wt.) (%wt.) (% mole) 1,2-BD
calc. aromatic olefinic alpha  -CH2-  -CH3 arom. olefin olefin alpha  -CH2-  -CH3

L-SBS 100.3 11.6 15.6 26.4 48.1 9.9 0.0 15.6 23.5 2.9 48.1 9.9
R-SBS 102.2 19.1 16.2 26.9 44.7 12.2 0.0 16.2 22.2 4.7 44.7 12.2

A
0 9.8 16.2 58.0 16.0 9.8 0.0 16.2 58.0 16.0
3 9.7 16.7 57.9 15.7 9.7 0.1 16.7 57.8 15.7
6 9.6 15.7 58.0 16.7 9.6 0.0 15.7 58.0 16.7
10 9.2 16.0 57.9 16.9 9.2 0.0 16.0 57.9 16.9
13 9.6 15.5 58.0 16.9 9.6 0.0 15.5 58.0 16.9
17 9.2 15.2 57.7 17.9 9.2 0.0 15.2 57.7 17.9
20 9.2 14.6 57.5 18.7 9.2 0.0 14.6 57.5 18.7

B
0 5.0 16.5 9.7 0.0 18.2 55.9 16.2 9.9 1.1 0.2 19.4 53.9 15.5
3 4.2 12.4 9.7 0.0 18.6 55.0 16.6 9.9 1.0 0.1 19.7 53.3 16.0
16 2.7 7.4 9.0 0.0 17.2 56.1 17.8 9.2 0.7 0.1 17.9 54.9 17.3

C
0 4.3 13.1 9.8 0.0 17.7 55.7 16.9 10.0 1.0 0.1 18.8 53.9 16.2
3 4.1 10.6 10.2 0.0 18.5 55.2 16.1 10.4 1.0 0.1 19.6 53.4 15.5
6 3.8 10.4 9.8 0.0 19.0 55.0 16.2 10.0 0.9 0.1 20.0 53.4 15.6
9 3.1 7.6 9.8 0.0 18.4 55.6 16.2 10.0 0.8 0.1 19.2 54.2 15.7
13 2.9 7.6 9.6 0.0 18.0 55.6 16.7 9.8 0.7 0.1 18.8 54.4 16.3
16 2.6 6.1 9.5 0.0 17.7 55.9 16.9 9.7 0.6 0.0 18.4 54.8 16.5
20 2.3 5.5 9.4 0.0 17.3 56.0 17.4 9.5 0.6 0.0 17.9 55.0 17.0

D
0 5.5 10.9 9.7 0.0 18.7 55.2 16.3 10.0 1.3 0.2 20.1 52.9 15.5
3 5.4 10.7 9.9 0.0 18.8 54.8 16.4 10.2 1.3 0.1 20.2 52.5 15.6
16 3.6 6.6 9.6 0.0 17.4 55.6 17.4 9.4 0.9 0.1 18.5 54.3 16.9

  shift range (ppm) 8.5-6.0 5.8-4.8 3.4-2.0 2.0-1.0 1.0-0 8.5-6.0 5.8-5.2 5.2-4.8 3.4-2.0 2.0-1.0 1.0-0

  a) signal area from SBS was subtracted out  
Table 3:   1H NMR data for hydrogen types in un-aged SBS, aged bitumen (A), and aged modified 
bitumens (B-D). 
 
 
3.5   Viscosity determination 
 
The influence of ageing on viscosity, as determined by dynamic measurements at 160°C, is depicted in Figure 8. Before 
ageing, the pure bitumen (A) is less viscous than its modified forms. After 3 days of thermo-oxidation, A and B undergo 
a large increase in viscosity, while C and D (with less or no R-SBS) are hardly affected. After 6 days the viscosities of 
A and B were too high for measurement. 
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Figure 8:   Viscosity of A, B, C and D as a function of ageing time. 



0

0.02

0.04

0.06

0.08

0.1

0.12

0.5 1 1.5 2ESR

IR

0

0.02

0.04

0.06

0.08

0.1

0.12

0.5 1 1.5 2ESR

IR

 
3.6   Correlation of thermo-oxidative phenomena 
 
Thermo-oxidation of polymers is well known to proceed through chain-scission and cross-linking reactions, where the 
butadiene segment is the most reactive. In the case of SBS, the process starts when oxygen reacts with the polymeric 
radicals to give peroxide radicals and eventually oxygenated (e.g. carbonyl) groups. At the same time, the unsaturated 
bonds of polybutadiene form cross-links [6], yielding it insoluble in THF. This causes a separation into heavier and 
lighter species.  
In the case of un-modified bitumen, the thermo-oxidative reaction starts with the formation of one benzylic radical [6] 
that can react with oxygen, especially in the maltene phase [7], accompanied by hardening and viscosity increase [8].  
A more complex process occurs in bitumens modified by addition of polymer, resulting in a multi-phase system, with 
polymer and bitumen-rich phases [7]. Comprehension of the thermal oxidation mechanism is fundamental for preparing 
a modified bitumen mixture able to resist decomposition its whole life along.  
In an effort to understand the thermo-oxidation mechanism during ageing, correlations between experimental data 
collected by different characterisation techniques were evaluated by regression analysis. Correlation goodness is  
evaluated by the correlation index I and by the proximity of the values of  the linear regression parameters (slope, m, 
and intercept, q) in all  samples. 
Since thermal treatment in air causes radical formation in both polymer and bitumen (as experimentally shown here), 
radicals are considered to be reactive intermediates of oxidation and degradation processes [8].  
Bitumen radical formation, monitored by ESR analysis, appeared responsible of the formation of oxygenated groups, as 
detected by IR spectroscopy. Linear correlation between these two sets of experimental data (Figure 9 and Table 4) is 
very strong (I> 0.92). Regression parameters are quite close in all samples, pointing to the same chemical mechanism 
operating in ageing of both un-modified and modified bitumens.  
 
Bitumen I m q 
A 0.97 0.114 -0.072 
B 0.92 0.117 -0.086 
C 0.97 0.101 -0.069 
D  0.97 0.119 -0.091 

 
Table 4:  Coherence of the correlation between ESR (bitumen radical content) and IR data (C=O content) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Correlation between the content of radical species (ESR data) and carbonylic groups (IR signal 
at 1690 cm-1) of the original (A, left) and one modified (D, right) bitumen 
 
 
Increased polarity, due to formation of carbonyl groups, might favour inter-molecular bonding among poly-aromatic 
molecules and cause the MW increase in the bitumen fraction (and consequently the verified extension of the 
delocalised radical). The greater presence of carbonyl groups accompanied an increase in the average dimension of 
bitumen molecules. This correlation is lower than one between radical and oxygenated species, possibly due to a 
contribution to bitumen signal  from polymer fragments (Table 5). The values of the linear regression parameters are 
different, pointing to different mechanisms in the case of modified (positive slope) vs. un-modified (negative slope) 
bitumens.   
Oxidation was slower for the modified bitumen compared to un-modified bitumen, as if the polymer protected the 
bitumen [9]. Oxygen, in facts, reacts not only with the unsaturated functions of the bitumen fraction, but also with the 
vinyl (1,2-BD) SBS. Further, from our data, it turns out that also the polymeric component of modified bitumen is 
stabilised with respect to the pure phase material. Since a radical mechanism is operative in both cases, the incremented 
stability of either component could be due to both physical dilution process and polymer/bitumen-radical 



recombination.  
 
 
Bitumen I m q 
A 0.93 -1262 763 
B 0.84 1388 688 
C 0.99 3021 644 
D  0.96 1248 725 

 
Table 5:  Coherence of the correlation between IR (C=O content) and GPC data (Mn of bitumen) 
 
 
In Table 6 the relation between chemical modifications (increased MW, oxidation) and rheological properties 
(viscosity) is examined. Enhanced viscosity in the un-modified bitumen (A) seemed related to a greater extension of 
poly-aromatics (ESR linewidth). Higher viscosity in the modified bitumen appeared more affected by the formation of 
oxygenated groups (from the I correlation values), originating from both vinyl groups ( SBS) and benzylic radicals 
(asphaltenes in bitumen). 
 

Viscosity vs. GPC Viscosity vs. IR
Bitumen I m q I m q
A 0.89 0.035 -42.232 0.84 208.74 -1.862
B 0.86 0.114 -92.754 0.97 434.12 2.666
C 0.86 0.022 -11.651 0.97 56.11 3.055
D 0.73 0.028 -15.588 0.95 78.89 4.125  
 
Table 6:  Coherence of the correlation between viscosity and GPC (Mn of bitumen) and IR data (C=O 
content) 
 
 
Clearly, SBS improves the thermal stability of bitumen. Polymer architecture (L or R) is known to influence SBS  
thermal stability [5], and this work found a similar situation for modified bitumens. All the characterisation results are 
consistent with the positive effect of the linear structure, for stabilising the modified bitumen (e.g. lower radical 
concentration, slower Mn decay and vinyl  group loss).  
 
 
4. CONCLUSIONS 
 
The beneficial effects of the polymer in a modified bitumen were investigated, as far as the thermal stability under 
partially oxidative conditions concerned. Here we sought to detail and quantify this behaviour using spectroscopic and 
chromatographic methods.   
SBS degradation (chain scission, vinyl loss) and oxidation were clearly evidenced here during thermal ageing in air by 
GPC, NMR and IR data, respectively. Polymer fragmentation apparently involves mainly the side-branches since the 
MW distribution remains narrow. In contrast, the bituminous fraction becomes progressively heavier with a larger MW 
distribution, higher viscosity and greater bitumen radical content (ESR data). At the same time IR found increased 
oxidation.  
Despite partial thermo-oxidative degradation during ageing, SBS still stabilises the rheological properties (keeps 
viscosity low) of modified bitumen [5]. This important and unexpected effect is due to SBS slowing chain-scission and 
oxidation reactions.  
A priori, there are two possible causes for the observed increase in molecular weight, with viscosity enhancement, 
during aging of SBS-bitumens: 1) cross-linkage, via covalent chemical bonds, between unsaturated groups in bitumen 
and SBS and 2) molecular aggregation, via non-covalent bonding, such as stacking of aromatic rings via van der Waals 
interactions. It is reasonable that both phenomena occur. Since pure SBS rapidly became viscous (by cross-linkage) 
during ageing, while for the modified bitumen the viscosity increased much slower, the second possibility is deemed 
important. Trace amounts of oxygenated groups formed during ageing might stabilise aggregation, or irreversible 
assembly, of the poly-aromatic bituminous parts. Additional work to verify this is anticipated. 
Preliminary tests with SBS modified bitumen indicated an additional role for the polymer, beyond imparting greater 
elasticity and mechanical strength. The capacity to retard thermo-oxidation of the bitumen, preceding the deleterious 
molecular size increase, was evidenced.  
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ABSTRACT 

 
Extensive research has been conducted by the main road constructing contractors to enhance the 
understanding of emulsion mixes behaviour. In addition to each contractor's own effort, a cooperative 
research programme was set up in 2004, the goals of which are to validate a unified mix design method 
taking into account the peculiarities of aggregate-emulsion mixtures and to establish links between 
laboratory results and field behaviour. 
 
To this end, three pavement sections with grave-emulsion were selected and constructed in 2004. A 
thorough assessment of the materials properties was carried out, including compactability, accelerated 
curing, compressive strength, water sensitivity and stiffness modulus. The sections were monitored 
immediately after construction, then after 1 and 2 years under traffic. Monitoring comprised deflections, core 
sampling, in place water content, density and modulus measurements. Moreover, the residual bitumen was 
characterized at each step. A similar approach was followed for emulsified asphalt concrete used in wearing 
course. Three sections were constructed in 2005 and then monitored as above. 
 
The accelerated curing procedure used has proved to replicate the in place evolution after 1 to 2 years. 
Mechanical test procedures have been improved, as a result of site observations. The following of the 
bitumen hardening helps defining the curing phase and its effects, as well as the starting of aging. The 
overall return is a better evaluation of both site performance and life expectancy. 
 
Keywords : Emulsion – Cold asphalt – Cohesion – Accelerated curing – Ageing 
 
1 -  INTRODUCTION 
 

Emulsion cold (and warm) mixes have in several respects a specific behaviour, quite different from that 
of hot mixes. It is due to the presence of water, the chemical reactions between aggregate and 
emulsifier, the peculiar texture of the binder in its early state and the evolution of the mix mechanical 
properties over time. A specific design method has therefore been recognized as an absolute necessity. 
Several research teams have been addressing the subject since the mid-nineties [1]. Interesting results 
were published, including proposals for a new design method [2], [3], [4]. 

 
 

2 -  THE USIRF PROJECT 
 
As it became clear that everybody was pursuing the same goals, the union of the French road 
contractors (USIRF) set up a cooperative research programme, in order to validate a unified mix design 
method accounting for the specificities of emulsion cold mixtures. To this end, a task group comprising 
researchers and engineers of the main contractors was formed in 2004. 
 
Establishing links between field behaviour and laboratory results is a key point of the project. The 
approach has therefore consisted in selecting field sections, monitoring them and, in parallel, studying 
the materials properties in the laboratory, including their evolution over time. 
 
The programme covers two types of emulsion mixtures : grave-emulsion (GE) and emulsified asphalt 
concrete (EAC). Three reference sections of grave-emulsion were laid in 2004 and are monitored since. 
In addition, one experimental section of the national highway RN 126, studied and constructed in 1997, 
was also monitored (see table 1).  
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Table 1 : Main characteristics of the grave-emulsion sections 

 
Site 

 
Climate Deflection of 

existing structure 
Type of 

aggregate 
Gradation 

(mm) 
70/100 

Bitumen 
content 

Thickness 
(mm) 

RD 437  (Jura) Altitude 900 m  
Very cold winters 

Very low  
m + 2  ~ 30 

Porphyre 0/10 4.2 % 50 

RD 10  (Corrèze) Continental 
(contrasted) 

Very high  
m + 2  ~ 300 

Gneiss 0/14 4.5 % 60 - 100 

RD 79 (Dordogne) Oceanic 
(temperate) 

Medium Amphibolite 
+ Diorite 0/10 4.2 % 50 - 100 

RN 126  
(Haute-Garonne) 

Hot summers 
Mild winters 

Medium 
m + 2  ~ 120 

Mixed igneous 
(river bed) 0/14 4.2 % 80 - 120 

 
The traffic on the 3 departmental roads (RD) is light. It is heavy on the RN 126 national road (average 
daily number of heavy vehicles ~ 300 on each lane). 
 
The same approach has been adopted for the emulsion asphalt concrete used for wearing course. Three 
sections were laid in 2005 (and one in 2004) and are monitored since (see table 2).     
 

Table 2 : Main characteristics of the emulsion asphalt concrete sections 

 
Site 

 
Climate Deflection of 

existing structure 
Type of 

aggregate 
Gradation 

(mm) 
Bitumen 
content 

Thickness 
(mm) 

RD 15  (Corrèze) Continental 
(contrasted) 

Medium  
m + 2  ~ 115 

Gneiss 0/6 5.7 % 40 - 50 

RD 60  (Cantal) Altitude 
Cold winters High Basalt 0/10 5.5 % 50 - 70 

RD 21  (Finistère) Oceanic 
(temperate) 

High 
150 - 200 Gneiss 0/10 5.2 % 35 - 40 

 
The traffic is medium/light on the RD 15 (~ 50 heavy vehicles per day), light on the RD 21, very light on 
the RD 60. A tack coat was applied on the three sections. 
The RD 21 experiment comprises two sections built using the same EAC formulation : the first one in 
June 2004, the second in September 2005. 
 
 

3 -  TESTING PROGRAMME 
 

3-1  Laboratory tests 
 

In the laboratories, the programme has comprised the following tests (it does not comprise the 
formulation of the emulsion, assumed to be already optimized) :  
 

 Preliminary phase : aggregate and emulsion control, adjustment of the water content 
(mixing trials, using the "bowl test", based on coating appearance, workability, etc) 

 
 Design phase :  

 Manufacturing (mechanical mixing) 
 Evaluation of the degree and quality of coating 
 Workability 
 Compactability  
 Accelerated curing  
 Compressive strength - Water sensitivity (fresh state - cured state) 
 Rutting (cured state) 
 Stiffness modulus (cured state) 
 Binder recovery and characterization 

 



EURASPHALT & EUROBITUME - 4TH CONGRESS - COPENHAGEN 2008   

Mix design method and field performance of emulsion cold mixes   
 

3/11

3-2  Site monitoring 
 
It includes deflection measurement, core sampling (dry process), water content, density and 
modulus measurements, binder extraction and characterization. 
 
 
It is not possible to present here all the results already obtained in this research. Only those judged 
the most significant are discussed hereafter.  
 

 
4 -  WORKABILITY 

 
The workability of emulsion mixtures, ie their flow response during the truck unloading and their ability to 
spread smoothly under the paver screed, has been recognized as a key factor for successful paving 
operations. Workability is especially critical for emulsion asphalt concrete, as mixes of this type are 
generally less "plastic" than grave-emulsion (all granular fractions are uniformly coated with a bituminous 
film, which is therefore thinner and lubricates less than the film in the "mortar" fraction of GE). 
 
The workability test designed by Nynas is considered the most suitable test available at the present time. 
Previous studies have shown the considerable influence of aggregate type (internal friction), bitumen 
and water contents and emulsion-breaking behaviour. It has also been found that sample mixing and 
moulding procedures (energy, duration, etc) have a great influence on the workability evaluation [5]. 
Work is under way to define the most appropriate procedure(s) and device. 
 
 

5 -  MIX COMPACTION : FIELD DENSITIES AND LAB COMPACTABILITY 
 

5-1  Field air voids 
 

5-1-1  Grave-emulsion  
The air voids measured in situ and those recorded during Gyratory Shear Compactor (GSC) 
tests in the laboratory are given in table 3. 

 
Table 3 : Air voids in grave-emulsion (%) - GSC tests and field control 

   Reference section 
(GSC mark) 

   RD 437 
(1) 

   RD 10 
(1) 

   RD 79 
(2) 

   RN 126 
(2) 

Gyratory Shear 
Compactor 

Vx = air voids 
at x gyrations 

V 10 

V 50 

V 100 

V 200 

22.3 

16.9 

15.0 

13.4 

23.2 

16.9 

14.9 

13.2 

25.4 

19.2 

17.0 

15.3 

23.9 

18.4 

16.5 

15.0 

 
In-place voids 

(average) 

Immediate 

Short term 

Middle term 

Long term 

13.1 

 

12.7 (22 months) 

- 

20.0 ? (Troxler) 

21.1 (6 months) 

19.0 (27 months) 

- 

 

17.0 (14 months) 

17.1 (25 months) 

- 

17.0 

14.5 (6 months) 

 

14.5 (7 years) 

 
 All field densities were measured on core samples, using a nuclear gauge (gamma-ray bench), 

except for one set which was measured in-place, using a Troxler facility. The results obtained with 
the latter (portable device) are not always in line with those obtained in the lab, with the gamma-
ray bench.   
 
a)  Compacting equipment, procedure and energy : the GE compaction was carried out as follows : 

 RD 437   1 vibrating roller VT2 (4 passes) + 1 pneumatic-tyred roller (3 t/wheel - 6 passes) 
 RD 10     1 VT2 (2 to 4 passes) + 1 pneumatic-tyred roller (3 t/wheel - 12 passes)   
 RD 79     1 compound steel-wheel/pneumatic roller (4 passes flat + 5 passes vibrating) 
 RN 126   1 vibrating roller (16 passes) + 1 pneumatic-tyred roller (3 t/wheel - 20 passes)  
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The energy applied was nearly the same on RD 437 and RD 79, higher on RD 10 (weaker 
substrate), much higher on RN 126. 

 
b)  Great influence of existing pavement stiffness : On the RD 437, the GE overlay was placed on 

a strong pavement (very low deflections) ; low air voids were immediately reached. 
In the reverse, the RD 10 pavement was weak (very high deflections) ; in spite of the high 
compacting energy, the initial voids content could not be pushed below 20 %.  
 
The deflection level was comparable on RD 79 and RN 126, but, as said above, the 
compacting energy was much higher on the latter.    

 
c)  Evolution over time : On RD 437, where a high degree of compaction was attained 

immediately, there has been practically no further densification in 2 years.  
On RD 10, two points were gained between 6 and 27 months ; nothing on RD 79. 
As to RN 126, the "definitive" level of air voids was reached at 6 months, due to the facts that 
a hot summer followed immediately the placing of the GE and the traffic is high. 

 
 

5-1-2  Emulsion Asphalt Concrete   
The air voids measured in place and those recorded during the GSC tests are in table 4 : 

 
Table 4 : Air voids in emulsion asphalt concrete (%) - GSC tests and field control 

   Reference section 
(GSC mark) 

   RD 15 
(1) 

   RD 60 
(2) 

 RD 21 - 2004 
(1) 

 RD 21 - 2005 
(1) 

Gyratory Shear 
Compactor 

Vx = air voids 
at x gyrations 

V 10 

V 50 

V 100 

V 200 

24.5 

18.7 

16.7 

15.0 

25.7 

19.7 

17.5 

15.5 

24.2 

18.6 

16.8 

14.4 

23.9 

18.2 

16.2 

14.5 

 
In-place voids 

(average) 

Very short term 

Middle term 

ditto 

21.1 (3 months) 

20.0 (16 months) 

 

19.5 (2 months) 

19.8 (16 months) 

 

 

18.1 (18 months) 

12.9 (33 months) 

16.9 (4 months) 

13.2 (21 months) 

 

 
a)  Compacting equipment and procedure : they were as follows : 

 RD 15   1 steel-wheeled roller VT0 (2 passes vibrating + 2 passes flat) + 1 pneumatic-
tyred roller (3 t/wheel - 10 to 12 passes) 

 RD 60    1 compound roller* (6 passes vibrating + 6 passes flat) 
 RD 21    1 steel-wheeled roller (average 8 passes, flat)    

 
* (pneumatic : 3 t/wheel/steel-vibrating V2) 
 
b)  Level of field air voids : It is high on RD 15 and RD 60. Indeed, emulsion asphalt concrete are, 

in general, more difficult to densify than grave-emulsion, because all the granular fractions are 
uniformly coated, whereas GE contains a binder-rich mortar fraction providing better 
compactability. 
 

c)  Evolution over time : in the medium term, the decrease in air voids is very small on RD 15, nil 
on RD 60. Both asphalt concrete were manufacted with an emulsion of plain bitumen. 
Densification is considerable on both sections of RD 21, owing to the presence of a small 
amount of fluxing oil in the bitumen, which facilitates the mix densification under light traffic. 
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5-2  Gyratory Shear Compactor results 
 
All GSC tests were performed at a moisture content equal or very near the actual field moisture 
content, previously determined as optimum. It can be seen that no relationship exists between GSC 
densification and field compaction. For example, the GSC densification curves for RD 437 and RD 
10 are almost identical, whereas the field results are completely different. The GSC tests gives more 
voids for the GE of RD 79 than that of RD 10 ; in situ, it is the reverse. And so on. 
 
 

5-3  Duriez compression test 
 
The following test procedures were used for GE and EAC (table 5) :  
 
A - Standard moulding force = 60 or 120 kN (depending on aggregate maximum size and mould 

dimensions). 
Standard conservation (18°C - 50 % Relative Humidity) - Compressive test at 18°C 

 
B - Reduced moulding force = 20 or 40 kN - Standard conservation (18°C - 50 % RH) - 
 Compressive test at 18°C. 

 
C - Reduced moulding force = 20 or 40 kN - Accelerated curing (35°C - 20 % RH) - Compressive 

test at 18°C.  
 

Table 5 : Duriez compression tests - Standard and modified procedures 

Grave-emulsion Emulsion Asphalt Concrete Reference section 

RD 437 RD 10 RD 79 RN 126 RD 15 RD 60 RD 21 

 

 

A 

Air voids in specimens (%) 

Compressive strength after 14 
days in air : R (MPa) 

Compr-strength after 7 days air 
+ 7 days water : r (MPa) 

Retained strength :  r/R 

10.0 

6.6 

 
4.8 

0.73 

11.6 

3.6 

 
2.5 

0.70 

10.4 

8.1 

 
6.0 

0.73 

9.5 

5.7 

 
4.2 

0.72 

13.9 

4.9 

 
4.2 

0.86 

12.7 

5.2 

 
4.0 

0.77 

10.8 

2.6 

 
2.1 

0.81 

 
 
 
B 

Air voids in specimens (%) 

Compressive strength after 14 
days in air : R18 

Compr-strength after 7 days air  
+ 7 days water : r18 

Retained strength :  r18/R18 

14.0 

3.8 

 
2.7 

0.70 

17.1 

2.1 

 
1.7 

0.81 

16.1 

4.7 

 
3.3 

0.70 

15.1 

1.7 (?) 

 
1.5 (?) 

0.88 (?) 

20.6 

2.5 

 
1.8 

0.72 

21.0 

2.7 

 
2.1 

0.80 

16.3 

- 

 
- 
 
- 

 
 
 
C 

Compressive strength after 14 
days in air at 35°C : R35 

Compr-strength after 14 days air 
35°C + 7 days water 18°C : r35 

Retained strength :  r35/R35 

4.1 

 
- 

- 

2.0 

 
2.0 

1.0 

5.2 

 
4.2 

0.79 

- 

 
- 

- 

3.1 

 
2.9 

0.94 

2.7 

 
2.5 

0.93 

2.1 

 
1.75 

0.84 

 
 Note : All specimens were crushed at 18°C. 
 

The standard moulding procedure gives high densities, well above those the mix is likely to reach in 
situ, even in the long term. This is because the moulding force is applied for a long time (5 minutes), 
which produces the same effect as a high temperature. 
 
The modified procedure (reduced moulding force) leads to much more realistic densities, not too far 
from those attained in the middle term. However, it should be borne in mind that the field air voids 
always depend on the stiffness of the substrate, which must be taken into account when trying to 
predict them.  
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5-4  What links between GSC, Duriez and field densities ? 

 
The Gyratory Shear Compactor test does not allow to predict the field density. The stiffness of the 
underlying layer(s) has a chief influence on the compaction result. However, the GSC remains a 
useful tool for comparing different formulations or optimizing one, in terms of aggregate gradation, 
binder and moisture content. 
 
The modified Duriez test (reduced moulding force) appears to give a realistic level of air voids. 
However, local parameters, in particular the stiffness of the substrate, have a major impact on the 
field compaction and must be taken into account. 
 
 

6 -  COMPRESSIVE STRENGTH - WATER SENSITIVITY 
 
The compressive strength results obtained (table 5), as well as those of other research and studies, can 
be quite different from one mix to another, as they are largely influenced by the aggregate internal 
friction, and the binder adhesion /cohesion properties. 
 
The resistance to the effects of water, characterized by the "retained strength after immersion" is 
significantly increased after accelerated curing at 35°C - 20 % RH. This is in line with expectations and 
quantifies the water sensitivity likely to be reached by the mix in situ as soon as it has cured under good 
conditions (for example shortly after works done at the beginning of the summer period). The standard 
conservation procedure, which produces less improvement, should be retained to characterize water 
sensitivity at an early stage. 
 
 

7 -  RUTTING 
 
To date, no rutting has been observed in situ, even in the long term (7 years) under high traffic (RN 126). 
Research is continuing to define the most suitable test procedure in the laboratory, in particular for the 
preparation of the specimens to be tried (curing, post-compaction, etc). 
 
 

8 -  STIFFNESS MODULUS 
 
A number of stiffness modulus measurements have been carried out. Two test procedures were used :  

 complex modulus, the cylindrical specimen being subjected to sinusoidal compression, 
 indirect tensile modulus, with diametral pulse loads applied to a cylindrical specimen. 

 
The reference modulus considered is the value at either 15°C - 10 Hz or 15°C - 124 ms. However, on 
fragile mixtures (not fully consolidated, high voids), the modulus had to be measured at 15°C - 20 ms or 
10°C - 124 ms. 
 
When trying to link laboratory study results and field results, a key point is the air voids content. In order 
to compare design and field modulus, it is essential to allow for the considerable effect of air voids on the 
mix rigidity. To this end, the modulus values obtained on lab-made specimens were "corrected" or 
"adjusted" as explained below.   
 
Based on the experience gained in other research and design, the following "adjustments" have been 
made : 

 Modulus (15°C - 10 Hz) = modulus (10°C - 124 ms) [6], [7]. 
 Modulus (10 or 15 °C - 20 ms) = 1.7 modulus (10 or 15 °C - 124 ms) 
 One point (%) of air voids    200 MPa at 15 °C 
 One point (%) of air voids    350 MPa at 10 °C  
 Decrease in modulus between 10 and 15 °C : as from numerous data available [2], [8].  

 
Field modulus was measured on samples obtained by dry, air-cooling coring. 
 
For the sake of clarity, all the moduli below are expressed in values at 15°C - 124 ms. 
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8-1  Grave-emulsion 

 
Table 6 : Grave-emulsion RD 437 and RD 10 - Modulus measurements 

Laboratory study Field monitoring Site 
 

Air voids 
Standard curing 
14 days - 18°C - 

50%RH 

Accelerated curing  
14 days - 35°C - 

20%RH 

 
Air voids 

 
Age 

 
Modulus 

 

RD 437   

15 % 

13 % 

11 % 

1,200 MPa 

1,250 MPa 

1,450 MPa 

1,600 MPa 

1,800 MPa 

1,950 MPa 

 
 

12,7 % 
(11.9 - 13.2) 

 
 

22 months - 
2 summers 

 
 

1,800 MPa 

RD 10   
12-13 % 

19 %* 

2,050 MPa 

~ 1,200 MPa* 

3,300 MPa 

~ 2,000 MPa* 

21,7 % 

19,3 % 

6 months -  summer 

27 months - 2 summers 

1,150 MPa 

2,400 MPa 

* extrapolated 
 

On the grave-emulsion of RD 79, accelerated curing at 35°C - 20 % RH was continued for 90 days 
(figure 1). The specimens subjected to curing were GSC-moulded and had therefore a large volume, 
which may be one cause of the moderate hardening observed. 

 
 
 

 
 

Figure 1 : Grave-emulsion RD 79 Stiffness Modulus-Accelerated curing and possible relation 
with field curing 
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On the RD 79, the following results were obtained on field core samples : 

 14 months (1 summer)   :  3,450 MPa  (17,0 % voids) 
 25 months (2 summers) :  4,200 MPa  (17,1 % voids) 
 
These values are unusually high for GE in the middle term. The discrepancy between laboratory and 
field results remains to be explained. In the meantime, on this particular GE, the accelerated curing 
has caused less bitumen hardening than field curing (see chapter 9). A detailed review of the 
accelerated curing procedure has been launched accordingly. 
 
On the RN 126, specimens of GE were cored 82 months (7 summers) after construction. The 
average modulus measured is 5,500 MPa with air voids near 14,5 %. This result is consistent with 
those obtained elsewhere on some GE in the long term (7 to 10 years). 
 
All the above results confirm the prime importance of the air voids on the mix stiffness. In situ, the 
number of summers is a key factor for the mix curing. In the laboratory, accelerated curing at 35°C - 
20 % RH seems to be a suitable procedure for predicting the actual curing in the field. However, it is 
still necessary to define the procedure in a more detailed way to eliminate any discrepancy between 
laboratories. The standard curing procedure (14 days - 18°C - 50 % RH) gives an idea of the 
stiffness of the fresh mixture. 
 
 

8-2  Emulsion asphalt concrete 
 

Table 7 : Emulsion asphalt concrete - Modulus measurements 

Laboratory study Field monitoring Site 
 

Air voids 
Standard curing 
14 days - 18°C - 

50%RH 

Accelerated curing  
14 days - 35°C - 

20%RH 

 
Air voids 

 
Age 

 
Modulus 

RD 15   
22,5 % 

12,5 %* 

1,600 MPa 

~ 2,200 MPa* 

 21,2 % 

19,5 % 

 
16 months - 

2 summers 
2,300 MPa 

2,400 MPa 

RD 60   18 % 
 

1,750 MPa 
20,7 % 

19,0 % 
16 months - 

2 summers 
2,300 MPa 

2,200 MPa 

RD 21 

2004   

   18,1 % 

12,9 % 

18 months -   
2 summers 

33 months - 
 3 summers 

2,400 MPa 

3,100 MPa 

RD 21 

2005   

 

14 % 

 

 1,100 MPa 

(60 days - 35°C - 
20%RH) 

16,9 % 

13,2 % 

4 months -  
 no summer 

21 months -  
1 summer 

n.s. 

1,100 MPa 

* extrapolated 
 

The EAC of RD 21 contained some fluxing oil, which softens the mixture in its early stage, hence 
facilitating its densification over time and under light traffic, as shown in table 7. 
 
Again, the number of summers appears to be a key factor for the field curing. In parallel, a specific 
research is under way to define the suitable curing procedure for mixtures containing a fluxing agent.  
 
 

9 -  BINDER EVOLUTION AND SITE CONDITION 
 

9-1  Binder evolution 
 
The bitumen was extracted from the cores taken at different ages and characterized by its 
penetration and softening temperature (R&B). 
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Table 8 : Grave-emulsion - Characteristics of the binder at different ages 

RD 437   
Age 

Pen at 25°C (dmm) 
R&B (°C) 

Initial 
76 

46.5 

  22 months 
40 

52.6 

RD 10   
Age 

Pen at 25°C (dmm) 
R&B (°C) 

Initial 
85 

46.4 

6 months 
45 

52.8 

13 months 
36 

55.2 

27 months 
26 

56.4 

RD 79   
Age 

Pen at 25°C (dmm) 
R&B (°C) 

Initial 
88 

45.0 

2 months 
58 

51.2 

14 months 
34 

52.2 

25 months 
23 

56.7 

RN 126   
Age 

Pen at 25°C (dmm) 
R&B (°C) 

Initial 
82 

46.0 

 7 years-sealed 
14 

65.0 

7 years-unsealed 
7 

75.0 
 
Contrary to a generally accepted idea, there is evidence of steady, pronounced in-place hardening of 
the bitumen in grave-emulsion (figure 2).  
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Figure 2 : Grave-emulsion-Bitumen characteristics over time 
 
 
This can be attributed to the comparatively high air voids and, most probably, to the uneven 
distribution of the bitumen over the different granular fractions. Indeed, as the bitumen goes 
preferably in the mortar fraction, the film thickness on coarse aggregate is very thin, hence its 
tendency to age rapidly. The probable difference in hardening between the coarse and fine fraction 
should be further investigated. 
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There is also evidence of the retarding effect of top sealing the grave-emulsion. Indeed, the GE of 
RD 437 was covered with a thin hot mix 12 months after construction ; its binder has remained softer 
than those of the uncovered GE's. On RN126, the difference between the unsealed and sealed 
sections is obvious (the latter received a microsurfacing 1 year after completion). 
 
The hardening of the binder of emulsion asphalt concrete appears to be much less pronounced than 
that of GE, e.g. : 

 RD 15 : initial : 83 dmm - 46.0°C     16 months : 49 dmm - 52.2°C 
 RD 60 : initial : 86 dmm - 44.2°C     16 months : 53 dmm - 48.2°C 

  
However, no conclusion can be drawn to date, as research on this issue is not completed. 
 
It is pointed out that some questions remain unanswered at this stage. One is how much of the 
hardening takes place during the emulsifying and mixing phases. Another question is the impact of 
the extraction on the bitumen characteristics. On the other hand, some tests have shown a 
difference between the effects of accelerated curing in the laboratory and those of field aging. All 
these issues are being investigated. 
 
 

9-2  Site condition 
 
In spite of the bitumen hardening, all the sections monitored, except one, are in excellent condition, 
showing - logically - no rutting and free from any cracking or ravelling. The only exception is the 
unsealed section of GE on the RN 126, that has a dry appearance and exhibits widely spaced cracks 
(but no deformation and no ravelling). In contrast, the section with the same GE covered with 
microsurfacing is in perfect condition 7 years after construction, under rather heavy traffic.  
 
More generally, it is reminded that the overall performance of emulsion mixtures similar to those 
tested here is excellent. Grave-emulsions behave as flexible materials over long service life periods. 
Wearing courses made with emulsion asphalt concrete are used since 1992 and their behaviour 
under traffic is fully satisfactory. 
 

 
 10 -  CONCLUSIONS 

 
The goals of the proposed design method are to help improve the knowledge of emulsion mixtures, while 
establishing connections between laboratory and field practice, to contribute to the development of new 
products and to pave the way for future realistic specifications [10]. 
 
The research has confirmed the excellent field performance of both grave-emulsion and emulsion 
asphalt concrete. 
 
It has shown that the Gyratory Shear Compactor is, up to now, an effective tool for comparing mixes, but 
not for predicting their field behaviour. Indeed, the density effectively obtained in situ will greatly depend 
on the bearing capacity of the underlying structure. The Duriez test standard procedure gives unrealistic 
levels of density, in contrast with the modified procedure. Accelerated curing at 35°C and 20% relative 
humidity appears to be suitable for the prediction of site properties evolution, in relation especially with 
the number of summers in situ. Marked hardening of the bitumen has unexpectedly been observed in the 
field for grave-emulsion, without causing any pavement deterioration. 
 
The present research project is being extended to a joint project, for which contractors and state 
engineers will cooperate.    
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405-004 CHARACTERIZATION OF THE DIFFERENT PHASES IN THE LIFE CYCLE OF 
THE BINDER IN A BITUMEN EMULSION: RECOVERY METHODS 
 
C.GUEIT, M.ROBERT, G.DURAND 
COLAS Campus Scientifique et Technique, Service Liants bitumineux, 4, rue Jean Mermoz, 78772 Magny-les-Hameaux, 
FRANCE 
 
ABSTRACT 
 
Several techniques are available in order to recover a binder from a bitumen emulsion for further characterisation. Some of 
them involve placing a thin film of emulsion in an oven at a given temperature and other methods involve heating the 
emulsion, and then the residual binder, under various conditions.  
Processes which allow the binder to be recovered without changing its characteristics are especially useful when 
performing an assessment study, during which it is often necessary to revert to the characteristics of the binder before 
emulsification.  
Furthermore, as regards latex emulsions, these techniques provide the only way of obtaining the early age properties of 
modified binders. Indeed, as latex is incorporated in the aqueous phase of the emulsion, the modified binder is formed only 
after the emulsion breaks.  
A study has been carried out in the laboratory, on “reference” emulsions made with pure bitumen, fluxed bitumen, SBS 
modified binder and latex. In the case of each emulsion, the binder was recovered using the techniques mentioned above 
and then characterized. The various methods were evaluated and classified according to their influence on binder 
characteristics.  
One of the processes proved to be especially useful. It consists of breaking the emulsion by adding ethanol and then 
allowing the recovered binder to dry in an oven.  
Furthermore, this study showed that the various methods yield binders in several ageing states: “recovered binder”, whose 
characteristics are similar to those of the binder before emulsification, “stabilized” binder, where the binder undergoes 6-
12-months of simulated ageing, and “aged” binder, where the simulated ageing reaches several years.  
Additional tests performed by Gel permeation chromatography on polymer-modified binders led to additional information 
as regards changes in the polymer structure within the binder during ageing.  

 
Keywords : Emulsions, Testing, Ageing, Modified Binders, Methods 
 
1. INTRODUCTION 
 
Various characteristics of bitumen emulsions can be tested with a view to predicting their in-service performance: storage 
and transport stability, emulsion break time and rate of cohesion build-up, etc. However, another factor is equally crucial for 
the quality of a road surfacing: the characteristics of the binder itself, after the emulsion has broken.  
In order to appraise the performance and the durability of a surfacing, it is therefore necessary to be able simulate in the 
laboratory short-term ageing (immediately after the emulsion breaks and the road is re-opened to traffic), medium-term 
ageing (after between 6 months and 1 year in situ), and long-term ageing (after several years in situ).  
Furthermore, in the context of certain investigations it is useful to be able to recover the binder as it was prior to 
emulsification. In this case it is important to select a recovery method which recovers the original binder with as little 
influence as possible on its properties.  
To this end, a number of laboratory binder recovery or ageing techniques are available. A study has been performed at the 
Colas Campus Scientifique et Technique (CST) in order to evaluate the following for each method:  

 The types of emulsion for which the technique is suited 
 The influence of the recovery method on the characteristics of the binder, and its ability to recover the binder as it 

was prior to emulsification  
 The benefits and limitations of the technique from a practical standpoint and with regard to the safety of the 

technician.  
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2. THE DIFFERENT RECOVERY METHODS AVAILABLE 
 
The recovery methods can be divided into two types: thin film oven methods, and other methods that involve heating “in the 
mass” or chemical action under clearly defined operating conditions.  
 
2.1. Thin film oven methods 
 
These techniques, for which French or European standards exist, are used to simulate the short-, medium- or long-term 
ageing of a bituminous binder. They involve heating the emulsion, then the residual binder film, to a given temperature for a 
fixed duration.  
The method described in the standard EN 13074 is designed to simulate short-term ageing (just after the emulsion breaks 
and the road is re-opened to traffic). The standard claims that this technique makes it possible to recover a binder from an 
emulsion with only minor changes in its characteristics. The procedure involves storing the emulsion for 24 hours at 
ambient temperature and then for 24 hours at 50°C. The film of residual binder is 1 mm thick.  
To simulate medium-term ageing (stabilization, 6 months to 1 year of in-situ ageing), additional methods can be applied, 
also with a residual binder film 1 mm thick.  

 NF T 66-031 (French standard) : storage for 14 days at 50°C ;  
 EN 14895 (European standard): storage for 24 hours at ambient temperature, 24 hours at 50°C (“recovered binder”, 

short-term ageing) and, finally, 24 hours at 85°C (“stabilized” binder, medium-term ageing).  
The binder that is “stabilized” by this last method can then be subjected to simulated long-term ageing (several years of in-
situ ageing). The procedure involves maintaining a film 3.2 mm thick of the binder in a Pressure Ageing Vessel (PAV) at a 
pressure of 2.1 MPa and a temperature of between 80 and 115°C for 20 or 65 hours. This technique is described in the 
standard EN 14769. The conditions applied in this study were 65 hours at 85°C.  
A similar method is also described in the AASHTO standard R 28-02, with a slightly different test conditions (2.1 MPa, 90 
to 110°C, 20 hours).  
After this period in the oven, irrespective of the duration of simulated ageing, the binder consists of a thin film which has to 
be manipulated and homogenized in order to carry out the subsequent tests.  
 
2.2 Other methods 
 
Unlike thin film oven methods, these provide a binder which can be used directly during the rest of the study. This 
eliminates the difficult process of scraping off the thin film of binder in order to homogenize it. These techniques consist of 
heating or chemically treating the emulsion under specified conditions. The methods evaluated in this study are as follows:  

 Belgian procedure 08-34: the binder is recovered by evaporating off the aqueous phase of one litre of emulsion in 
a tall two-litre beaker that is heated with a Bunsen burner and stirred continuously. A temperature of 163°C is reached in the 
course of the test. The binder is then placed in an oven at 163°C for half an hour in order to eliminate any remaining traces 
of water.  

 NLT 147 Spanish method. This consists of heating 50g of emulsion for 2 hours at 163°C in a 600 ml beaker. The 
shape of the beaker is specified as the emulsion foams when it is heated. This method is based on the same principle as the 
ASTM D 244 evaporation method (procedure A). The only difference is that a shallow 1-litre beaker is used in ASTM D 
244. This may lead to slight differences in the characteristics of the recovered binder: both methods involve the same 
amount of emulsion, but in “ASTM D-244 by evaporation” method, the binder film is thinner, and thus may be slightly 
more sensitive to the effects of heating.  

 Distillation according to ASTM D 244 / EN 1431: this procedure is performed on 200 g of emulsion and provides 
a distillation-based means of recovering the aqueous phase and the volatile fractions of the organic phase. At the end of 
distillation the binder reaches 260°C, and it is maintained at this temperature for 15 minutes. The binder that remains in the 
reactor is then poured directly into the test containers.  

 Ethanol precipitation method. This method was developed within the Colas group and differs from the various 
methods which involve heating. In this method, the separation of the aqueous phase is not performed by heating but 
chemically, by a process that also leads to the partial or complete separation of the emulsifier. This is therefore the only 
method which makes it possible, in some cases, to recover a binder with characteristics which are identical to those of the 
base bitumen, not only with regard to consistency (penetration, softening point) but also chemically (acid value).  
This technique consists of adding ethanol to the emulsion: a lump of bitumen forms immediately. This lump is compressed 
and rinsed in water until the foam produced by the emulsifier remaining in the bitumen disappears. The resulting bitumen is 
then “dried” at 140°C until air bubbles no longer appear on the surface.  
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3. THE STUDY  
 
Various types of bitumen emulsions were manufactured from binders which are frequently used in roads and the binder of 
each emulsion was recovered using the different available methods. Three types of emulsion were studied: pure bitumen 
emulsions, modified binder emulsions and fluxed bitumen emulsions.  
 
3.1. Pure bitumen emulsions and modified binder emulsions [1] 
 
The spraying emulsions involved in the study were the following:  

 Two pure bitumen emulsions, one using 160/220 pen bitumen and the other using 35/50 pen bitumen.  
 Two modified bitumen emulsions, one using 160/220 pen SBS modified binder and the other a 160/220 pen 

bitumen emulsion with latex in the aqueous phase.  
All the binders recovered from these emulsions using the methods listed in Section 2 were subjected to a penetration test at 
25°C according to EN 1426 and a ring and ball softening point test according to EN 1427. The same tests were also 
performed on the binders prior to emulsification (with the exception of the latex emulsion binder). The impact of the 
recovery method on the characteristics of the binder was then evaluated by calculating the following parameters:  

 Residual penetration (ResPen, in %) : the percentage ratio between the penetration of the recovered binder and that 
of the binder before emulsification  

 Difference in the softening point ( R&B, in °C), between the initial binder and the recovered binder. 
Figure 1 shows the residual penetration values obtained using the different recovery methods.  
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Figure 1 : Influence of the recovery method on the residual penetration values.  
 
For the binder recovered from the latex modified emulsion, the penetration and softening point values used for reference 
purposes were those of the binder recovered by distillation according to ASTM D 244 / NF EN 1431, as this method 
allowed the binder to be recovered from the 160/220 pure bitumen and 160/220 SBS modified binder without any 
significant alteration in its properties.  
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In order to refine the classification of methods with respect to their hardening capacity (revealed by a reduction in 
penetration) and to investigate the impact of the different recovery methods on polymer conservation, additional tests were 
performed on the modified binders (SBS and latex). Infrared absorption spectroscopy was used to confirm the continued 
presence of the polymer by detecting characteristic peaks at 966 cm-1 and 700 cm-1. UV microscopic examination of the 
SBS modified binders revealed the structure taken on by the polymer in the binder.  

 

 
 
Figure 2: UV microscopic observation of the modified binders.  
(a) Initial SBS modified binder ; (b) thin film 24 hours at 50°C + 24 hours at 85°C ; (c) Belgian method ;  
(d) After pressure ageing (PAV).  

 
It turns out that this structure depends, in particular, on the form in which the binder is recovered (thin film or heating in the 
mass), but cannot logically be linked to the degree of ageing of the binder (revealed by its residual penetration). Photos are 
given in Figure 2 as examples. It should be noted that these tests confirmed the presence of polymer in the binder but did 
not permit any judgment to be made regarding its state of conservation as they gave no indication of the size of the 
macromolecules. Therefore this information was sought by gel-permeation chromatography (GPC), performed on a few 
samples. The use of this technique for the monitoring of binder properties during ageing has already been described 
previously [2]. 
 
GPC, also named “steric exclusion chromatography”, is a technique which consists of separating molecules according to 
their size, by injecting a solution of the sample through a porous matrix. Largest molecules are not retained and flow freely 
in the column at the same speed as the solvent (here, tetrahydrofurane), whereas the smallest molecules are retained in the 
matrix pores. Retention time is inversely proportional to the logarithm of molecular weight.  
Typically, the chromatogram for a PMB comprises two peaks: one for the polymer (high molecular weights) and the second 
for the bitumen (average and low molecular weights). To understand why there are two peaks that correspond to the 
bitumen and the polymer, we can give a few orders of magnitude: SBS has an average molecular weight of about 160,000 
daltons, whereas that of bitumen is under 1000 daltons. The maximum molecular weight of asphaltenes, the heaviest 
molecules in bitumen, is around 10,000 daltons.  
 
In order to produce a more marked SBS peak to provide a better understanding of how the polymer changes, the results 
shown here are for a PMB containing 5% polymer instead of 2.5%. Figure 3 displays the results obtained for a PMB at three 
stages:  
 - Fresh binder 
 - Binder after a “low ageing” thin film method 
 - Binder after Pressure Ageing Vessel (“high ageing method”).  
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Figure 3: Gel permeation chromatography of Polymer Modified Binder.  

Solvent: tetrahydrofurane.  
Detection by refractometer.  
Signal intensity as a function of retention time in minutes.  

 
During the ageing process, especially in the PAV, the polymer peak corresponding to the highest molecular weights (a) 
becomes smaller. This tends to confirm that the polymer undergoes a change. Fragmentation of molecules leads to a 
broadening of the right side of the polymer peak in the area corresponding to medium molecular weight (b). Furthermore, 
the left side of the bitumen peak (c) is also higher after the ageing process. This is usually explained by an increase in 
asphaltene content (the heaviest molecules in bitumen), but may also be partly due to the presence of polymer fragments 
with a similar molecular mass to asphaltenes.  

 
In order to check whether this change of the polymer has an influence on binder performance, investigation was continued 
on PMBs containing 2.5% polymer, by conducting an elastic recovery test at 10°C (EN 13398) and a pendulum cohesion 
test (EN 13588). These confirmed that PAV ageing led to a marked deterioration in the elastomer (fracture of specimens 
during the elastic recovery test, considerable reduction in low temperature cohesion). However, the binders recovered using 
the other techniques all retained similar performance to the initial binder. These additional tests did not therefore lead to a 
refinement of the first classification of methods based on residual penetration and softening point values. Keeping to these 
two parameters, we obtain the following three category classification:  

 “negligible ageing” methods (minimum residual penetration of 80% and a maximum change in the softening point 
of 4°C) 

 “low-ageing” methods (residual penetration of less than 80% or a change in the softening point of more than 4°C) 
 “high ageing ” method : PAV method specifically intended for this purpose.  

 
Figure 4 shows the resulting classification.  
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Figure 4 Classification of the recovery methods on the basis of the experimental results – Pure bitumens and 
polymer modified binders.   
 
These results elicit several remarks.  
Various binder recovery techniques are available which produce a binder which is almost identical to the initial binder and 
directly usable for subsequent tests : distillation as described in EN 1431 / ASTM D 244, the Belgian method with heating 
by Bunsen burner, the evaporation method with heating to 163°C (ASTM D244 procedure A / Spanish NLT 147 ) and the 
ethanol precipitation method.  
From a practical standpoint, the ethanol precipitation method has the advantage of being easy to apply and safe for the user. 
Its ability to yield a binder that is almost identical to the initial binder may seem surprising, as this method requires heating 
of the binder to 140°C. However, as the binder is heated in bulk and only briefly, it probably undergoes less ageing than 
during thin-film heating that lasts for several days.  
Thin film oven methods are responsible for greater ageing than the methods that involve heating the emulsion “in the mass”, 
particularly in the case of bitumens with high penetration.  
More specifically, thin-film short-term ageing simulation method (EN 13074) is supposed to yield a binder with minor 
changes in its characteristics; however, it actually leads to a slightly hardened binder. Besides, the thin binder film must be 
heated in order to be homogenised for further characterizations, but the temperature should not exceed 50°C according to 
standard requirement : this can be performed for 160/220 bitumen, but a higher temperature is necessary for 35/50 bitumen 
and for modified binders.  
The two methods that are available for simulating ageing of between 6 months and 1 year (conservation for 14 days at 50°C 
or for 24 hours at ambient temperature + 24 hours at 50°C and 24 hours at 85°C) provide equivalent results, which shows 
how much temperature influences binder hardening speed. The first method can therefore advantageously be replaced by the 
second.  
As one would expect, the pressure method for simulating long-term ageing (PAV as described in EN 14769) leads to 
considerable hardening of the binder. In the case of modified binders, after the procedure the polymer can always be 
detected by UV microscopy and infrared absorption spectroscopy, but the results from the elastic recovery and the 
pendulum cohesion tests show that the properties in question have been considerable altered. This deterioration is also 
confirmed by gel permeation chromatography. This may mean that the PAV is of limited value as an ageing method for 
modified binders. Indeed, this observation does not agree with observations in the field where the polymer retains its 
performance for many years.  
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3.2. Results for fluxed bitumen emulsions [3] 
 
Three fluxed bitumen emulsions were used for this part of the study : 2 emulsions made from 160/220 pen bitumen fluxed 
with 2% of F1 and F2 fluxes (F2 being more volatile than F1) and a fluxed bitumen emulsion with 10% of F2 flux. The base 
binders and the recovered binders were subjected to the same test procedures as the pure bitumen emulsions: penetration as 
described in NF EN 1426, ring and ball softening point as described in NF EN 1427.  
The influence of each method was appreciated by comparing the characteristics of the recovered binders, on the one hand to 
those of fluxed bitumens, on the other hand to those of the initial 160/220 bitumen. Thus, these methods can be classified on 
the basis of the type of binder they are able to recover : fluxed bitumen, a binder that is intermediate between pure and 
fluxed bitumen, flux-free pure bitumen, flux-free bitumen which is slightly aged and flux-free bitumen which is highly 
aged. The classification obtained is shown in figure 5.  
 

 
Figure 5: Classification of the recovery methods on the basis of the experimental results – fluxed bitumens.  
 
This classification differs in some respects with that established for pure bitumens and polymer-modified binders.  
None of these methods enables the recovery of the binder containing 10% flux. Regardless of the method, the flux always 
evaporates, at least partially.  
For both the bitumen emulsions with a 2% flux content, the method responsible for the least ageing was the Belgian heating 
by Bunsen burner method which permits recovery of the original fluxed binder.  
The result obtained with the ethanol precipitation method depends on the flux that is used. The method permits the recovery 
of the initial fluxed bitumen in the case of a binder with an F1 flux content of 2% and a binder which is relatively close to 
the initial fluxed bitumen in the case of a binder containing 2% of F2 flux. In any case, the results clearly show that the 
binder was initially fluxed, which is quite important information in situations where no information is available about the 
emulsion.  
Distillation as described in ASTM D 244 / NF EN 1431, during which a temperature of 260°C is attained, leads to partial 
evaporation of the flux: the binder obtained is intermediate between the fluxed bitumen and the flux-free bitumen.  
The evaporation method with heating to 163°C (ASTM D244-procedure A / Spanish NLT 147 ), which leads to the total 
evaporation of the flux, permits recovery of the pure bitumen irrespective of the percentage of flux, throughout the tested 
range of contents (up to 10%).  
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The results obtained for fluxed bitumens confirm that the method described in the standard EN 13074, which involves thin-
film conservation for 24 hours at 50°C and which simulates short-term ageing, significantly changes the properties of the 
binder. It leads to considerable evaporation of the flux. In the case of F1 flux, which is the most volatile, the properties of 
the recovered bitumen are almost identical to those of pure bitumen.  
The techniques which aim to simulate medium-term ageing (6 months to 1 year) or long-term ageing give similar results for 
fluxed and pure bitumens. According to the penetration and softening point values, the recovery process can be shortened 
by replacing the method in NF T 66-031 (14 days at 50°C) by that in the standard EN 14895 (24 hours at room temperature 
+ 24 hours at 50°C + 24 hours at 85°C).  
 
4. CONCLUSION 
 
Several methods of binder recovery are available. They do not all provide the same type of information, but the range of 
methods allows the state in which the binder is recovered to be controlled :  

 Base binder used in the emulsion (pure, modified or fluxed bitumen) 
 Flux-free base bitumen 
 “Recovered” binder : simulation of short-term ageing (state of the binder after the emulsion breaks in situ) 
 “Stabilized” binder : simulation of medium-term ageing (6 months to 1 year in situ) 
 “Aged” binder : simulation of long-term ageing (several years in situ).  

The recovery method must therefore be selected according to the objective.  
When the objective is to recover the binder in its state prior to emulsification, the recommended technique depends on the 
knowledge available about the binder in question. If the bitumen is not fluxed, the ethanol precipitation method can be 
applied. If the bitumen is known to be or considered likely to be fluxed, it is better to use the Belgian Bunsen burner heating 
method. This method is more versatile than the ethanol precipitation method, but less safe.  
In cases where the objective is to recover the base bitumen in a flux-free state, the evaporation method with heating to 
163°C (ASTM D244-procedure A / Spanish NLT 147 is appropriate, for all flux contents up to 10%.  
If the characteristics of the recovered bitumen are to be compared to specifications, it is essential to follow the recovery 
method for which the specifications were defined. Indeed, the study shows that results strongly depend on the method used.  
For the method described in the European standard EN 13074, the results must be assessed in view of the fact that this 
method, which simulates short-term ageing by heating a thin film of binder for 24 hours to 50°C, necessarily results in 
evaporation of some of the flux and evaporation (minimal but not negligible) of the lightest bitumen fractions. Therefore, as 
one would expect, the characteristics of the binder recovered using this method do not correspond exactly to those of the 
initial binder. Furthermore, when heating the bitumen in order to carry out the subsequent tests, it was necessary to exceed 
the maximum temperature stipulated in the standard in all cases except the pure or fluxed 160/220 pen bitumen.  
In order to simulate medium-term ageing (“stabilized” binder, after 6 months to 1 year in situ), the method specified in 
French standard NF T 66-031 (thin film conserved for 14 days/50°C) can always be beneficially replaced by the method 
specified in the standard EN 14895 (thin film maintained for 24 hours at ambient temperature + 24 hours at 50°C + 24 hours 
at 85°C).  
Finally, the Pressure Ageing Vessel (PAV) is intended to be used to simulate several years of ageing in situ. This 
standardized method (described in EN 14769 and following the same principle as the method displayed in standard 
AASHTO R 28-02) is considered to be usable for modified binders. It can certainly be of a certain value in the case of a 
comparative study, but the results should be taken with caution in absolute terms. In this study, the tests conducted on 
binders aged using this method have shown that the polymer had deteriorated greatly, which is not the case in the field.  
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ABSTRACT 
 
Micro-surfacing is a bituminous material made from a mixture of aggregate, bitumen emulsion (modified or not), fibres, 
mineral additives (cement or lime etc..) and organic additives. 
The mixture is mixed and laid by a specially designed and adapted vehicle. After the laying and the breaking of the 
emulsion , this very thin micro-surfacing 10 to 13 mm thickness reaches its final consistency ( rise in cohesion) very 
quickly. 
 
Generally, for better quality of breaking, rise in cohesion and adhesion between bitumen and aggregate, the bitumen 
used is naphthenic bitumen.  
 
The development growing of this process in France and abroad leads EUROVIA to diversify the bitumen sources and 
thus to develop new formulations of emulsion.  
 
The results published by Eurovia in the World Congress of Emulsions 2002 (Lyon) have shown an increase of the 
mechanical performances of the mix was obtained by adding  an additive into the paraffinic bitumen. However 
improvements remained to be made in particular:  
 
- to decrease the sensitivity of these micro-surfacing  to the ambient moisture content in wet weather condition ,  
- to carry out job sites behind and beginning of season when temperature varies along the night and day  
- and to diversify the origin of the aggregates.  
 
This article presents the last studies carried out at the Research Centre of Mérignac of EUROVIA (Bordeaux-France) 
with a new approach concerning the formulation of the emulsions and the influence  of certain additives, the results of 
these studies are very promising and show the possibility of attenuating considerably the susceptibility of the micro-
surfacing to the variations in temperature and moisture content . 
 
Keywords : Microsurfacing, Paraffinic bitumen, Emulsion, Testing  
 
 
1. INTRODUCTION 
 
Micro-surfacing is a bituminous material made from a mixture of aggregate, bitumen emulsion (modified or not), fibres, 
mineral (cement, etc.) and organic (dope) additives. This mixture is produced and laid by a specially designed and 
adapted self-propelled machine. Following laying and emulsion breaking, the very thin (10/13 mm) microsurfacing 
reaches its final consistency (rise in cohesion) very quickly . 
 
The two main parameters governing the formulation, production and laying of microsurfacings are: 
 

- Workability of the mixture (aggregate + emulsion) : 
 
Based on the reactivity of the aggregate (specific surface area, surface potential, etc.), the designer seeks to optimize the 
proportions of the various constituents (water, additives, emulsion formula) to allow for a sufficient workability time. 
 

- "Rise in cohesion" kinetics : 
 
Within less than thirty minutes, the micro-surfacing must acquire sufficient cohesion to allow the   re-opening to traffic.  
 
For over 20 years, EUROVIA has succeeded in meeting these requirements by using naphthenic bitumen based 
emulsions.  
 
However, in order to ensure supply security, reduce production costs and develop the market for micro-surfacing in 
France and abroad, the company needed to develop new emulsion formulae to allow the use of other sources of road 
construction bitumen (paraffinic bitumen). 
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In an article published in the World Congress of Emulsions 2002 (1), EUROVIA presented the results it obtained by 
including an additive in the paraffinic bitumen to boost the mechanical performance of micro-surfacing. However, there 
is scope for further improvement with respect to: 
 
- reducing the sensitivity of these micro-surfacing to ambient moisture content in wet weather conditions, 
- carrying out worksites in the off season and at the beginning of the season (T <15°C), 
- diversifying the origin of aggregates. 
 
This article presents the most recent studies carried out at EUROVIA's Merignac Research Centre (Bordeaux-France) 
based on a new approach to the formulation of emulsions and to the influence of certain additives. 
 
 
2. LABORATORY CHARACTERISATION TESTS 
 
Laboratory tests used to develop microsurfacing formulae are:  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

- The cohesion test (ASTM D-3910) carried out with a Benedict cohesion tester. This test allows us to evaluate the 
speed of curing of micro-surfacing by monitoring the change in cohesion over time, with measurements made at  
5, 10, 15, 20, 30 and 60 minutes. We thereby define the time (consolidation time) for which the couple measured 
becomes greater than 20 kg.cm. This time allows us to set a minimum time for opening the pavement to traffic without 
risk for surface deterioration . 

 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

Picture 1 : Breaking test

-  The breaking test, which consists in assessing the time (tr) required for the  
emulsion to completely break on the aggregate. A blotting paper is applied at  
a pressure of 0.2 MPa on a slab of microsurfacing over time (picture 1).  

 

- The manual mixing test used to assess the compatibility between the aggregates, the 
emulsion and the breaking additives. The test can be used to determine the optimum 
proportions of the various ingredients so as to obtain a minimum mixing time: the 
workability time. The formula parameters are adjusted so as to obtain a workability 
time of > 90 s. 

Picture 2 : Cohesion test Figure 1 : Cohesion evolution versus time 

- The modified WTAT (Wet Track Abrasion Test). The modifications to  
the standard WTAT test (ASTM D-3910) concern essentially the curing 
conditions  of test specimens in the climatic chamber. The purpose of this  
test is to evaluate the influence of the curing conditions (temperature, moisture  
content) on the mechanical properties at the early age of the microsurfacing.  
This test can be done at three temperatures (10, 18 and 30°C) and at 
 two different humidity levels (55 and 100%). Eurovia Internal specifications  
are correlated with the site and allow us to differentiate and validate the  
formulae (2) . The abrasion loss is estimated either in loss of mass g/m²  
or as a percentage of loss per m². 

Picture 3 :  WTAT test
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3. MICROSURFACING FORMULATION 
 
The study and the results described below summarize the main tests carried out at the research centre and complete 
what have been done. 
 
3.1 Constituents 
 
To develop the emulsion formula, we worked with five 0/6 aggregates : 
 

Aggregates Type of stone 
G 1 Gneiss 
G2 Quartzite 
G3 Diorite 
G4 Diorite 
G5 Anorthosite 

 
The basic microsurfacing formula is the following:   
 
0/6mm aggregate  100% 
Added water  10 pph 
 
 
The emulsion content is adapted to the specific surface area of the 0/6, so as to work with according to the French 
formulation method. 
 
 

Aggregate reference Emulsion content at 60% (pph) 
G 1 11.9 
G2 11.3 
G3 11.4 
G4 11.8 
G5 11.8 

 
The other formulation additives are noted as follows: 
 
 

 Name Content  
Mineral additive lime - 

Bitumen additive BA1, BA2 0.3 to 1 % (bitumen) 
Breaking agent Diluted solutions 1/10 with a 

quaternary ammonium : BR1, 
BR2 

0 to 0.5 pph/aggregate 

Emulsifier Immidazoline/ quaternary 
ammonium at different ratios : 

E1, E2,E3 

- 

 
Paraffinic bitumen emulsions (EM) (at 60%) are presented in the table below : 
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 ref. EM EM1 EM2 EM3 EM4 

Bitumen  
 
Type 
 
Bitumen dope  

Type 
Content (%) 

 
 

70/100 
Naphthenic 

 

 
 

70/100 
Paraffinic 

 

 
 

70/100 
Paraffinic 

 
BA1 
0.5 

 
 

70/100 
Paraffinic 

 
BA2 
0.5 

 
 

70/100 
Paraffinic  

 
BA2 
0.5 

Aqueous phase  
 
Emulsifier type 
Emulsifier content 
pH 
 

 
 

E1 
12 kg/t 

2.3 
 

 
 

E1 
8 kg/t 

2.4 
 

 
 

E2 
9 kg/t 

2.5 
 

 
 

E3 
10 kg/t 

2.5 
 

 
 

E3 
7.5 kg/t 

2.5 
 

 
 
 
 
3-2  Results 
 
In order to optimise our study, we focused our research on G1 aggregates to start with. 
 
The main results obtained are as follows: 
 

 F1 F2 F3 F4 F5 F6 Spe. 
Emulsion ref. EM  EM 1 EM2 EM2 EM2 EM3  

Total water content 
(pph) 

10 10 10 10 10 10  

Mineral additive 
Content (pph) 

 
0.5 

 
0.5 

 
0.5 

 
0.5 

 
0.5 

 
0.5 

 

Breaking agent 
Type 

Content (pph) 

 
- 
- 

 
- 
- 

 
- 
- 

 
BR1 
0.2 

 
BR2 
0.2 

 
- 
- 

 

        
Workability time(s) * 90 80 35 190 95 100 >90 s 
Breaking time(min.) * 10 15 5 45 10 15 < 20 min. 
Cohesion time(min.) 
* 

15 30 25 > 60 min. 25 20 < 30 min. 

Benedict cohesion 
(kg.cm) * 

20 min. 
30 min. 
60 min. 

 
 

21 
22 
27 

 
 

17 
19 
21 

 

 
 

18 
22 
27 

 
 
- 
- 

19 

 
 

19 
21 
23 

 
 

20 
22 
24 

 
 

18 
20 
23 

WTAT (18°C) 
- HR = 55% 

- HR = 100% 

 
< 1% 
1% 

 
- 

100% 

 
- 
- 
 

 
- 
- 
 

 
< 1% 
4% 

 
<1% 
7% 

 
< 5% 
< 25% 

* tests carried out at 20°C 
 
The formula using naphthenic bitumen (F1) provides a microsurfacing fulfilling  with EUROVIA specifications. 
Replacing the naphthenic bitumen with a paraffinic bitumen reduces cohesion kinetics and substantially increases water 
sensitivity (F2), which can lead to laying problems in the off-season and needs longer periods prior to reopening to 
traffic.  
 
Many emulsifiers, bitumen,  dopes and breaking agent additives were tested in an attempt to improve these results.  
 
The use of emulsion EM2 made it possible to obtain interesting results but with highlighted a sensitivity to the nature of 
the retarder and the water content (examples: F3, F4, F5). Following these tests, with a specific couple emulsifier/ 
additive bitumen (EM3) we have obtained interesting results (leads to F6)  which enabled us to obtain a microsurfacing 
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formula with characteristics in conformity with the specifications and close to the formula of reference containing 
naphtenic bitumen. 
 
Validation of  this emulsion formula have been made , in a second step, by testing it with four others aggregates. 
According to the reactivity of the aggregates (specific surface area,…), an emulsion with the same additive (BA 2) but a 
lower emulsifier (E3) content has been manufactured (EM4).  
 
 
 
Aggregate G2 G3 G4 G5 Spe. 
Emulsion EM4 EM3 EM3 EM4  
Total water content (pph) 9 10 10 8  
Mineral additive 

Content (pph) 
 

0.5 
 

0.5 
 

0.5 
 

0.5 
 

Breaking agent 
Type 

Content (pph) 

 
- 
- 

 
BR2 
0.1 

 
BR2 
0.2 

 
- 
- 

 

      
Workability time (s) 105 90 100 90 >90 s 
Breaking time (min.) 10 10 10 10 < 20 min. 
Cohesion time (min.) 25 25 25 30 < 30 min. 
Benedict cohesion 
(kg.cm) 

20 min. 
30 min. 
60 min. 

 
19 
21 
23 

 
19 
21 
23 

 
19 
21 
23 

 
19 
21 
22 

 
18 
20 
23 

WTAT (18°C) 
- HR = 55% 

- HR = 100% 

 
<1% 
3% 

 
<1% 
1% 

 
< 1% 
1% 

 
< 1% 
1% 

 
< 5% 
< 25% 

 
The microsurfacing formulae based on the various aggregates tested comply with EUROVIA specifications. We can 
note a very good results with the modified WTAT test (HR : 100 %) comparatively at the first test (F2). 
 
 
The use of a tyre roller on the jobsite is recommended its allows water removal and improves rise in cohesion kinetics. 
It is noteworthy that the WTAT test results obtained with these new emulsion formulae (EM3 and EM4) exhibit 
excellent bitumen/aggregate adhesion. 
 
4. EXPERIMENTAL JOBSITE 
 
To validate this new emulsion formulation we have organized an experimental jobsite on the  27 th of August near 
Riberac (24) on a low traffic road. 
 
The microsurfacing formulation was the following : 
 
 
0/6mm diorite Aggregate 100% 
Mineral Additive 0.5 pph 
Added water  10 pph 
Breaking agent       0.2 à 0.5  pph 
Emulsion EM3                                                             11.8 pph 
 
We applied a single layer of 0/6 mm (12 kg/m²) with sunny weather and temperatures between 25 and 30°C. 
 
The breaking time was roughly 10 minutes and the traffic was opened 30 to 40 minutes later. 
 
At the early stage the traffic  helped water evacuation and improved the cohesion build up of the micro-surfacing. No 
loss of chipping problem were observed. 
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In comparison with the naphtenic bitumen micro surfacing  mix we observed a slightly water and breaking agent 
sensibilities . Therefore, with the evolution of the knowledge of this product during the jobsite, the machine operator , 
was able to optimize the ratio of these different additives to reduce the delay of re-opening the road.  
 
 
 
 
 
 
 

       
   
 
 
 
5. CONCLUSION 
 
The simultaneous addition of a specific bitumen dope and an adapted emulsifier in the formula of a paraffinic bitumen 
emulsion used to make microsurfacings provides very promising results close to those obtained with naphthenic 
bitumen emulsions. 
 
These results are also very encouraging for the realisation of microsurfacing in countries where naphthenic bitumen is 
not available. 
 
The addition of a tyre roller on the worksite promotes removal of water and thereby accelerates rise in cohesion 
kinetics. 
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Pictures 4 and 5 : microsurfacing application 
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ABSTRACT 
 
Aqueous emulsions are a good way to use bitumen in liquid form to a moderate temperature. Further, it allows energy 
saving, limiting the emission of smoke and vapour. It is also a flexible method that offers safety to the workers and the 
environment.  
The emulsifiers traditionally used are “harmful to the environment” and non biodegradable. Considered to be non-
dangerous in normal usage, these surfactants however cause concern regarding their accidental dumping. Their 
substitution with biodegradable molecules has led to a programme ADEME/Agrice no. 01 01 017 with the purpose of 
preparing new, 100% vegetable cationic emulsifiers and studying their efficacy in formulations of emulsions. A 
collaboration was therefore established between the ONIDOL (organisation for the promotion of oil seeds), the Ecole 
Nationale Supérieure de Chimie de Rennes, Eiffage Travaux Publics and DTA (consultant specialist in surfactants).  
During this work, the glycine betaine, by-product of the sugar industry and source of quaternary ammonium, was 
selected for the cationic polar head of amphiphiles. The stearic alcohols obtained from oils were selected for the 
lipophile property. The structures are easily biodegradable. A study was also made to insure an environment friendly 
manufacturing processes easily applicable on an industrial scale.  
 
1. INTRODUCTION 
 
Cationic surfactants fall into several categories depending on the nature of their cationic polar heads. Some of them 
have functional group capable of being protonated and show cationic properties particularly in acidic media (for 
example amine types) while the others, such as quaternary ammonium salts, exhibit a permanent positive charge.1  
In road construction, bitumen products are typically applied in conjunction with a mineral aggregate. The good 
adhesion properties of bitumen to aggregates allow it to act as a binder, while the aggregate provides mechanical 
strength. At ambient temperature, bitumen is a highly viscous to almost solid substance that is extremely difficult to 
work with. Bitumen can, however, be transferred into a workable state by applying heat, by blending with petroleum 
solvents or by emulsification in water to form a bitumen emulsion. Working with bitumen at high temperatures (150-
180°C) can be dangerous, with a risk of serious burns. It also requires costly equipment for heating, storage and 
application of the bitumen. Bitumen that has been mixed with petroleum solvents is more workable. Nevertheless, the 
solvents, are often fire hazards and produce hydrocarbon emissions when evaporate, contributing to air pollution. In 
contrast, bitumen emulsions can be applied without a need of heating (although they are still prepared at high 
temperatures), they do not have the handling and the environmental hazards associated with hot mixes. Bitumen 
emulsions improve also adhesion to aggregates, and can  be applied in a  good range of weather  conditions.2   
The bitumen is dispersed throughout the continuous water phase as particles typically 5 to 20 m in diameter, as an oil 
in water emulsion. Bitumen-water emulsions must break in a controlled manner upon laying with the mineral aggregate. 
As a function of the speed at which emulsion breaks over mineral aggregates, various technologies for road making are 
used: surface dressing with rapid breaking emulsions (emulsion is sprayed onto the road surface and aggregates are 
spread on top and normally rolled to ensure proper embedment and alignment) and cold mixes that require slower 
breaking emulsions. The emulsifier in a bitumen emulsion system has thus three functions: it reduces the interfacial 
tension between bitumen and water, stabilizes the emulsion and assists the adhesion of the bitumen. Cationic 
emulsifiers for bitumen emulsions are usually used in Europe (2,000,000 tonnes of bitumen emulsion produced per 
year), (0.2 to 2% of surfactants). Commercially available cationic emulsifiers are mainly surfactants that are ionised in 
an acidic environment and include polyamines, amidoamines and imidazolines, which are the most widely used 
emulsifiers. These cationic surfactants that come entirely or partially from petrochemicals, were found to exhibit a low 
biodegradability and a high aquatic toxicity. 
 
These undesirable effects on environment, coupled with consumer demand for “greener” products, are leading 
manufacturers to focus on the production of cationic surfactants from alternative, less harmful raw materials in an effort 
to reduce environmental pollution at all levels. Many recently-developed surfactants are an attempt to satisfy the 
modern consumers’ desire for products to be “more natural”. Like most plant-based products, surfactants based on 
renewable raw materials (RRM) are characterized by their positive impact on the environment, biodegradability, low or 
no toxicity and innocuousness for human health.3 In addition, the use of renewables in surfactant production can 
contribute to save fossil resources, such as crude oil and natural gas, and to the reduction of fossil carbon dioxide 
emissions (CO2) and hence, could be part of a strategy to mitigate the greenhouse gas effect. There is a good chance that  
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the use of biomass could contribute to these goals because the quantity of carbon dioxide originated from biomass is 
equivalent to the amount which was previously withdrawn from the atmosphere during growth.  
 
 
 

Glycine betaine (GB), a natural low expensive substance possessing a quaternary trimethylalkylammonium moiety and 
a carboxylate function, constitutes a prime raw material for the preparation of biodegradable and biocompatible cationic 
surfactants (Scheme 1). Accounting for 27% in weight of molasses of sugar beet, and obtained after extraction of 
saccharose, it remains currently a little developed by-product of the sugar-industry. Within this context, the aim of this 
study was to produce novel GB esters and amides from European oils (sunflower, rapeseed: C18 stearic and oleic alkyl 
chains), conveniently, economically and with an environmentally acceptable process (no solvent, no waste). The 
introduction of an ester-type or an amide-type linkage between the hydrophilic moiety (polar head group) and the 
hydrophobic backbone (alkyl chain) should ensure a high biodegradability. In particular, fatty chains with 18 carbon 
atoms derived from European vegetable oils were used for their emulsifying properties compatible with numerous 
industrial and technical applications.  
 
2. RESULTS AND DISCUSSION 
 
Synthesis of cationic GB surfactants. Three synthetic pathways have been envisaged for the esterification reaction of 
glycine betaine as outlined in Scheme 2.  
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Scheme 2 Synthetic pathways A-C for the preparation of GB ester surfactants 
 
In pathway A, the introduction of the ester linkage is achieved by the reaction of the starting GB with electrophilic 
reagents such as alkyl halides and their tosylate or chloroformate counterparts. According to pathway B, GB esters are 
produced through a strategy based on a preliminary activation of GB which is then reacted with fatty alcohols. 
Conversely, acid-catalyzed esterification reaction between GB and fatty alcohols (pathway C) proceeds in one-step via 
the in situ protonation of the carboxylate function. The latter strategy is more advantageous in so far as it can use only 
environmentally friendly starting materials, without any additional solvent. First, we found that methane sulfonic acid 
(MSA) was the best candidate for a green synthetic route to GB esters (GBE). Indeed, MSA is an easy-to-handle liquid, 
often recyclable and less aggressive than sulfuric acid or HF. It is readily biodegradable, ultimately forming sulfates and 
carbon dioxide. In fact, MSA is considered to be a natural product and in part of the natural sulfur cycle.4 The process 
we developed in this work is reported in Scheme 3.  

 

 
 

 

 

 
Scheme 1 Molecule of Glycine betaïne. 

Me3N

O

O



 3

Esterification reactions of GB were carried out with unsaturated fatty alcohols at 130°C, in the presence of methane 
sulfonic acid and under reduced pressure in order to eliminate the water formed in the reaction. 
Due to the insolubility of the reaction mixtures in water, alternative purification procedures of GBE were envisaged: 
processes based upon precipitation in organic solvents as diethyl ether, n-butanol or ethanol or use of crude reaction 
mixtures, furnished a large variety of emulsifying formulations (Figure 1) characterized by various compositions 
(several controlled ratios of residual free GB, C18 fatty alcohol, MSA). It is noteworthy that treatment of the mixtures 
with ethanol or n-butanol led to the total or nearly quantitative removal of residual GB and MSA. Direct flash 
chromatography of the crude mixture was also envisaged to isolate the surfactant with a high purity. The scale up of one 
oleic ester-based mixture (weight ratio: GBE/oleic alcohol/MSA/GB = 49/33/15/3) obtained without any purification 
was performed on a 60 kilogram scale for road making application. 

 
Chemical hydrolysis. Hydrolysis of GBE was investigated using GC to monitor the appearance of the resulting fatty 
alcohol. The degree of hydrolysis was evaluated at different times and pH values (Figure 2). GBE was found to be 
extremely stable against acid. Conversely, a rapid hydrolysis of GBE was observed under alkaline conditions. As 
previously reported,5 acid hydrolysis would involve protonation of the carbonyl oxygen, forming a dicationic 
intermediate that would be energetically very unfavourable. In basic conditions, the very electrophilic carbonyl carbon 
(presence of the strongly electron-withdrawing quaternary ammonium) would be prone to nucleophilic attack by 
hydroxide ions. This pronounced pH dependency makes GBE interesting as so-called cleavable surfactants.6  

 
 
Surface tension measurements: Surfactants tend to partition preferentially at the interface between fluid phases such as 
air/water interfaces. The formation of such ordered molecular film at the interface lowers the interfacial tension and is 
responsible for the unique properties of surfactant molecules. One of the most widely used indexes for evaluating 
surfactant activity is the critical micelle concentration (CMC). The CMC is the solubility of a surfactant within an 
aqueous phase or the minimum surfactant concentration (C) required for reaching the lowest interfacial or surface 
tension values . At concentrations above the CMC, surfactants associate readily to form micelles. The CMC value is 
estimated from the inflection point in the  vs. Log C curve, as shown in Scheme 4. 
 
 
 
 

 
 
 
 
 

 
 
 
Scheme 3 Methane sulfonic acid-catalyzed synthesis of GB ester-type surfactants (GBE). 
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Fig. 1 Weight ratio (%) of the components in the mixtures obtained without or after purification 
measured by 1H NMR (±5%). From left to right: crude reaction mixture; after precipitation in diethyl 

ether, after precipitation in ethanol; after precipitation in n-butanol. Protonated form of GB, 
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The CMC values of GBE is shown on fig.3. GBE reduced the surface tension at values characteristic to quite significant 
surfactant activities and compatible with emulsifying applications for the C18 derivatives. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 4 Typical curve  =f(logC) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Surface tension curves of GBE at room temperature 
 
 
One can see that CMC of the GBE is equal to 0,1 mmol/l and the surface tension  is 37 mN/m. This result illustrate a high 
capacity to stabilize a dispersion of bitumen in water. 
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Fig. 2 Hydrolysis rate of GBE at different pH values and 
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Emulsifying properties for road making applications:  
 
Within the context already mentionned of the growing concern for sustainable development, GBE represent a new 
plant-derived emulsifier that could limit environmental pollution. Different GBE formulations were tested in the 
formation of road bitumen emulsions, especially pure surfactants and the corresponding crude formulations resulting 
from non-purified reaction mixtures. Emulsion particle size, breaking index, pseudo-viscosity, stability measurements 
were performed to highlight the influence of each surfactant formulation (Table 4). 

 
Table 4 Characteristics of bitumen emulsions of different purities derived from GBE 

 

Standard methods of 
reference 1 2 

Specifica-
tions for 

65% 
rapid 

breaking 
emulsion 

Bitumen 160/220  (%) 
Pure emulsifier     (%) 
Crude emulsifier   (%) 
HCl                       (%) 
Water                    (%) 

65 
0.25 

- 
0.05 
34.70 

65 
- 

0.52 
0.05 
34.43 

65 
- 
- 
- 
- 

- Breaking index 
(NF T 66.017) 
- Adhesivity 

(NF T 66.018) 
1st part (RT)       (%) 
2nd part (60°C)    (%) 

- Median diameter 
( m) Internal method 

- pH emulsion 
- Stability to storage     

(NF T 66.022) 
- Homogeneity         
(NF T 66.016) 

Particles > 0.63 mm 
(%) 

Particles between 0.63 
and 0.16 mm (%) 
- Pseudo viscosity       

STV at 25°C 
(NF T 66.020) 

- Water content (%)     
(NF T 66.023) 

 

 
61 

 
 

100 
100 

 
7.5 
3.1 

 
0.8 

 
 
 

0.17 
 

0.16 
 
 

52 
 

34.7 

 
60 

 
 

100 
100 

 
9.8 

2.00 
 

2.9 
 
 
 

0.05 
 

0.09 
 
 

17 
 

34.99 

 
< 100 

 
 

 90 
 75 
 
- 
- 
 

< 5 
 
 
 

< 0.1 
 

< 0.25 
 
 

> 6 
 

34 to 36 

 
These GBE formulations were found to have chemical stability, viscosity, bitumen emulsifying properties (strong 
adhesivity, rapid emulsion breaking), very promising for their uses in surface dressing and tack coat technologies.  
The GBE formulation based on crude reaction mixture rapidly emerged as the best candidate for an industrial 
production of emulsion. Firstly, this crude product was found to be as efficient as pure compound; secondly, it exhibited 
higher water-solubility and liquidity than the corresponding pure solid compound. Additionally, as stated in 
Experimental Section, the aerobic ultimate biodegradability of emulsifier as a crude reaction mixture was evaluated 
applying the “CO2 evolution” test. This test is included in the European Regulation on biodegradability of detergent 
surfactant.7 A surfactant is considered as readily biodegradable8 if the biodegradation level exceeds 60% within 28 days 
in this test. High biodegradation level (70%) was reached that allowed this formulation to be classified as readily 
biodegradable. Finally, after an experimental phase (1000 meter road coatings using a bitumen emulsion based on the 
crude product), the project arrives today at the stage of industrial development for the production, on a large scale, of 
this new vegetable-derived surfactant, called Emulgreen®.9 Additional applications of these novel biodegradable 
cationic surfactants in cosmetic formulations (shampoos, body washes, creams) are currently being developed. 
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3. CONCLUSION 
 
This investigation has pointed out the potential of glycine betaine as an innovative renewable raw material for the 
development of biodegradable surfactants. Monocationic GB ester derivatives were prepared using environmentally 
benign solvent-free synthetic approaches and eco-friendly reactants and catalysts. The industrial production of an 
emulsifying formulation, called Emulgreen® which was developed in this work is now in progress. These results are 
particularly important in the context of the growing number of European laws, regulations and directives. The new 
European Detergent Regulation that entered into force on October, 2005 is the most recent one.7 The main elements of 
this regulation are additional requirements with respect to ultimate biodegradability (60 % degradation within 28 days) 
of surfactants, special new requirements for the additional declarations of detergent ingredients on the packaging 
including possible sensitizing ingredients, and additional compulsory information concerning detergent formulations to 
be provided for medical professional and consumers. While previous legislation was only applicable to anionic and non-
ionic surfactants, this Regulation includes all four surfactant families: anionic, non-ionic, cationic and amphoteric. 
Consequently, innovative research and development in new biodegradable products, particularly for the introduction of 
new cationic surfactants, should be favoured to propose alternative to non-compliant surfactants found in formulations 
impacted by the by the European Detergent Regulation. 
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405-545 METHODOLOGY TO ASSESS IN SITU COLD BITUMINOUS MIX BEHAVIOUR: 
EXAMPLE OF A FRENCH EXPERIMENTAL WORKSITE 
 
L.WENDLING1, D.GUEDON2, J.C.FABRE2, V.GAUDEFROY3, C.de LA ROCHE3, L.ODIE4 
1 Laboratoire Régional des Ponts et Chaussées d’Autun, Boulevard de l’Industrie, 71405 Autun Cedex, FRANCE 
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ABSTRACT 
 
In a political context in which energy and environmental stakes become increasingly strong, road engineering evolve to 
saving energy and environmentally friendly practices. Cold mixes treated with bitumen emulsion appear as suitable 
techniques. Cold mix design and manufacture are empirical and usually controlled thanks to local competences. 
However, in order to set performance-based mix and pavement design methodologies, it is necessary to assess the cold 
bituminous mixes in situ behaviour, as during their early life, they behave as no treated gravel, and evolve with time 
and traffic to bitumen bound materials. A research program is started at LCPC with collaboration of the French Road 
and Bridges Regional Laboratories to answer this waiting. A first experimental worksite has been carried out in 
October 2006 on the French departmental road network with a cold bituminous mix treated with emulsified bitumen 
such as gravel-emulsion used in structural pavement layer. Mechanical and physical evolution of the gravel emulsion is 
evaluated by mean of temperature probes, inner water content measurements, strain measurements through gauge 
included during the laying process as well as ex situ monitoring survey such as deflectograph. In this paper, jobsite 
methodology, probes used and instrumental implementation are described. Data collected from this in site monitoring 
follow-up are also discussed. 
 
Keywords: Cold asphalt, Deflection testing, Mechanical properties, Design of pavement, in situ monitoring 
 
1 INTRODUCTION 
 
In the framework of the ‘Laboratoire Central des Ponts et Chaussées’ (LCPC) Research Program ‘OPTIMIRR’, an 
experimental approach has been proposed to determine to the in situ behaviour of cold mixes treated with bitumen 
emulsion. To achieve this objective, a jobsite testing board, which is located at the south west of France, has been 
implemented in October 2006. In this experiment, mix manufacturing conditions have been controlled and the 
experiment objective consists in assessing the mechanical behaviour according to time of this material under real 
loading conditions. Two articles aim at presenting theses research activities. A first article is dedicated to the laboratory 
characterization of gravel treated with bitumen emulsion ‘Gravel emulsion – GE’ and especially manufacturing 
properties control and rheological behaviour identification [1]. This second one is based on the construction site 
description, the in situ and ex situ assessment methodology. First data collected from this site monitoring are presented 
and discussed. 
 
2 WORKSITE DESCRIPTION 
 
The experimental worksite is located on a French departmental road network (RD 20) between Labastide and Cepet at 
the North-East of Toulouse (cf. Figure 1). Pavement reinforcement has been planned by departmental authorities in 
order to implement gravel treated by bitumen emulsion. Due to the in situ instrumentation of the pavement chosen, a 
gravel emulsion layer of 12 cm has been implemented. 
 

 
 

Figure 1: Geographic localisation and photograph of the worksite before gravel emulsion implementation 
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2.1. Road section and pavement structure characteristics 
 
The road section is a 285 m length, it is straight and the longitudinal profile is flat. The cross section is composed of 2 
traffic lanes of 2.6 m width 2 shoulders 1.2 m width and two ditches one meter deep. 
The worksite is composed of two testing boards of 10 and 7 m. Structural properties of the pavement have been 
characterised by a ground boring. Results obtained show that the pavement is representative of a flexible pavement 
which is made of two surface dressing layers and two unbound granular material (UGM) layers superposition (cf Table 
1). The two boring have revealed that the pavement is based on a clay deposit. The substratum is made of Garonne 
alluvial gravels. A third boring realized in the neighbouring soil has been allowed to detect the water table at a depth of 
3.8 m. 
 

Boring n°1 Boring n°2 
Gravel emulsion of 12 cm  Gravel emulsion of 12 cm  
Surface dressing layer of 5 cm 
Unbound granular material layer of 15 cm 
Surface dressing layer of 5 cm 
Unbound granular material layer of 25 cm 

Surface dressing layer of 5 cm 
Unbound granular material layer of 10 cm 
Surface dressing layer of 5 cm 
Unbound granular material layer of 20 cm  

Clay deposit of 360 cm Clay deposit layer of 350 cm 
 

Table 1: Pavement Structure of the two instrumented sections after gravel emulsion implementation 
 
2.2. Gravel emulsion composition 
 
In this work, S-type gravel-emulsion (XP P98 – 121 standard [2]) has been implanted on the job site. The aggregate 
(Garonne alluvial gravel) and gravel emulsion mix properties are presented in Table 2. 
 
2.3. Construction of gravel emulsion layer 
 
Gravel-emulsion has been manufactured by SCREG Compagny. The 'Parc départemental de la Haute Garonne’ staff 
carried out the cold asphalt mix implementation on the full width of the road by the means of a Dynapac F14 finisher, a 
Caterpillar P3 pneumatic-tyre roller (25 pass) and a Amman AV9 vibratory roller (10 pass). The compaction has been 
briefly interrupted due to water bleeding (cf. Figure 2) and finished a little time after. 
 

Mix aggregate design  Cold asphalt mix design 

Fraction Aggregate 
origin 

Composition 
(%) 

Density 
(T/m3) 

Water 
absorption 

(%) 
 Aggregate density (T/m3) 2,69 

0/2 
Garonne 
alluvial 
gravel 

39 2,68 0,51  Mix density  
(T/m3) 2,52 

2/6 
Garonne 
alluvial 
gravel 

24 2,72 0,59  Emulsion content in the mix (%) 
with bitumen content of 60 % 

mean 7,5 
ext 4,5  

6/14 
Garonne 
alluvial 
gravel 

37 2,69 0,68  Total water content (%) 7 

 
Table 2: Aggregate and cold asphalt mix characteristics 

 
2.4 Worksite control results 
 
Table 3 presents the gravel emulsion grading curve manufactured in plant and recomposed in laboratory. In addition; 
bitumen content is equal to 4.5 %. Density measurements have been performed by Gamma densitometer (GDF 30 
model). Mean density value is about 2.25 T/m3 for a water content of 6 % which corresponds to a void content of 15 %. 
 

 Sieve (mm) 0,080 0,315 0,5 1 2 4 6,3 8 10 12,5 14 16 20 
In site grading 
composition 8,3 16,3 20 28,1 40,6 51,9 63,4 71,2 81 92,2 98,5 100 100 Passing 

(%) 
Laboratory 

recomposed formula 7,9 15 18,8 27,4 41,6 54,5 64,7 72,4 82 94 98,1 99,9 99.9
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Table 3: Gravel emulsion grading curve manufactured in plant and recomposed in laboratory 
 

 
 

Figure 2: Water bleeding during compaction 
 
During the cold asphalt mix transfer between the plant and the worksite, a given amount of water is drained. French 
Road and Bridges Regional Laboratory (LRPC) of Toulouse has performed water loss measurements in laboratory and 
has compared the results obtained with the ones obtained after the material transport from the plant to the worksite. The 
aim of this study is to develop a device dedicated to the draining prediction in laboratory of the gravel emulsion [3]. In 
this study, the draining period used was about 75 min corresponding to the mean transport time value between 45 and 
90 min. 
Water content of seven gravel emulsion specimens manufacturing in plant has been measured and is equal to 7.5 %  
0.5 %. Water content of the same material been controlled on worksite after their transport. It occurs that an amount of 
water, equal to 0.5 %, has been drained during the transport. By comparison, laboratory experiments show a decrease in 
water content of 0.3 % which is in accordance with the one observed on site. 
After implementation and compaction on site, water content of specimens has been decreased down to 5.8 %. 
 
3 INTERNAL INVESTIGATION MEANS TO EVALUATE THE ON SITE BEHAVIOUR  
 
Strain under loading, temperature and hygrometry are the studied parameters to assess internal behaviour of the 
implemented gravel emulsion layer. The monitoring of the parameters has been done by including specific probes to the 
new gravel emulsion layer. 
 
3.1 Instrumentation methodology 
 
Gravel emulsion materials using bitumen emulsion binder show strong behaviour changes during their life from 
unbound material to Hot Mixes Asphalt (HMA) behaviour. In order to evaluate this dual behaviour, vertical deflection 
and resilient strain at the bottom of the GE layer have been investigated. 
 
Vertical deflections of the actual pavement have been characterized by sensor anchored at the substratum [4] and the 
one of the GE layer by a new type of sensor designed by the French public Work’s Scientific and technical Network 
(RST) set at the interface between the actual pavement and the new GE layer (cf. Figure 3A). Reversible strains at the 
bottom of the GE layer have been characterized by internal gauges (cf. Figure 3B) and periodically measured under 
French standard axle (13T) required by the French pavement structure method at different cross sections and for 
different loadings. 
A monitoring of the Gravel emulsion temperature has been carried out, by the means of PT100 probe, at different 
depths of the new layer (1, 4, 7 and 10 cm). In addition, air temperature and black body (material acting as reference) 
temperatures have been recorded too. Hygrometric monitoring of the gravel emulsion layer has been performed by the 
means of Time Domain Refectometry probe (TDR) (cf. Figure 3C). Rainfall intensity data come from the close Blagnac 
airport weather station. 
 
3.2. Representation of the sensor and probe implantation 
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According to pavement structure characteristics, two testing boards have been instrumented by including probes and 
sensors to the new GE layer. Testing board lengths are equal to 10 m (main) and 7 m (minor). 
A representation of these testing boards is shown on Figure 4. Probe and sensors have been set on the left track (La 
Bastide to Cepet direction) expect for two TDR and PT100 temperature probes. 
 

 
 

Figure 3: Photograph of sensors placed in the gravel-emulsion layer (A: vertical displacement, B: strain 
gauge, C: Time Domain Refectometry probe) 

 

 
 

Figure 4: Sensors position on test sections (main board - A, minor board - B) 
 
3.3 Instrumentation implantation on worksite 
 
Instrumented sections have been realized stage by stage. Firstly, probes calibration has been performed in laboratory. 
Then, preliminary works have been manufactured on site such as civil engineering, sensor anchoring on the substratum 
and the definition of the instrumentation plan for the two test sections. During the implementation day, probes and 
sensors have been included to the gravel emulsion layer. It can be noted that gravel emulsion mix implemented in the 
two monitored test sections was not submitted to vibrating compaction in order to preserve the probes. 
 
3.4 Hygrometric TDR probes 
 
Time Domain Refectometry technology is dedicated to the in situ monitoring of volumetric moisture. The small 
measuring volume to a cylinder with a diameter of 8 cm. Electromagnetic wave impulses are generated and send 
throughout the two electrodes with integrated electronics (11 cm length and spaced together of 2 cm). The output 
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parameter measured corresponds to the time (noted ‘Tp’) for which the wave travels through the electrode length. Tp 
depends on the dielectric properties of the soil/material and especially its water and void contents. 
A preliminary study in laboratory has been realized by LRPC Autun to determine the TDR probe response in loose cold 
asphalt mix according to mix water content. 
Figure 5 represents the electrical output versus Tp for a loose mix at four different water contents. 
A second method developed by ‘LRPC Autun’ allows to measure continuously the water content of cold mix during 
both compaction and curing stages. Experiments have been realized on the same mix which is compacted at a void 
content of 15 % (i.e. on site void content). Figure 6 represents the linear interpolation between electrical output of the 
TDR probe and water content of the compacted mix (water content in a range of 0.4 to 7 %).  
According to figure 6, data linked to a water content of 7 % corresponds to a compacted stage (void content of 15% and 
full of water) in which water appears at the top of the specimen. During compaction, a Tp peak has been observed just 
before the water loss for a void content of 15 %. It corresponds to a maximum water content included in the volume 
analysed by the TDR probe because the voids are full of water. With the increase in gyration number, the void content 
decreases which induces the water loss from the mix. These results are in agreement with the French gyratory 
compactor ones [1]. 
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Figure 5: Evolution of the analogical output and theoretical curve of TDR probe according to Tp for gravel 
emulsion loose mix 
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Figure 6: Correlation between water content measured in laboratory and electric response by TDR probe for 
gravel emulsion compacted mix. 

 
4 EXTERNAL INVESTIGATION MEANS TO EVALUATE THE BEHAVIOUR ON SITE 
 
Survey methods such as Deflectograph Flash, Falling Weight Deflectometer FWD and PALAS-2 have been used to 
measure deflexion, permanent deformations and transverse profile in continuous mode. In addition, thickness and 
density of the implemented gravel emulsion layer have been investigated respectively by the means of radar device and 
gamma densitometry. 
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4.1 Deflection 
 
The Deflectograph ‘Flash’ has been developed by the RST. The deflection is measured between the paired wheels of the 
rear axle of the truck and allows determining maximum deflections and deflection curves. The measurement speed of 
the vehicle is about 5 km/h. 
The Falling Weight Deflectometer FWD has been developed by ‘Bretonnière’ Compagny in France and then optimized 
in Denmark, United States and Sweden. The test principle consists in applying a shock to the pavement which generated 
waves. Force sensor and geophones measure respectively the shock intensity and the propagation waves. According to 
data collected, maximum deflections are deduced. A fixed height of fall between the weight and pavement has been 
used in the case of RD 20 worksite [6]. 
Maximum deflection and deflection curves are the appropriate parameters to study the time influence on the mechanical 
properties of gravel-emulsion. For example, deflection will be used to model structural pavement behaviour under 
loading. 
 

 
 

Figure 7: A - Photographs of Deflectograph Flash truck with two axles and a carbon fibre reference beam 
with two sensing arms, B – Photographs of Falling Weight Deflectometer FWD 

 
4.2 Rutting 
 
The laser transverse profile meter (PALAS-2) allows high speed measurement of transverse profile of pavements 
without contact. In this study, permanent deformation have been measured before reinforcement and then monitored 
with time after construction of the new layer. Tests have been performed by means of the LRPC Autun PALAS-2 
according to NF P98 219-1 and NF P98 219-2 standards and LPC method n° 49 [7]. The output parameter measured 
Characteristic rut depth (OC) corresponds to the maximum rut depth calculated on right and left wheel paths. 
 

A 
B 
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Figure 8: Photograph of PALAS2 Vehicle 
 
4.3 Radar auscultation to measure implemented layer thickness 
 
The radar survey allows measurement of the thickness of pavement layers. This technology is based on material 
dielectric properties which depend on water content. LRPC Bordeaux and Autun have realized the pavement 
auscultation. Two antennas have been used to characterize longitudinal (2 GHz) and transverse thickness profile (1.5 
GHz) [8]. In addition complementary destructives experiments (core boring) have been performed on site to compare 
results with the ones obtained by radar method and check water content and thickness of the constructed layer. 
 
4.4 Assessment of in situ compaction level 
 
Density measurements have been periodically realized on worksite thanks to GDF 30 gamma densitometer. The 
measured layer thickness was about 6 cm. In addition water content of the specimen has been also measured on 
worksite. 
 
5 FIRST RESULTS 
 
5.1 Temperature and moisture measurements 
 
Figure 9 shows the evolution of analogical output of the TDR probe and the rain fall from October 2006 to February 
2007 on work site. According to figure 8, rainfall intensity and water content of the GE layer are linked. According to 
TDR calibration (see Part 3.4), the water content of the cold mix layer varies from 6.8 % (i.e. 5 mA) to 0.9 % (i.e. 7.5 
mA). 
Figure 10 shows the time response of the PT100 temperature probe measured on section n°1 of the main test section. 
According to Figure 10, the temperature at the bottom of the GE layer varies between - 0.1 °C to 38.1°C. It can be noted 
that a temperature gradient in the top and the bottom of GE layer of about 11.8°C has been measured during a two day 
period (15-16th January 2007). GE behaviour is related to a thermo-viscoelastic one, it means that the rheological 
properties of the GE layer changes with the depth of the layer. 
 

4

5

6

7

8

9

08
/10

/20
06

07
/11

/20
06

07
/12

/20
06

06
/01

/20
07

05
/02

/20
07Date

A
na

lo
gi

ca
l o

ut
pu

t o
n 

th
e

m
ai

n 
te

st
 se

ct
io

n 
(m

A
)

0

5

10

15

20

25

30

R
ai

nf
al

l i
nt

en
si

ty
 (m

m
/d

ay
)

water content Rainfall intensity

 





 9

 
 
Figure 11: 3D views of the pavement rutting before (on the left) and after (on the right) implementation of the 

new GE layer 
 
5.4 Thickness of the GE layer 
 
The thickness of the GE layer has been investigated by radar auscultation with a degree of accuracy of 0.5 mm. This 
accuracy allows to detect bevels between the old and new pavement. The thickness mean values are presented in Table 
7 and seem homogenous. 
 

 Cepet - la Bastide direction La Bastide -  Cepet direction 
Wheel axis (right) 12.1 ± 1.4 12.8 ± 1.7 
Lane axis  11.4 ± 1.3 12.9 ± 1.5 
Wheel axis (left) 12.2 ± 1.2 13.0 ±1.0 

 
Table 7: Mean values of thickness mean values on right and left wheel axis and the lane axle on the whole 

road section 
 
6 CONCLUSION 
 
In the framework of a LCPC Research program, a first experimental worksite has been built in October 2006 on the 
French departmental road network with a gravel-emulsion used in structural pavement layer to evaluate the in situ 
behaviour of cold asphalt mix. Works consisted in reinforcing the pavement with a 12 cm thick GE layer. Indeed two 
test sections have been instrumented by gauges, temperature and hygrometric probes. In addition classical survey 
methods such as Deflectograph and FWD have been periodically used. As a consequence methodologies have been 
developed. After the construction of the GE layer, all the probes work well. Data have been collected and their analyses 
are in progress. 
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ABSTRACT 
 
In a political context in which energy and environmental stakes become increasingly strong, road engineering evolves 
to energy savings and environmentally friendly practices. In this context, cold mixes treated with bitumen emulsion 
appear as suitable techniques. Cold mix design and manufacture are empirical and usually controlled thanks to local 
competences. Based on experimental principles, these methods do not provide fundamental answers to issues such as 
mixing, transport, workability, compactability, mechanical resistance and coating quality. A research program is 
started at LCPC with the collaboration of the French Road and Bridges Regional Laboratories to answer this waiting. 
An emulsion treated gravel (GE 0/14) with a residual bitumen content of 4.5 % was implemented on a French 
experimental jobsite in October 2006. Loose jobsite materials and samples manufactured in laboratory with materials 
(aggregates and emulsion) coming from jobsite have been characterized. Traditional tests used in the French hot mix 
design methodology as well as more specific techniques such as triaxial apparatus for cyclic loadings, used to assess 
mechanical characteristic of unbound granular materials, have been used. This paper presents current normative and 
also innovating properties linked to implementation behaviour, rheological behaviour and time-dependence (cohesion 
increase) of emulsion treated gravel. 
 
Keywords: Cold Asphalt, Mechanical Properties, Workability, Mixture design, Mixing plant 
 
1. INTRODUCTION 
 
Cold bituminous mixes as emulsion treated materials are considered as high potential development products for the 
future safe and environmentally friendly road materials. Gravel-emulsions (GE) are hydrocarbon materials used for 
construction or rehabilitation of roads with low and medium traffics. They are obtained by mixing humidified 
reconstituted gravel with bitumen emulsion. These materials using bitumen emulsion binder show strong behaviour 
changes during their life from unbound material to Hot Mixes Asphalt (HMA) behaviour. They are complex and quite 
unknown, their mix design and their manufacture are empirical and controlled thanks to local competences. 
In order to achieve laboratory optimization rules of these materials, it is necessary evaluate their behaviour on site. In 
the framework of the LCPC Research Program ‘OPTIMIRR’, this first objective has been achieved by including 
internal gauges to an actual pavement laid in the South of France in 2006 and monitors it during five years [1]. The 
obtained results are meant to allow to design pavements including cold asphalt mixes. 
In this study, gravel emulsion mixture manufactured in plant has been collected and characterized by traditional Hot 
Mix asphalt and unbound materials tests. At the same time, aggregates and bitumen emulsion have been collected 
during implementation stage in order to manufacture the same asphalt mix in laboratory and study its mechanical 
performances. This paper aims at determining the composition of GE manufactured in plant conditions and its 
mechanical properties such as workability, water resistance and rheological behaviour of samples manufactured in plant 
and in laboratory. Finally the gravel emulsion behaviour deduced from laboratory results are put in relation with the one 
observed in site. 
 
2. CONSTITUENTS AND GRAVEL EMULSION CHARACTERISATION 
 
2.1. Composition analysis of gravel emulsion implemented on jobsite 
 
In this work, S-type gravel-emulsion (XP P98 – 121 standard [2]) manufactured by SCREG has been implanted on the 
job site. The aggregate composition (44% of 0/2, 20% of 2/6 and 36% of 6/14) has been chosen for the laboratory study 
to be in agreement with the on site material. Grading curve of the mix has been recomposed by three laboratories. 
Results are shown in Table 4. In addition; bitumen, water and voids content are respectively of 4.5, 7 and 15 %. 
 

 Sieved (in mm) 0,080 0,315 0,5 1 2 4 6,3 8 10 12,5 14 16 20 
In site grading composition 8,3 16,3 20 28,1 40,6 51,9 63,4 71,2 81 92,2 98,5 100 100Passing 

(%) Laboratory recomposed 
formula 7,9 15 18,8 27,4 41,6 54,5 64,7 72,4 82 94 98,1 99,9 99,9

 
Table 4: Gravel emulsion grading curve manufactured in plant and recomposed in laboratory 
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2.2. Constituents characterisation 
 
2.2.1 Bitumen emulsion and binder characterisation 
 
The cationic bitumen emulsion used in the fabrication of the mix was characterised with the reference test methods of 
the specification standard EN 13808. Results are gathered in Table 1 and correspond to rather classical slow setting 
emulsion, with 60 % bitumen content. The binder consistency used to manufacture the bitumen emulsion corresponds to 
a 160/220 paving grade bitumen (cf. Table 2). A simulated distillation test (TBP-GLC, true boiling point gas liquid 
chromatography) has shown that the bitumen emulsion contained fluxes. 
 

Test methods Standards Lab1 Lab2 Lab3 
Sieving at 500 m (%) NF EN 1429 0.04 0.05 0.01 

Water content (%) NF EN 1428 39.6 38.7 40.0 
Efflux time at 40°C-2mm (s) NF EN 12846 35 - 47 

Breaking value (-) NF EN 13075-1 145 124 130 
pH NF EN 12850 1.5 1.5 1.4 

D50 5.34 NF XP 11-670 
D84/D16 

- - 
2.85 

D50 4.2 3.86 
Bitumen particle sizing 

CHR-B-03 D84/D16 3.5 3.2 - 

 
Table 1: Bitumen emulsion characteristics 

 
Test methods Standards Lab1 Lab2 

Penetration (1/10 mm) NF EN 1426 196 194 
Ring and Ball (°C) NF EN 1427 39.4 40.0 

Fraass breaking point (°C) NF EN 12593 - -20.5 
 

Table 2: Fresh bitumen characteristics 
 
2.2.2 Aggregates 
 
The aggregates used in the mix come from a Garonne alluvial gravel. The mineralogy correspond to a mixture of 
siliceous and limestone elements. The results of the physical characterisation (volumetric mass, Water absorption) are 
synthesised in Table 3. 
The chemical characterisation of the aggregates was achieved through test methods set up by LRPC St-Brieuc [3]: rise 
in pH [4] and basic ion exchange potential [5]. These test methods aim to reproduce the phenomenon that are taking 
place within the breaking of cationic bitumen emulsion on the surface of aggregates: i.e. acidic hydrolysis of mineral 
surfaces and release of basic ions which bring rise in pH of the aqueous phase of the emulsion and the destabilisation of 
the emulsifier. 
 

Fractions Aggregate origin Volumetric mass (T/m3) 
(NF EN 1097-6) 

Water absorption (%) 
(NF EN 1097-6) 

0/2 Garonne alluvial gravel 2.68 0.51 
2/6 Garonne alluvial gravel 2.72 0.59 
6/14 Garonne alluvial gravel 2.69 0.68 

 
Table 3: Aggregates characteristics 

 
Rise in pH: This test method consists in monitoring the pH of an acidified solution (initial pH = 2.0) in which 0/14 mm 
aggregates are stirred [4]. The results presented in the Figure 1 show that the 0/2 mm fraction shows the most important 
capacity of neutralisation of the acidified water. This behaviour can be explained by the predominance of limestone 
elements (more friable) in the small diameter elements of this alluvial gravel. The less reactive siliceous elements are 
more represented in the chipping fraction. 
 
Basic ion exchange potential: This test method starts with the same acidified water extraction as the one used for the 
rise in pH method [5]. After 120 minutes of extraction, the water is filtered and basic ions (Na+, K+, Ca++, Mg++) are 
analysed through atomic absorption spectroscopy. Despite the quite scattered values obtained due to the method, the 
synthesised results presented in the Figure 2 show that the most important release of calcium ions is obtained with the 
0/2 mm fraction, due to the hydrolysis of carbonated species. 
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Figure 1: pH rising evolution according to time for different aggregate fractions 
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Figure 2: Basic ions exchange potential for different aggregate fractions 
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3. LABORATORY CONDITIONS TO MANUFACTURE GRAVEL EMULSION 
 
Gravel emulsion has been manufactured in laboratory thanks to ‘Angers’ mixer. This device allows preparing 10 kg of 
cold mix per batch. The laboratory conditions and the process used in order to manufacture homogenous mix are 
gathered in Table 5. 
 

Aggregates and emulsion 

Control of aggregates water content 
before manufacturing 

Water content < 1.5%: Aggregates must be humidified with water at 20°C, 24 h 
before mixing 
Water content > 1.5%: Aggregates must be stocked at 20°C for 12 h before 
mixing 

Control of emulsion Emulsion must be heated at 50°C for 12 h before mixing and homogenized just 
before mixing during 10 minutes 

Gravel emulsion mix 
Mixer ‘Angers’ type 
Mass produced per batch 10 kg 
Constituent introduction sequence 6/14, 2/6, 0/2, water and bitumen emulsion 
Manufacture process: 
- aggregates alone 
- water addition 
- emulsion bitumen addition 

 
aggregates mixing time of 40 s, 
water addition during 30 s and then mixing time of 30 s, 
emulsion bitumen addition during 40 s and then mixing time of 60 s. 

 
Table 5: Laboratory conditions to manufacture Gravel emulsion 

 
4. WORKABILITY, STRIPPING RESISTANCE AND COHESION OF GRAVEL EMULSION 
 
4.1. Workability 
 
Gyratory Compactor (GC) is used to measure bituminous mixes workability [6]. The material is submitted to 
simultaneous compressive and shear strength which leads to internal aggregate skeleton reorganization. This test makes 
the void content measurement possible according to gyrations number. The parameters used for the tests performed are 
the following: external angle 1°, mould diameter 160 mm, axial load 10 550 ± 250 N, revolution speed 30 rpm and 
material mass of about 8kg. 
Figure 4 shows workability behaviour of two gravel emulsions manufactured in plant and in laboratory. For each of the 
presented curves, the test results scatter obtained on the various specimens tested is reported with error bars. Results 
obtained are in agreement with standard and highlight that there is an influence of the manufacturing conditions on GC 
performances. The workability of gravel emulsion manufactured in plant is higher than the one of the material 
manufactured in laboratory. The weight of water extruded from gravel emulsion during GC test has been measured too. 
According to Figure 3, extruded water kinetic is equivalent whatever the manufacturing origin. During the test, total 
void content (air + water) in the material decreases from 30% to 8%. The water extruded initiation occurs when total 
void content reaches around 15%. In order to estimate the cohesion increase of cold asphalt mix at early stage, the 
influence of time storage on workability has been studied. According to Figure 4, gravel emulsion stored in hermetic 
conditions during 6 and 9 days are less and less compactable. These results clearly show that loose material behaviour is 
time dependent. However, this evolution tends to be reduced with time storage. 
 
4.2. Direct compressive strength test and stripping resistance 
 
Gravel emulsions have been subjected to the “Duriez” Test (NF P 98-251-4). Twelve cylindrical specimens have been 
compacted by direct axial compression with a load of 120 kN. A first set is stored eight days in water at a temperature 
of 18°C, and the second one is stored in an oven at a temperature of 18°C and 50% moisture. Then, the compressive 
strengths of the two specimens sets (r: compressive strength of specimens stored in water; R: compressive strength of 
specimens stored in air) are measured,. The r/R ratio characterizes stripping resistance of the material. As an example, 
for a r/R ratio equal to 1, it means that the stripping resistance and coating quality of the material reach a maximum. 
Water stripping results of gravel emulsion manufactured in laboratory are gathered in Table 6. It is shown that 
performances are low for the two specimen sets. As an example, R values are lower than 2.5 MPa acting as threshold 
value in XP 98-212 standard. On the contrary, r/R ratio values are in agreement with the standard. As a conclusion, low 
direct compressive strengths are in agreement with the poor mechanical performances reported on jobsite and in 
laboratory (cf. Part 5). 
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Figure 3: Manufactured conditions influence on the gravel emulsion workability at early stage 
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Figure 4: Influence of time storage at 18°C on the workability of the gravel emulsion manufactured in plant 

 
 Test n°1 at 120 kN Test n°2 at 120 kN Standard XP 98-121 
R (MPa) 1,45 1,48  2,5 MPa 
r (MPa) 0,9 1,09 - 
r/R (-) 0,62 0,74  0,55 

 
Table 6: Direct compressive strength test and stripping resistance performances of gravel emulsion 

manufactured in laboratory 
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4.3. Jobsite and laboratory gravel emulsion cohesion characterisation 
 
4.3.1. Test methods performed 
 
The cohesion build up kinetic of the cold mix is obtained, after several curing durations (20 °C – 65 % of humidity) 
through two different test methods.. The workability test consists in measuring the maximum force necessary to shear a 
volume of loose cold mix contained in a mould [7]. The less important the force necessary to evacuate the mix from the 
mould, the better the workability on jobsite. The torque measurement consists in measuring the torque necessary to 
shear a sample of a cold mix [8]. 
 
4.3.2. Results on jobsite material 
 
The results obtained with the workability test at the early stage (after 0 to 1 hour of curing) with the mix sampled from 
the mixing plant and jobsite (after an extra 30 minutes of transport) are similar (average value < 80 N) and close to the 
detection threshold of the method. The results obtained with the workability method correspond to a loose mix with a 
sufficiently low level of cohesion to be set up on the jobsite without any workability problem. 
After a longer time of curing, in the conditions of the jobsite (3 to 6 hours), the cohesion increase (+ 10 to 13 N) is low 
as regard to the repeatability of the test method (up to 10 % after 4 hours of curing in controlled curing conditions: 20 
°C – 65 % of humidity. The results obtained with torque measurements confirm the low levels of cohesion obtained 
with the workability method. The more scattered results can be explained with the higher sensitivity of the method and 
with the values, which are close to the detection threshold of the method. 
 
4.2.3. Results on laboratory material 
 
The same workability and torque measurements have been performed with a mix prepared in laboratory and cured with 
standard conditions (20 °C – 65 % of humidity) and with average jobsite conditions reproduced in climatic chamber (15 
°C – 80 % of humidity). The results confirm the very low cohesion build up of the mix as regard to the repeatability of 
the two test methods performed. 
 
 
5. GRAVEL EMULSION RHEOLOGICAL AND MECHANICAL BEHAVIOUR 
 
5.1. Experimental principles 
 
Hydrocarbon materials are viscoelastic and thermo-dependent. So, their behaviour varies according to the loading 
frequency and the temperature. Contrary to the elastic materials characterized by their Young Modulus, bituminous 
materials need a E* complex number to be characterized. According to the LPC bituminous mixtures design guide [9], 
the test conditions15°C and 10Hz are used to characterize the material stiffness. 
Complex modulus measurements have been carried out on trapezoidal samples and performed by two points bending 
test according to the European standard principle NF EN 12697-26 annex A. 
Similar trapezoidal specimens have been tested, by the means of a displacement control application at fixed temperature 
and frequency (10 °C – 25 Hz), in order to predict fatigue life of the asphalt pavement by assessing its crack initiation 
resistance according to NF EN 12697-24 annex A. 
 
5.2. Rheological results 
 
Two points bending tests on trapezoidal samples sawn from slabs cured in different conditions have been carried out to 
measure complex modulus and build master curves. Tested temperatures are 0, 10, 15, 20 and 30 °C for frequencies of 
1, 3, 10, 25, 30 and 40 Hz. Curing conditions are presented in Table 7 and allow to predict in laboratory the in situ 
mechanical properties of gravel emulsion [10]. 
Figure 5 shows the master curves of gravel emulsion manufactured in laboratory and cured 14 and 28 days at 35°C and 
20% HR and 180 days at 18°C. Complex modulus evolution indicates that gravel emulsion curves are relatively flat and 
seem to present a lower thermal susceptibility than traditional HMA. 
 

Curing conditions  Temperature (°C) Humidity Ratio (%) Curing Time (day) 
N°1 35 20 14 
N°2 35 20 28 
N°3 18 > 20 60 
N°4 18 > 20 180 

 
Table 7: Curing conditions used for Complex Modulus, Fatigue and Rutting specimens 

 



 7

F 14j
F 28j

100

1000

10000

0,01 10 10000
F (Hz)

|E
*| 

(M
Pa

)

F 180j

0°C

10°C

15°C

20°C

30 °C

100

1000

10000

01020304050
Angle de phase (°)

|E
*| 

(M
Pa

)

F 14j
F 28j
F 180j

 
 
Figure 5: Gravel Emulsion Master curve (on the left) and black curve (on the right) in complex modulus two 

points bending test for GE specimens cured at 14 and 28 days at 35 °C – 20 % RH and 180 days at 18 °C 
 
Table 8 presents the mechanical properties of gravel emulsion cured in the different conditions. First results show that 
complex modulus of specimens cured in condition n° 1 is similar whatever the manufacturing origin. According to 
Table 8 and Figure 5, rheological behaviour of GE manufactured in the laboratory seems to be independent of the 
curing conditions used. By comparison, twelve months after the pavement implementation on jobsite, gravel emulsion 
cohesion is high at the layer surface thanks to traffic and climatic conditions. On the contrary, the material remains 
loose at the bottom of the layer and doesn’t show any cohesion increasing. Complementary experiments have been 
performed on gravel emulsion manufactured in plant. On jobsite, GC samples has been manufactured and then sawn to 
prepare a parallelepipedic specimen for complex modulus test. The evolution of complex modulus according to curing 
time at 18°C has been assessed. As shown on Figure 6, complex modulus measured at 15 °C – 10 Hz increases from 
419 MPa after a curing time of one day up to 1639 MPa after 180 days in the same curing conditions. This observation 
highlight the fact that the mechanical properties of the jobsite mix in our laboratory conditions increase with time, 
which differs from previous results (cf. Figure 5). 
 

Complex modulus Fatigue resistance 

Manufacture Curing 
conditions 

Void 
content 

(%) 
E (MPa) at 
15°C-10Hz Delta (°) 

Strain applied at 
10°C-25hz (10-6) 

 

average life 
duration (-) 

6 (10-6) 
slope 

In plant N°1 15.4 1229 32.9 
27 
42 
62 

> 7.788.000 
> 10.800.000 

= 26.400 
- 

N°1 14.3 1343 32.4 

52 
62 
78 
92 

> 9.000.000 
> 7.000.000 
= 1.290.000 
= 462.000 

slope 
extrapolated 
with the 62 

value 
< -7.17 

N°2 12.2 1334 33.0 
83 

103 
122 

= 1.593.000 
= 355.000 
= 75.000 

83 
-7.93 

In laboratory 

N°4 15.4 1379 29.8 
73 
83 

127 

> 3.000.000 
= 863.000 
= 107.000 

80 
-5.21 

 
Table 8: Complex modulus and fatigue results versus curing conditions of gravel emulsion samples 
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Fatigue resistance tests have been performed in laboratory too. Table 8 shows the number of cycles reached for each of 
the strain levels tested and when the calculation was possible, the 6 and slope results obtained. 
For some of the tested strain levels leading to very long life durations, the test has been stopped before reaching the life 
duration criteria. The fatigue behaviour of this material is quite different from the one observed on hot bituminous 
mixtures as a small difference in strain level applied may lead to a very large difference in life duration. As an example, 
a strain applied increasing from 62 106 to 78 106 and 73 106 to 83 106 leads respectively to a reduction of fatigue life 
from a value over 7.000.000 to 1.290.000 cycles and over 3.000.000 to 863.000 cycles. 
This can be also illustrated by the slope values which are very stiff with short curing time and decreases to reach a value 
similar to the one obtained classically on hot bituminous material. At the same time, the 6 value increases a little with 
curing time reaching 80 10-6, which could be considered as classical for a road base material with 15% voids. 
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Figure 6: Influence of curing time at 18°C on complex modulus for a specimen coming from GC sample 
manufactured in plant conditions 

 
6. WHEEL TRACKING TESTS AND TRIAXIAL APPARATUS FOR CYCLIC LOADINGS 
 
6.1. Wheel tracking tests 
 
Wheel tracking tests have been performed, at 60 °C with a wheel frequency of 1 Hz, according to NF EN 12697-22 
standard (large device). 
As shown on Table 9, rutting depth and its evolution according to the number of cycles are similar whatever the curing 
conditions used. Tests were stopped at 3000 cycles taking into account results obtained which show a rutting depth of 
10 to 12 %, which corresponds to a highly damaged state and are not in agreement with the HMA standard. A post-
compaction phenomenon has been observed due to the wheel action (cf. Figure 7). These results are in contradiction 
with the gravel emulsion behaviour observed on site [1]. A specific adaptation of the experimental conditions 
(compaction stage and rutting test) must be considered for cold asphalt rutting behaviour assessment in laboratory. 
 

Manufacturing In plant In laboratory 
Curing conditions N°1 N°1 N°2 N°3 N°4 
Cycles number (-) Rut depth (%) 
30 1,8 1,8 2,1 1,2 1,3 
100 3,5 3,7 3,9 3,0 2,8 
300 5,4 6,3 6,0 4,9 4,7 
1000 7,9 9,3 9,1 7,9 7,1 
3000 10,6 12,3 12,4 11,3 10,3 

 
Table 9: Influence of manufacturing and curing conditions of the gravel emulsion on rut depth 
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Figure 7: Photograph of a tested rutting specimen 
 
6.2. Characterization using triaxial tests  
 
Gravel emulsion materials present a very low modulus, and a behaviour close to unbound granular materials at early 
age. For this reason, an attempt was made to characterize their behaviour using triaxial tests, used for unbound granular 
materials. 
The tests were performed using a triaxial apparatus for granular materials, for 160 mm diameter specimens. The 
specimen is placed in a triaxial cell, filled with water, and it is submitted to cyclic loadings, where both the axial load 
and the cell pressure are cycled. The axial and radial strains of the specimen are measured using displacement 
transducers attached to the central part of the specimen. The maximum loading frequency is 10 Hz. All the triaxial tests 
were performed at ambient temperature (close to 20 °C), the apparatus having no temperature control. 
The test program included monotonic triaxial tests, used to determine the resistance to failure of the material, and cyclic 
triaxial tests, used to determine the resilient behaviour, for different stress levels. The tests were performed on three 
materials: the aggregate mixture without bitumen emulsion (unbound granular material - UGM), the gravel emulsion at 
early age (1 day after compaction), and the gravel emulsion after curing for 14 days at 35 °C and 20 % RH. All the 
specimens were compacted using a vibrocompression method, developed for compaction of unbound granular 
materials. All the specimens were compacted at a void content of 15 %, close to the in situ void content. The gravel 
emulsion specimens were prepared at a water content of 7%, and a loss of water was observed during compaction, 
leading to a final water content close to 4.5 %. The unbound granular material was compacted at a water content of 5%, 
corresponding to typical in situ conditions. 
The monotonic triaxial test procedure consists in consolidating the specimen under a constant confining pressure, and 
then submitting it to a controlled displacement axial loading, with a constant loading speed of 1 mm/minute, until 
failure. Three monotonic triaxial tests were performed on each material, with 3 different confining pressures: 10, 20 and 
40 kPa. The maximum deviatoric stresses q are used to determine the failure line of the material, defined by the 
following equation: q = m.p + s, where p is the mean stress p = ( 1 + 2 3)/3, q is the deviatoric stress q = 1 – 3, m and 
s are the parameters of the failure line. 
The results of the monotonic triaxial tests are summarized in Table 10. The table indicates, for each material, the shear 
stresses at failure, the failure line parameters m and s, and also the corresponding cohesion ‘c’ and friction angle ‘ ’. 
The results indicate that the gravel-emulsion presents a lower shear strength, and a lower friction angle than the granular 
material without emulsion.
The cyclic triaxial tests have been performed using the test procedure developed for unbound granular materials. This 
procedure includes a cyclic conditioning (20000 load cycles with a high stress level). Then, short loadings (100 cycles) 
are performed, following different stress paths, with stress ratios q/p varying between 0 and 2, to determine the resilient 
behaviour. Different stress levels are applied, because the behaviour of unbound granular materials is non linear (stress 
dependent). 
 

Material Mean water content % Failure line parameters Friction angle  Cohesion  
  m s (kPa)  (kPa) 
UGM 4.9 2.30 24.1 56.2 15.7 
Fresh GE 4.8 1.57 39.8 38.5 20.1 
Cured GE 1.4 1.82 36.1 44.3 19.4 

 
Table 10: Results of the monotonic triaxial tests (failure parameters) 
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The results of the tests can be used to determine values of elastic modulus of the material for different stress levels, or 
can be also interpreted using non linear elastic models [7-8]. In this paper, only the values of elastic modulus are 
presented. Figure 8 shows a typical example of elastic moduli E obtained for the cured gravel emulsion, for the different 
stress levels applied (curves of variation of E with the deviatoric stress q, for different stress ratios q/p). For the 
different stress levels, the values of E vary between 80 and 240 MPa. E increases when the deviatoric stress q increases, 
and decreases with increasing q/p. The experimental results are very similar for the unbound material and for the fresh 
gravel emulsion. 
 

 
 

Figure 8: Values of elastic modulus obtained in a resilient behaviour test on the cured gravel emulsion 
 
A summary of the resilient behaviour tests is presented in Table 11. Three identical tests have been performed on the 
UGM and on the cured gravel emulsion, and two on the fresh gravel emulsion, at a temperature close to 20 °C, and at a 
frequency of 2Hz. The table gives values of elastic modulus obtained in each test, for 3 different typical stress 
combinations. 
Although the results present some scatter, the unbound material and the fresh gravel emulsion present similar results, 
with low values of elastic modulus. For the cured gravel emulsion, the values of E are slightly higher at 20 °C. However 
in test 6, where the test temperature was higher (25 °C), a significant drop of the moduli was observed, confirming the 
thermo-susceptibility of the material. 
 
In conclusion, the resilient behaviour tests performed at 20 °C and 2 Hz show that the behaviour of the gravel-emulsion 
is very similar to that of the unbound granular material. This behaviour is strongly stress-dependent, and the values of 
elastic modulus obtained are very low, even after curing at 35°C (approximately between 80 and 240 MPa, for the stress 
range tested). These results confirm that very little increase in cohesion is observed on this gravel –emulsion, even after 
the curing period, which leads to a relatively low water content (1.5 to 2%). 
These laboratory results were compared with elastic modulus values determined on the test site, from Falling Weight 
Deflectometer (FWD) tests. The FWD test results indicated ranges of elastic modulus of about 200 to 300 MPa, 
confirming the representativity of the laboratory results. 
 

    E (MPa) E (MPa) E (MPa) 
Material test final water 

content (%) 
Temperature 

°C 
p=200 kPa 
q=0 kPa 

p=200 kPa 
q=200 kPa 

p=100kPa 
q=200 kPa 

UGM 1 4,9 20 103 93 57 
 2 4,8 20 118 112 76 
 3 4,9 20 133 129 80 
cured GE 4 1,5 - 145 136 94 
 5 1,8 20 176 173 107 
 6 2 25 79 71 41 
fresh GE 7 4,2 - 113 108 72 
 8 3,9 23 127 124 74 

 
Table 11: Values of elastic modulus obtained for 3 stress levels in there resilient behaviour tests 
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5. CONCLUSIONS 
 
In order to achieve laboratory optimization rules of cold asphalt mixes, an emulsion treated gravel (GE 0/14) with a 
residual bitumen content of 4.5 % was implemented on a French experimental jobsite in October 2006. A test section 
have been carried out by including probes to evaluate their behaviour on site and design pavements including cold 
asphalt mixes. 
The first aim of this study was to identify the composition of the gravel emulsion used and characterise its components. 
The second item in this work deals with the mechanical properties of the gravel emulsion. Classical Hot Asphalt Mixes 
trials such as workability, water resistance, wheel tracking tests and rheological behaviour (Complex modulus and 
Fatigue) of samples manufactured in plant and in laboratory have been carried out. Workability and cohesion rising 
results obtained in laboratory are in agreement with the ones obtained on site. On the contrary, wheel tracking tests and 
triaxial apparatus for cyclic loadings used to assess Unbound Granular Material are not able to predict in site behaviour. 
Moreover curing conditions used seem do not influence rheological properties of the gravel emulsion. 
However, further work and experimental worksites are needed to assess the in situ behaviour of these cold asphalt 
mixes and develop predictive laboratory trials. 
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ABSTRACT 
 
Emissions from the production of hot mix asphalt may vary significantly according to the materials, 
equipment and/or operational modes selected.  A good way of judging the effectiveness of any measures 
adopted to improve an existing situation needs to also take into account emissions from auxiliary 
processes and relating to the management of raw materials. 
Life-cycle analysis enables us to determine the best way in which to organize road works from an 
environmental point of view and either helps us to escape the need to rely on intuition when taking 
decisions and gives us a scientific basis with which to justify these intuitive assumptions. 
In this communication, we present the results obtained when greenhouse gases were subject to this type 
of analysis. Our results show that main sources of emissions do not tend to be either the geographically 
nearest or the most obvious ones. We have sought to rank sources of emissions in accordance with the 
importance of their respective contributions to total atmospheric emissions associated with the 
production of hot mix asphalt.   
We suggest a ranking of sources of atmospheric emissions associated with the production of hot mix 
asphalt and road construction. This classification emphasizes aspects which need to be carefully 
controlled in order to achieve an effective reduction in emissions of greenhouse gases caused by this 
industrial activity. 
 
Keywords: Emissions, Environment, Life Cycle Assessment. 
 
1. INTRODUCTION 
 
Our paper examines the main emission sources of greenhouse gases related to the production of hot 
asphalt mixtures. Here, we offer quantitative evaluations and try to rigorously distinguish between the 
available alternatives and evaluate the possibilities offered by the different strategies that could be 
adopted. As we will see, there is no better way to select projects, materials or production systems if we 
seek important reductions in these emissions. As our results show, basing decisions on only partial or 
purely intuitive evaluations tends not only to be imprecise, but highly erroneous. 
This text does not seek to discuss best practices for minimizing emissions, but aims to highlight the main 
points that must be taken into consideration and examines how any environmental protection measures 
introduced to this end could be evaluated. We think that this an important preliminary question to deal 
with if we are really interested in achieving a more sustainable world �1�.  
 
2. LIFE CYCLE ANALYSIS AS AN EVALUATION TOOL 
 
Life Cycle Analysis (LCA) is one of the most suitable tools available for evaluating what we seek to do, 
because it offers a global perspective of the most important issues. It takes into consideration all of the 
relevant resources consumed in the making of a product. It identifies which resources are necessary for 
obtaining raw materials and which can be used in the manufacturing process. Given the processes that it 
involves, it can also take into consideration potential impacts on the environment and on human health. 
This methodology was promoted at the Johannesburg World Summit on Sustainable Development (2002) 
and has been formally defined in the 14.040 series of ISO standards [2].  
LCA can be extended to cover the complete life of a product, including its reuse or even extinction as a 
waste product (cradle-to-grave), or stops in a previous step (cradle to door). Whatever the case, the LCA 
concept introduces an integrated vision of consumption and production strategies that helps to overcome 
many of the traditional limitations of partial or isolated evaluations, which in many cases may produce 
incomplete, inaccurate or even wrong results. 
Given its attention to global environmental impact, LCA can be used to help prevent the risk of, 
reductions in the main productive subsystem producing large-scale environmental impacts in other 
subsystems, whatever the distance between the two. 



 
 

 

This global accountability proves useful, if not indispensable, in all cases. This is especially so when we 
refer to planetary-scale environmental impacts, such as greenhouse gas emissions. Any strategy that 
merely involves spatially or temporally transferring the environmental costs associated with our activities, 
constitutes an effective attack on the fundamental nature and requirements of Sustainable Development. 
Using appropriate computer tools, analyses like these can be systematized to provide concrete results 
associated with certain specific conditions that must be representatives of the products and processes 
studied. In the construction sector, it is possible to consult various rather generic, and several not so 
general, works that deal with quite specific subjects relating to this field [3, 4, 5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Keeping to the Kyoto Protocol is not enough to assure that the most 
environmentally-friendly alternatives are selected (From Dan Perjovschi: What happened to us? 
MOMA New York, August 2007) 
 
 
3. AVACO SOFTWARE 
 
Our contribution to this methodology takes the form of the software that we have been developing since 
2005. We call it AVACo (an acronym for the Spanish term: Asistente para una Valoración Ambiental de 
ls Construcción, or Environmental Evaluation Assistant of Construction) and it is designed to evaluate 
environmental impacts related with activities involving the construction and/or maintenance of road 
pavements. 
Our software seeks to evaluate the influence of the characteristics of the: aggregates, bitumen, cements 
and additives, job mix formulas, asphalt plant fuel, plant type and production system, and transport 
distances, etc. associated with this activity.  To date, we have made several partial presentations of this 
software [6, 7, 8]. 
Figure 2 shows a flow diagram that explains the inputs and outputs of the system and subsystems in 
question, although in this particular case, only emissions were considered. Emissions from the sources 
included in the three subsystems were calculated using our software. We also consulted other works to 
obtain information relating to emissions from Refineries and Cement and Lime factories.  Once the 
values, conditions and configurations required by AVACo were fixed, we used our software to identify 
groups of environmental impacts caused, for example, by the production and laying of hot asphalt 
mixtures. In each case, this group included impacts due to the extraction, production and transportation of 
the required raw materials. 
With AVACo, it is possible to change the parameters that seem most relevant. It is therefore possible to 
analyse the specific influences that we want to focus on or prioritise. 
 
 



 
 

 

 
 
Figure 2: Flow diagram for the processes analysed by the AVaCo software. 
 
 
4. GREENHOUSE GAS EMISSIONS RELATED TO THE PRODUCTION OF HOT ASPHALT 
MIXTURES  
 
Table A1 in the annex to this paper shows the main variables used by AVACo, in addition to the values 
assigned to an asphalt mixture that we call the Reference Mixture. This could be an AC16SURF55/70 
type mixture whose production conditions we can take as being representative of general conditions. The 
emissions associated with this reference mixture, as generated by our software, are presented in Table A2: 
Greenhouse gas emissions per ton of asphalt mixture placed at the work site. This table is useful for 
identifying the main focuses when we take into account all the processes associated with the 
manufacturing, transportation and laying of asphalt mixtures. We will also use these emissions to quantify 
the range of variation that can be obtained from employing the best and worst possible environmental 
practices with respect to the application of our Reference Mixture. We will therefore present different 
Alternative Mixtures for each of the conditions considered. These will correspond to certain variations 
that will be appropriately  with respect to the Reference Mixture. 
The results obtained are shown in a kg of CO2 equivalent to one ton of the asphalt mixture. CO2 eq is a 
helpful measure when we wish to take into account separate impacts from different greenhouse gases, as 
each of them has its own global warming potential (GWP). In our presentation, in addition to CO2, CH4 
and N2O, we have also included other emissions that appear to be relevant. The values considered are as 
follows: 
 
. 

CO2 1 GWP
CH4 21 GWP
N2O 310 GWP

 
 
As seen, the relative importance of emissions associated with different processes can vary very 
significantly. Some sources that may appear secondary, in fact surpass the emissions produced by the 
dryer drum burner in the asphalt plant. This clearly shows the relevance of the methodology proposed 
here. 
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 CO2 CH4 N2O CO2 eq 
ASPHALT MIXTURE EMISSIONS IN KG PER TON OF ASPHALT MIX 

AC 16 SURF 50/70 3.47E+1 1.81E-3 7.06 E-4 34.97 
 
Table 1: Greenhouse gas emissions for the reference mixture. 

 
5. EMISSIONS RELATED WITH MANUFACTURING RAW MATERIALS 
 
5.1 Aggregates and bitumen 
 
We have considered there are few possibilities for reducing emissions directly associated with 
manufacturing aggregates or bitumen: firstly, because selection is frequently forced, and secondly, 
because, according to our results, there is not a great deal of variation between the different alternatives. 
We therefore conclude that recycling is the best option for achieving relevant reductions in environmental 
impacts, in the case of the contribution of raw materials to emissions from final asphalt mixtures. This 
practice allows the total recuperation of the aggregates and bitumen present in RAP and proportionately 
reduces associated emissions that have moderate additional environmental impacts. 
Table 2 shows the greenhouse emissions that depend on the proportion of RAP in the asphalt mixture. We 
have included additional emissions caused by overheating virgin aggregates in discontinuous plants. 
Emissions relating to the transportation and preparation of RAP have also been included. Evidently, it is 
interesting to recycle, as this also implies saving natural resources, but that is not the subject of this 
evaluation.    
 

  CO2 CH4 N2O CO2 eq  
ASPHALT MIXTURE RAP KG PER TON OF ASPHALT MIX �/REF 
REFERENCE 0 % 3.47E+1 1.81E-3 7.06 E-4 34.97 - 
ALTERNATIVE 1 5 % 3.36E+1 1.75E-3 6.77E-4 33.87 -3.2 % 
ALTERNATIVE 2 10 % 3.25E+1 1.69E-3 6.48E-4 32.77 -6.3 % 
ALTERNATIVE 3 15 % 3.14E+1 1.64E-3 6.18E-4 31.97 -9.5 % 
ALTERNATIVE 4 20 % 3.04E+1 1.58E-3 5.89E-4 30.57 -12.6 % 
ALTERNATIVE 5 25 % 2.93E+1 1.52E-3 5.60E-4 29.47 -15.7 % 

 
Table 2: Greenhouse gas emissions depending on the proportion of RAP in the asphalt 
mixture. 
 
5.2 Filler  
 
The use of commercial fillers in the production of asphalt mixtures obliges us to also take into account 
any emissions associated with manufacturing the selected material. Limestone dust, Portland cement and 
hydrated lime are the most common commercial fillers. The first of these contributes emissions associated 
with the process of obtaining the appropriate fraction of limestone aggregates. The emissions associated 
with manufacturing cement or hydrated lime are, however, significantly different. This is because of the 
emissions caused by clinker or lime furnaces, in which temperatures are higher than 1000ºC. It is also due 
to the fact that large quantities of fuel are consumed, which results in the decomposition of CaCO3 
according to the following reaction: 

 CaCO3 + Q ^ CaO + CO2 
This CaO is then either used as an essential component of cement, or is subjected to hidratation, a process 
through which it can be turned into slaked (or hydrated) lime Ca(OH)2: 

CaO + H2O ^ Ca(OH)2 + Q 
The chemical balance of seed reactions produces high CO2 emission levels. This is the why the cement 
and lime industries are such major contributors to the national level of greenhouse gas emissions 
stipulated in the Kyoto Protocol. 
Table 3 shows what could be typical values for this sort of material. These levels can be partially deduced 
from the previously mentioned reactions, or taken available inventories [3, 4]. 
 

 CO2 CH4 N2O CO2 Eq 



 
 

 

MATERIAL EMISSIONS IN KG PER TON OF MATERIAL 
PORTLAND CEMENT 8.06E+2 5.46E-5 1.64E-4 806.00 
HYDRATED LIME 1.54E+3 1.03E-5 0.00E-5 1,540.00 

 
Table 3: Typical greenhouse gas emissions caused by cement and slaked lime production 
 
It must also be considered that when the filler is added, it acquires the temperature of the mixture through 
heat conduction, due to contact with the rest of the mixture of opportunely overheated aggregates. 
Moreover, when part of the baghouse filler is removed, there is a loss of the energy used to heat it and 
therefore the monitored emissions must also increase in due proportion. Finally, when it is necessary to 
replace the dust filter filler, which happens from time to time (but is particularly frequent in Spain), it is 
necessary to increase the exhaust gases in the dryer drum, which again results in an increase in fuel 
consumption and CO2 emissions [9]. 
Table 4 shows the resulting emissions when the nature and proportion of the material employed as a filler 
in asphalt mixtures has to be modified in line with the previously stated considerations. As seen below, 
the magnitude of the values associated with certain alternatives calls into question the relevance of the 
maximum possible reductions intended in some other key areas. Using only aggregate filler and trying to 
avoid having any filler filter remainder is probably the best way to reduce CO2 emissions associated with 
the production of asphalt mixtures. 
 

 NEW FILLER FILTER F. CO2 Eq  
ASPHALT MIXTURE TYPE INPUT OUTPUT KG/TON �/REF 
REFERENCE LIMESTONE DUST 2 % - 2 % 34.97 - 
ALTERNATIVE 1 LIMESTONE DUST 2 % - 34.67 -0.9 % 
ALTERNATIVE 2 LIMESTONE DUST 3 % - 3 % 35.99 2.9 % 
ALTERNATIVE 3 CEMENT 2 % - 2 % 55.22 57.9 % 
ALTERNATIVE 4 CEMENT 3 % - 3 % 65.91 88.5 % 
ALTERNATIVE 5 HYDRATED LIME 2 % - 2 % 73.57 110.4 % 
ALTERNATIVE 6 HYDRATED LIME 3 % - 3 % 93.43 167.4 % 

 
Table 4: Greenhouse emissions according to type and amount of filler added and excesses 
of baghouse filler 
 
6. EMISISONS RELATED TO MANUFACTURING HOT ASPHALT MIXTURES 
 
6.1 The combustion reaction in the asphalt plant dryer drum burner  
The products of the combustion reaction that takes place in the asphalt plant drum dryer burner are the 
main source of emissions directly associated with the production of hot asphalt mixtures. The complete 
combustion of used hydrocarbons (including heavy fuel, light fuel and gas) requires certain quantities of 
oxygen to permit the oxidation reaction    

CmHn + O2 3 CO2 + H2O 
 
This oxygen comes from the forced air introduced by the burner itself and from air expelled by the 
exhaust fan. Any combustible needs a constant oxygen input in order to burn in excess of stoichiometric 
volumes (this is a strict requirement for the chemical reaction) and assure its complete combustion. 
Generally speaking, lighter and more volatile combustibles tend to be more efficient than heavier fuels 
because they have less carbon per heat unit and can burn with smaller quantities of available air. They 
consequently produce smaller CO2 emissions. Furthermore, burner efficiency, and therefore also its type 
and configuration, influences the amount of excess air required for the complete combustion of fuel [10]. 
 
Table 5 shows the influence of the combustible used in the burner. It also highlights the potential 
reductions that could be achieved using certain energy-saving systems, such as the recirculation of hot air 
from other source. At present, work is in progress at one of our asphalt plants to try to take advantage of 
exhaust gases from co-generation engines. 
 

  CO2 CH4 N2O CO2 Eq  



 
 

 

ASPHALT MIXTURE COMB KG PER TON OF ASPHALT MIX �/REF 
REFERENCE Fuel 3.47E+1 1.81E-3 7.06 E-4 34.97 - 
ALTERNATIVE 1 Gas 2.88E+1 4.22E-2 1.37E-4 29.71 -15.0 % 
ALTERNATIVE 2 Gas+Re. air 2.17E+1 4.22E-2 1.37E-4 22.61 -35.4 % 

 
Table 5: Greenhouse gas emissions depending on the type of combustible used  
 
6.2 Emissions and mixing temperatures  
The mixing temperatures for hot asphalt mixtures are directly related to combustible consumption and 
therefore also to the emissions produced by the burner in the dryer drum. Most conventional ranges 
include a 155-175 ºC interval, which implies the consumption of around 5 - 8 Kg of combustible per ton 
of asphalt mixture. There is both an economic and environmental interest in reducing this combustion, as 
long as this does not have a negative impact on either the properties of the asphalt or the roads that it is 
used to surface. 
Some processes allow the possibility of achieving significant reductions in temperature through the 
production of what are known as warm asphalt mixes. Some of the most widely used are obtained by 
dissolving  long-chain synthetic Fischer-Tropsch wax in bitumen, using zeolite (a crystalline hydrated 
aluminium silicate) or other products or processes for reducing the viscosity of bitumen. In all such cases, 
the main is to facilitate the coating of aggregates and increase the workability of asphalt mixtures. This 
makes it possible to obtain mixes equivalent to conventional asphalt mixtures, but that have been 
manufactured and worked at temperatures of 20-40 ºC. These new practices save fuel and help to reduce 
all types of emissions (including bitumen fumes) and thereby also associated risks to workers [11]. 
 
Table 6 shows how greenhouses gas emissions change when we simply vary mixing temperatures. 
Alternatives 4 to 6 probably equate to rather non-conventional practices; they would fall within the 
general scope of the processes just mentioned. Note that in these cases we have not taken into account 
emissions due to manufacturing using additives because it was not possible to conduct all of the inventory 
analyses required for this purpose.  
A relation of CO2 emissions from processes linked to the additives required for manufacturing could be 
useful as they may offset, perhaps even totality, the savings obtained at the asphalt plant. In this sense, we 
are sure that practices based on adopting improved processes are better than those associated with 
introducing new materials, particularly when they are synthetic materials that cannot be obtained without 
producing high CO2 emissions [12]. 
 
 
 

  CO2 CH4 N2O CO2 Eq  
ASPHALT MIXTURE TEMP. KG PER TON OF ASPHALT MIX �/REF 
REFERENCE 155 ºC 3.47E+1 1.81E-3 7.06E-4 34.97 - 
ALTERNATIVE 1 175 ºC 3.63E+1 1.85E-2 7.49E-4 36.57 4.6 % 
ALTERNATIVE 2 165 ºC 3.55E+1 1.83E-2 7.27E-4 35.77 2.3 % 
ALTERNATIVE 3 150 ºC 3.43E+1 1.80E-2 6.95E-4 34.57 -1.1 % 
ALTERNATIVE 4 140 ºC 3.35E+1 1.78E-2 6.73E-4 33.77 -3.4 % 
ALTERNATIVE 5 130 ºC 3.27E+1 1.76E-2 6.52E-4 32.98 -5.7 % 
ALTERNATIVE 6 120 ºC 3.19E+1 1.74E-2 6.30E-4 32.18 -8.0 % 

 
Table 6: Greenhouse gas emissions relating to  mixing temperatures. 
 
 
6.3 The influence of aggregate moisture 
 
Aggregate moisture is very closely linked to emissions from the dryer drum burner. It is also directly 
related to burner efficiency and consumption and can considerably influence the production ratios of the 
asphalt plant as a whole.  
Table 7 shows the influences of this variable and clearly shows why any measure that could help reduce it 
would be of great interest. 



 
 

 

 
  CO2 CH4 N2O CO2 Eq  
ASPHALT MIXTURE WET KG PER TON OF ASPHALT MIX �/REF 
REFERENCE 2 % 3.47E+1 1.81E-3 7.06E-4 34.97 - 
ALTERNATIVE 1 1 % 3.21E+1 1.74E-2 6.36E-4 32.37 -7.4 % 
ALTERNATIVE 2 3 % 3.73E+1 1.88E-2 7.76E-4 37.57 7.4 % 
ALTERNATIVE 3 4 % 3.99E+1 1.95E-2 8.46E-4 40.18 14.9 % 
ALTERNATIVE 4 5 % 4.25E+1 2.01E-2 9.17E-4 42.78 22.3 % 

 
Table 7: Greenhouse emissions according to aggregate moisture 
 
7. EMISSIONS RELATED TO THE TRANSPORTATION AND PLACING OF ASPHALT 
MIXTURES 
 
The transportation of aggregates and asphalt mixtures causes greenhouse gas emissions that must be taken 
into account along with those associated with the finished asphalt mixtures. We have based our analysis 
on Stripple’s inventory and assigned emission values to the different vehicle types and taking into account 
the distances that they travel  and the conditions of these trips (e.g. going loaded and returning unloaded) 
[4]. 
Moreover, we have taken into consideration the fact that the distances over which asphalt mixtures are 
transported tends to be related to their manufacturing temperatures. In our comparison, we have increased 
values associated with transport emissions for increased  mixing temperatures, at a rate of 1ºC for every 
extra 10 km travelled over a base trip of 40 km, and assigned this to the Reference Asphalt Mixture. 
It is quite clear that the calculated environmental impact associated with transport tends to be 
underestimated. Taking into account the fact that every trip involves wear and tear that reduces a certain 
part of a road’s working life, it would seem obvious to estimate any emissions associated with the 
respective ratios for reparation and reconstruction. These ratios to increase as pavement category 
decreases [7].  
In turn, emissions relating to the placing asphalt mixtures should be deducted from the consumption of 
combustibles that we have considered typical of the most commonly used pavers and compactors. Thus, 
once we have selected the respective configurations and rates for asphalt paving equipment, we can 
obtain the corresponding emission rates.  
Table 8 shows greenhouse gas emissions relating to different combinations of transport distances for 
asphalt and aggregates. These have been compared with values for the reference asphalt mixture when the 
rest of the values relating to the manufacturing process and placing of the product at the work site have 
not been varied. 
 
 AGR. MIX. CO2 CH4 N2O CO2 Eq  
ASPHALT MIXTURE Km. ida KG PER TON OF ASPHALT MIX �/REF 
REFERENCE 15 40 3.47E+1 1.81E-3 7.06E-4 34.97 - 
ALTERNATIVE 1 0 25 3.29E+1 1.76E-2 6.36E-4 33.14 -5.3 % 
ALTERNATIVE 2 15 80 3.71E+1 1.87E-2 7.76E-4 37.41 7.0 % 
ALTERNATIVE 3 15 120 3.96E+1 1.94E-2 8.46E-4 39.85 14.0 % 
ALTERNATIVE 4 50 120 4.17E+1 1.99E-3 8.95E-4 41.99 20.1 % 
ALTERNATIVE 5 100 120 4.47E+1 2.07E-3 9.78E-4 45.04 28.8 % 

 
Table 8: Greenhouse gas emissions depending on transport distances involved. 
 
 
8. ORDERING VALUES ACCORDING TO REVISED CONDITIONS 
 
To show the overall scope of these revised conditions, Table A2 of the Annex presents a summary of 
some of the results obtained for Reference Asphalt Mixtures when we varied certain of these conditions. 
These modifications only relate to more conventional aspects that could be considered feasible in many 
work scenarios. Taking into consideration best practices, we have assumed that thanks to having good 
aggregates there should be no filler remnant and none of it should need to be replaced by commercial 



 
 

 

filler. The asphalt plant should therefore burn gas and work with moderate mixing temperatures and also 
operate with reduced transport distances, among other conditions. As seen in the same table, 35 kg of 
CO2 eq for RAM would become 23.2 kg, with a reduction in total greenhouse gas emissions of equivalent 
to 33%. 
On the other hand, when these conditions are unfavourably modified, again without abandoning 
conventional situations, we would find important variations with respect to the values related to the 
reference asphalt mixture. In this case, we should simply suppose that the same mixture was 
manufactured at an asphalt plant using fuel oil, take the electrical energy from a generator, use 2% of 
cement as an additional filler to replace the natural filler, which is added in too large an amount by the 
aggregate mixture, which is manufactured at higher temperatures and whose transport distance is 
considerably longer. Table A1 shows the rest of the conditions: none of them are very unusual, or at least 
not in Spain.  It can be observed that emissions now reach 62.9 kg of CO2 eq per ton of the mixture; an 
increase of almost 80% with respect to the Reference Mixture. The difference in the absolute value is 
equal to 39.7 kg of CO2 eq; 113% of the total emissions assigned to the Reference Mixture. 
 
 

 CO2 CH4 N2O CO2 Eq  
ASPHALT MIXTURE KG PER TON OF ASPHALT MIX �/REF 
REFERENCE 3.47E+1 1.81E-3 7.06 E-4 34.97 - 
BETTER 
ALTERNATIVE 2.25E+1 3.04E-2 7.85E-5 23.17 -33.7 % 

WORSE 
ALTERNARTIVE 6.26E+1 1.51E-3 9.26E-4 62.90 79.9 % 

 
Table 9: Greenhouse gas emissions from the Reference Asphalt Mixture and the 
consequences of employing better and worse practices. 
 
Finally, looking at the widest ranges between the values obtained, it is possible to rank the different 
conditions considered in accordance with their capacity to influence total greenhouse gas emissions due 
to the production of hot asphalt mixtures: this is shown in Table 10. The ratings obtained enable us to 
identify aspects that require prior attention when we seek to achieve an effective reduction in global 
greenhouse gas emissions caused by asphalt mixtures.     
 

MODIFIED CONDITION MIN VALUE MAX VALUE RANGE 
 � CO2 Eq EMISSIONS / REFERENCE ASPHALT MIXTURE 
 KG/TON % KG/TON % KG/TON % 
1- FILLER QUANT., TYPE -0.30 -0.87 58.46 167.16 58.76 168.03 
2- COMBUSTIBLE TYPE -12.37 -35.36 0.00 0.00 12.37 35.36 
3- TRANSPORT 
DISTANCES -1.83 -5.24 10.07 28.80 11.90 34.04 
4- MOIST AGGREGATE -2.60 -7.44 7.81 22.33 10.41 29.77 
5- RAP RATIO -5.50 -15.74 0.00 0.00 5.50 15.74 
6- MIX TEMPERATURES -2.79 -7.99 1.59 4.56 4.39 12.55 
7- PLACING VELOCITY -0.28 -0.79 0.28 0.79 0.55 1.58 
8- ENERGY SOURCE -0.30 -0.86 0.13 0.38 0.43 1.24 
TOTAL -25.98 -74.29 78.34 224.02 104.32 298.31 

 
Table 10: Potential emissions of different focuses considered. 
 
9. CONCLUSIONS AND RECOMMENDATIONS 
 
Any evaluation of greenhouse gas emissions, undertaken along the lines of the methodology applied in 
this study, needs a perspective similar to the one offered by LCA. Only by considering all of the 
processes involved (in the main, secondary and also auxiliary productive systems) will we achieve real 
and meaningful reductions in environmental impacts at the planetary scale. Whenever any measure is to 



 
 

 

be taken in order to reduce greenhouse gas emissions, it is necessary to consider its global repercussions. 
Any evaluation that has a limited focus may prove inefficient, or even counterproductive.  
It is certain that a large number of the measures studied cannot be justified in purely monetary terms and 
it is difficult to imagine producers adopting all of the measures that are strictly required. In our opinion, 
Public Administrations, the main customers of most asphalt mixture manufacturers, must take part of the 
responsibility for this. However, a more genuine commitment to Sustainable Development should impel 
them to attribute additional value to both producers and productive patterns and thereby encourage them 
to adopt more sustainable practices [13, 14].   
Specifications are now beginning to appear that should facilitate the achievement of this objective. Even 
so, it is necessary to be very rigorous if we are to be sure that we are moving in the right direction. It is 
necessary to consider, for example, that there is a danger of encouraging small reductions in emissions in 
certain particular areas that may result in larger increases in others. This is always a risk when people 
only focus on small reductions in mixing temperatures but do not consider other options for reusing 
aggregate filler, when they demand their replacement by cement or hydrated lime (which is not always 
absolutely necessary), or when they fail to take into account the type of combustible used by the asphalt 
plant in question and/or the transport distances involved [15, 16].   
Perhaps adopting some kind of environmental label for asphalt mixtures and evaluating the LCA values 
and environmental impacts of their contents would be the best solution in order to promote really 
sustainable patterns. Raising the height of our chimneys is no longer enough. Progressing towards a more 
sustainable world requires internalising the external costs of market systems so that the price of any 
product also takes into consideration the environmental and social costs associated with manufacturing it. 
This is the only way to orient investment and purchases and to ensure that today’s decisions will not be 
regretted in the future, when their real, and unexpected, total costs become visible [16].  
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ANNEX 
 
 

MODIFIED CONDITION REFER. MIX BETTER 
ALTERN. 

WORSE 
ALTERN. 

    
MIXTURE TYPE AC16SURF50/70 AC16SURF50/70 AC16SURF50/70 
AGREGATES    
Nature Siliceous Siliceous Siliceous 
Composition Single source Single source Single source 
Moisture 2 % 1 % 3 % 
BITUMEN    
Type 50/70 50/70 50/70 
Amount 5.00 % s/m 5.00 % s/m 5.00 % s/m 
FILLER    
Type of added filler Limestone dust None Cement 
Amount of added filler 2.00 % 0.00 % 2.00 % 
Excess of baghouse filler 1.00 % 0.00 % 3.00 % 
ASPHALT PLANT    
Type Discontinuous Discontinuous Discontinuous 
Capacity 260 tph 260 tph 260 tph 
Range continuo continuous Continuous 
RECYCLING    
RAP ratio 0,.0 % 10.00 % 0.00 % 
RAP bitumen  4 %  
Previous treatment - Crushing, screening - 
Recycling system - Mixer unit - 
DRYER DRUM BURNER    
Combustible Heavy fuel Gas Heavy fuel 
Energy saving system None None None 
REST OF ENERGY Electricity network Electricity network Generator 
MIXTURE TEMPERATURE 155 ºC 150 ºC 170 ºC 
AMBIENT TEMPERATURE 20 ºC 20 ºC 20 ºC 
DISTANCES    
Quarry to aggregate deposit 1 Km 1 Km 1 Km 
Aggregates to asphalt plant 15 Km 0 Km 15 Km 
Asphalt plant to work site 40 Km 25 Km 80 Km 
RAP to asphalt plant 40 Km 40 Km 40 Km 
Returns None Yes Yes 
PLACING    
Pavers 1 Ud 1 Ud 1 Ud 
Compactors 2 Ud 2 Ud 2 Ud 
Range 1,000 tph 1.500 tph 750 tph 

 
Table 11: Some of the variables used by AVACo and values corresponding to the conditions 
adopted for the reference asphalt mixture and better and worse case alternatives



 
 

 

 
 
 

REFERENCE MIXTURE 
 CO2 CH4 N2O CO2 Eq RATIO 
AGGREGATE PRODUCTION 5.26E-01 1.11E-05 6.22E-04 5.43E-01 1.6% 
AGGREGATE TRANSPORT 1.16E+00 3.17E-05 3.08E-05 1.17E+00 3.4% 
DRUM DRYER BURNER 1.99E+01 5.41E-04 5.26E-04 2.00E+01 57.3% 
HEATING 1.03E+00 2.79E-05 2.71E-05 1.03E+00 3.0% 
OTHER ENERGY INPUTS 5.65E-02 7.91E-07 1.51E-07 5.67E-02 0.2% 
BITUMEN 8.65E+00 5.30E-06 1.77E-06 8.65E+00 24.7% 
FILLER 1.98E-01 0.00E+00 5.15E-04 2.08E-01 7.6% 
ASPHALT MIX TRANSPORT 2.42E+00 0.00E+00 6.41E-05 2.44E+00 7.0% 
ASPHALT MIX PLACING 8.25E-01 2.25E-05 2.18E-05 8.32E-01 2.4% 

TOTAL 3.47E+01 7.06E-04 1.81E-03 3.50E+01 100.0% 
 

BETTEr ALTERNATIVE 
 CO2 CH4 N2O CO2 Eq RATIO 
AGGREGATE PRODUCTION 4.51E-01 9.34E-06 5.61E-04 4.66E-01 2.0% 
AGGREGATE TRANSPORT 2.55E-01 6.95E-06 6.76E-06 2.57E-01 1.1% 
DRUM DRYER BURNER 1.03E+01 0.00E+00 2.98E-02 1.10E+01 47.3% 
HEATING 7.34E-01 0.00E+00 0.00E+00 7.34E-01 3.2% 
OTHER ENERGY INPUTS 5.65E-02 7.91E-07 1.51E-07 5.67E-02 0.2% 
BITUMEN 8.62E+00 5.28E-06 1.76E-06 8.62E+00 37.2% 
FILLER 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.6% 
ASPHALT MIX TRANSPORT 1.51E+00 0.00E+00 4.00E-05 1.53E+00 6.6% 
ASPHALT MIX PLACING 5.50E-01 1.50E-05 1.46E-05 5.55E-01 2.4% 

TOTAL 2.25E+01 7.85E-05 3.04E-02 2.32E+01 100.0% 
 

WORSE ALTERNATIVE 
 CO2 CH4 N2O CO2 Eq RATIO 
AGGREGATE PRODUCTION 5.26E-01 1.11E-05 6.22E-04 5.43E-01 0.9% 
AGREGATE TRANSPORT 1.77E+00 4.81E-05 4.68E-05 1.78E+00 2.8% 
DRUM DRYER BURNER 2.43E+01 6.63E-04 6.44E-04 2.46E+01 39.0% 
HEATING 1.03E+00 2.79E-05 2.71E-05 1.03E+00 1.6% 
OTHER ENERGY INPUTS 1.89E-01 5.15E-06 5.01E-06 1.91E-01 0.3% 
BITUMEN 8.65E+00 5.30E-06 1.77E-06 8.65E+00 13.8% 
FILLER 2.02E+01 4.10E-06 1.37E-06 2.02E+01 39.8% 
ASPHALT MIX TRANSPORT 4.84E+00 0.00E+00 1.28E-04 4.88E+00 7.8% 
ASPHALT MIX PLACING 1.10E+00 2.99E-05 2.91E-05 1.11E+00 1.8% 

TOTAL 6.26E+01 9.26E-04 1.51E-03 6.29E+01 100.0% 
 

Table A2: Greenhouse emissions per ton of reference asphalt mixture and how this relates to the better and 
worse case alternatives analysed in table A1  

 
 
 



500-004 NEW BINDERS FOR APPLICATION IN THE MANUFACTURE OF 
WARM MIX ASPHALT. 
 
 
Antonio Páez Dueñas;  Mercedes Ayala Canales 
1Repsol YPF. Carretera de Extremadura, km18.28931Móstoles. Spain. 
 
 
ABSTRACT 
 
In the last times there have been an increasing interest in the diminishing the temperature of manufacture 
and application of asphalt mixes. As a result of such efforts there are available in the market some 
binders than allow decreasing the temperature between 20ºC and 30ºC. The use of these binders drives to 
important energy savings. 
 
In this communication one of the binders developed to manufacture asphalt mixes with lower temperature 
of manufacture and application is presented. In the document we describe the properties of this new 
binder and its behaviour when it is applied to conventional asphalt mixes. 
 
In addition we describe the design, manufacture and application of a real scale field test applied in the 
surrounding of Madrid. In this test, the asphalt mix was applied at 120ºC. The results obtained in the 
control test after the application are similar to those obtained with the conventional asphalt mix used as 
reference.  
 
 
KEYWORDS: warm-mix, emissions, low-temperature, environment, energy-saving. 
 
 
1.-INTRODUCTION 
 
The asphalt industry has always looked for ways to improve its environmental performance as well at its 
quality. The emission of contaminating gases and the energy saving subjects are one of biggest worries. 
This interest has boosted the development of Cold Technology, for example Bitumen Emulsions as 
substitute of Cut-back and Fluxed Bitumen (which present a good workability at lower temperatures than 
a conventional asphalt mix) 
 
Actually, the problem of the Cold Technology is that it is only recommended for low and medium traffic 
intensity. Mechanical properties are worst than a Hot Mix Asphalt. The reason is that the current 
compaction methods are not capable to get the same compaction, so its mechanical resistance to axel 
loads is lower, and so the pavement performance. 
 
In another way, the process by means of which the cold mixtures reach their final properties, known as 
curing time, is very slow. It goes also against its interest in the applications for high traffic areas.  
 
Since the nineties, they are looking for a solution that allows introducing Cold Technology in the market 
that could be used in high traffic roadways. 
 
At the same time, European countries are interested in technologies that allow a reduction in the 
temperatures at which asphalt mixes are produced and placed without compromising the performance of 
the pavement. These technologies have known as Warm Mix Asphalt (WMA) and Low Energy Asphalt. 
 
The Low Energy Asphalt is produced and placed between 40 and 90ºC, and it is based in emulsion or 
foam bitumen. The Warm Mix Asphalt is mixed and compacted between 120 and 135ºC and it is 
composed by bitumen with such viscosity that allows having good workability during laying and 
compaction at these temperatures. 
 
The immediate benefit of producing WMA is the reduction in energy consumption required by burning 
fuels to heat traditional hot mix asphalt at the production plant. Lower plant temperatures can lead to a 
30% reduction in fuel energy consumption ,and a diminution of 50% of CO2 produced ( 1) . With the 



decreased production temperature the additional benefit of reduced emissions that may contribute to 
health, odour problems, or greenhouse gas emissions, are arriving at the plant and the paving site. 
 
 
 
2. - WARM MIX ASPHALT 
 
2.1. - Bitumen 
 
The bitumen used was obtained by means of an additive that decreases the viscosity. 
 
In the production and placement of an asphalt mix the temperature control is crucial to aggregate coating, 
matrix stability during production and transport, easy of placement, compaction, and the performance of 
the pavement. This temperature is determined for the viscosity of the bitumen. 
 
It is recommended using a mix temperature which allows the bitumen have a viscosity between 150-190 
cSt.  
 
The Warm Mix Asphalt has, at service temperature, similar properties as a Hot Mix Asphalt, but at higher 
temperature, has a lower viscosity. The reduction of viscosity enables application at lower temperatures. 
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Figure 1. - Viscosity-temperature chart. 
 
 
 
 
The concept of the behaviour of this binder was shown in Figure 1 where a plot of viscosity versus 
temperature for a WMA and traditional bitumen, both with the same penetration at 25ºC, is shown. This 
diagram demonstrates how the WMA reduces viscosity near 100ºC, so the mixing and compaction 
temperature range is lower. The compaction temperature for the WMA is approximately 20-30°C lower 
than the compaction temperature for a Hot Mix Asphalt 
 
The same figure shows that the Softening Point of the Warm Mix Asphalt is higher than the traditional 
bitumen, and so the Penetration index. This fact does not mean necessary that it presents a higher 
resistance to rut depth. The characteristics of bitumen useful for Warm Mix Asphalt are presented in 
Table I. 
 
 
 



 
 
 
 
 

Table 1. - Typical Characteristics of a Binder for Warm Mix Asphalt 
 

CHARACTERISTICS UNIT TEST METHOD AVERAGE 
VALUE 

ORIGINAL BITUMEN 
Penetration at 25ºC 0,1 mm NLT-124 51 
Softening Point ºC NLT-125 74,2 
Penetration Index - NLT-181 3,5 
Fraass Breaking Point ºC NLT-182 -13 
Ductility at 25ºC cm NLT-126 >100 
Viscosity cp ASTM-D-4402/87  

at 120ºC   801 
at 140ºC   210 
at 160ºC   101 

RESISTANCE TO HARDENING, 163ºC 
Change of mass % NLT-186 -0,174 
Retained Penetration % NLT-124 66 
Increase in Softening Point ºC NLT-125 2,3 
 
 
 
3. - ROAD PERFORMANCE 
 
In 2006, it was conducted a real scale field test applied in the surrounding of Madrid, with the Warm Mix 
Asphalt, between the points kilometres  48+660 and 58+420 of the M-607. 
 
 
3.1. - MIX DESIGN 
 
The mix used was a semi dense mixture, of a maximum aggregate size of 20 mm, call in the Spanish 
terminology S-20. The main material constituents for the S-20 (binder course of 6 cm of thickness) 
comprised of a silica-calcareous aggregate and 35/50 penetration grade bitumen. 

 
 

 
                                        
 
                                     Figure 2. - Mixture sieve gradation 



 
 
The binder was a Warm Mix Asphalt designed to present the follows temperatures 

� Mix temperature: 130-140ºC 
� Compaction temperature: 90-120ºC 

It was compared with a 40/50 penetration grade bitumen as reference. 
 
In table II, a summary of the essential results of the Laboratory Study are presented. The mixture based 
on 40/50 conventional bitumen was manufactured at 140ºC and the Warm Mix Asphalt was manufactured 
at 120ºC. In spite for the Warm Mix Asphalt a lower temperature was used, both mixtures have similar 
voids content. In the study an optimum of 4,8% of binder on aggregate basis was established 
 
As can be seen, the Marshall Stability is lower in the mix manufactured with the binder for warm mix 
asphalt than in the conventional  one. However the value is high enough to pass the Spanish 
Specifications. With respect to the water sensitivity, the compressive strength values are similar, so  the 
adhesivity of both binders to the aggregate is the same. 

 
 

Table II. - Test methods and results 
 
 

MARSHALL  TEST (NLT-159) 
 B 40/50 Binder Warm Mix Asphalt 
Binder content ( %), on aggregate basis 4,8 4,8 
Density (gr/cm3) 2,36 2,38 
Stability (kN) 14,5 12,5 
Flow (mm) 2,6 2,5 
VIA (%) 15,5 14,7 
VIM (%) 4,9 4,1 
 

EFFECT OF WATER ON COMPRESSIVE STRENGTH (NLT-162) 
 B 40/50 Binder Warm Mix Asphalt 
Density (gr/cm3) 2,33 2,31 
Compressive strength  - dry (kgf/cm2) 37 32,5 
Compressive strength-immersed  (kgf/cm2) 31 26 
Retained strength (%) 84 80 
 

WHEEL TRACKING TEST (NLT-173) 
 B 40/50 Binder Warm Mix Asphalt 
Density (gr/cm3) 2,36 2,35 
Rut Depth (mm) 1,4 1,5 
Rate of tracking at 30/45min. (�m/min) 7,9 3,8 
Rate of tracking at 75/90min. (�m/min) 7,1 3,7 
Rate of tracking at 105/120min. (�m/min) 7,5 5,7 
 
 
As it can be seen the Warm Mix Asphalt presents lower Marshall Stability and Retained Strength than 
those manufactured with conventional 40/50 Bitumen. However, the resistance obtained in Wheel 
Tracking Test is higher. It is important to point out that all the results comply with Spanish Specification.  
 
 
3.2. - MIXING AND COMPACTION. 
 
The mixing and the compaction of the Warm Mix Asphalt have been made at the same conditions as a 
40/50 penetration grade bitumen, except the mixing and compaction temperatures. 
 
There was a temperature control of all of the trucks used to transport the Warm Mix Asphalt. The mix 
temperature was measured in the production plant and when they arrived to the road.  
 



 In the Plant In the laying 
Temperature max. 138 136 
Temperature  min. 131 116 
Average 134 125 
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Figure 3.- Temperature control chart 
 

 

  
 

Figure 4. - Mixing temperature 
 
 
 
 
 
 
 
Compaction was made firstly with a vibratory tandem roller followed by a Pneumatic-tyred roller. To 
finish compaction the vibratory tandem roller was used again. During the works, it was observed that 
after 90ºC, the compaction could not be done. This fact confirms the behaviour described in figure 1 of a 
sharp decrease of viscosity above 100ºC. 
 



 
Figure 5. - Compaction temperature 

 
As can be observed in the pictures presented in figure 6, the final aspect of the road does not differ of 
which of a road manufactured with a mix with conventional bitumen. 
 
 
 
 

 
 

Figure 6. - Final result 
 
 
3.3. - MIX PERFORMANCE TESTING 
 
Some specimens distributed troughs all the section were extracted to test the mix performance. In the 
table III the results obtained in the measure of the stiffness are presented. As can be seen, the values 
obtained are similar, with a light lower value in the Warm Mix Asphalt, as were anticipated by the 
Marshall´s results. 
 

Table III. Marshall Characterization of the Mixtures 
 

STIFFNESS MODULUS (EN 12697-26) 
Warm Mix Asphalt B 40/50 Bitumen 

Modulus (MPa) Modulus (MPa) 
2695 2994 

 
 
 
With samples of the Warm Mix Asphalt took in the road, some specimens were manufactured in the 
Laboratory to measure Dynamic Modulus and Fatigue Law. The results are presented in Table IV. As can 
be seen, the Dynamic Modulus is high enough to ensure a good mechanical resistance. 
 



As far as fatigue test concern, it can be observed the high values of micro deformations at 106 pulses, far 
away from 100. With respect to the Spanish experience, this value will ensure an excellent long time 
behaviour. 
 

Table IV. - Results of Modulus and Fatigue Tests 
 

DYNAMIC MODULUS (NLT-349) 
 Warm Mix Asphalt 
Modulus (MPa) 6367 
Phase Angle (º) 21.68 

FATIGUE BY THREE POINT BENDING TEST METHOD (NLT-350) 
Fatigue Law Log �= a + b*Log N 

a 3.3499 
b -0.1866 
R2 0.67 
Micro deformation in a million pulses, �6 170 

Energetic Law LogW = c + d*LogN 
c -1.6236 
d 0.6916 
R2 0.76 
 
 
 
4. - CONCLUSIONS 
 
The Warm Mix Asphalt has, at service temperature, similar properties as a Hot Mix Asphalt, but at higher 
temperature, has a lower viscosity. The reduction of viscosity enables application at lower temperatures. 
 
In the trial in the M-607 (Madrid) it was obtained a level of strength equivalent to a Hot Mix Asphalt. 
 

� The Stiffness Modulus at low mixing temperature is similar to a conventional mixture. 
� The dynamic modulus is high enough, so it is ensured a good mechanical resistance.  
� Fatigue test, show a high value of micro deformations at 106 pulses. With such a high value the 

good behaviour with respect to fisuration and fatigue law is guaranteed. 
 
The Warm Mix Asphalt is workable and easily compactable when produced and layed.  
 
To remain workable at the paving site, it is important that the temperature is not lower than 90ºC at any 
moment.  
 
The reduction in fuel consumption can be quantified between 10-15% because the temperature was 
reduced around the 20%. 
 
Workers notice an improvement in the work quality by the reduction of heat and emissions. 
 
Warm Mix Asphalt is a more environment-friendly material that allows reducing fumes, emissions and 
reduces energy consumption, without losing their properties. 
 
5. - REFERNCES 
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ABSTRACT 
 
All around the world great efforts are put in to protect our environment. Reduction of the so-called 'greenhouse effect' 
producing emissions represents a significant contribution to preserve the environment. Asphalt industry prepared its 
share in achieving the common goal with the development of the warm asphalt mixes.  
The principle of the warm asphalt mix production used in our case was the addition of zeolites, based on the specific 
characteristics of zeolites containing and releasing water at the specific temperature conditions. The paper describes 
the development of production and testing of warm asphalt mixes with the addition of synthetic zeolites at the asphalt 
plant and on the test section. Two asphalt mixes (AC 22 bin B 50/70 and SMA 8 PmB) were produced and laid at the 
temperatures of approximately 130°C, what represents a significant reduction from usual production temperatures of 
around 165°C. This temperature reduction of 35°C means less energy consumption, less emissions and also less 
hardening effect on bitumen used in asphalt mix and subsequently lower susceptibility to temperature induced cracking 
in asphalt layer what is presented in the following paper . 
 
Keywords : Emissions, environment, low-temperature, temperature susceptibility, thermal cracking 
 
1. INTRODUCTION 
 
A large part of innovations in asphalt industry in the last few years is concentrated in the field of the so-called 'Warm 
Asphalt Mixes'. In the Kyoto protocol from 1997 the countries parties to 'The United Nations Framework Convention on 
Climate Change' agreed in achieving its quantified emission limitation and reduction commitments in emissions of the 
greenhouse gases, with a view to reducing their overall emissions of such gases by at least 5 per cent below 1990 levels 
in the commitment period 2008 to 2012. Asphalt industry is contributing its share in achieving the goals of Kyoto 
Protocol developing the warm asphalt mixes or low-temperature asphalt. 
 
There has been a lot of published and presented efforts, research and development in warm asphalt mixes, so it can be 
said that these asphalts have already proven favourable environmental effects – reduced emissions and energy 
consumption together with reduced CO2 formation in production and reduced exposure of asphalt workers laying the 
asphalt. 
 
The characteristics of warm asphalt mixes in the sense of quality and durability should remain the same as those of 
conventional asphalts or demonstrate even better characteristics if possible. One of the least wanted pavement distresses 
are cracks - fatigue cracking, thermal cracking or reflective cracking. Asphalt mix that we want should have the 
characteristics that prevent this type of consequences. 
 
Determination of asphalt characteristics at low temperatures - resistance to low-temperature cracking - is performed by 
two different tests: uniaxial tensile strength test and thermal stress restrained specimen test (TSRST). Uniaxial tensile 
strength test serves to determine the resistance to tensile stress at low temperatures, while TSRST simulates the stress 
induced by quick temperature drop caused by weather. 
 
It remains to be seen and proved about the probable reduced wear of the production equipment and about the ageing and 
temperature susceptibility of warm asphalt mixes. This study deals with the latter characteristics which are of outmost 
importance for all parties involved in asphalt laying – investors, authorities, designers, producers and - last but not least 
– end users of asphalt roads all over the world. 
 
2. EXPERIMENTAL 
 
2.1 Materials 
 
There are in principle three existing methods for production of  warm asphalt mixes, based on: 

� process engineering, 
� aerogenous agents and 
� special bitumen and additives. 

All methods have in common that the mixing temperature of the asphalt can be reduced by at least 20°C to 30°C. 
Process engineering uses different effects in order to reduce the mixing temperature of the asphalt. The method with the 
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aerogenous agents is based on chemically bound water that is released during asphalt mixing. The additives added to the 
asphalt mixture during mixing or to the basic bitumen for the production of special bitumen generally concern paraffins.  
 
Our study limited itself on a method using an aerogenous agent - zeolite. Zeolites are crystalline, hydrated aluminium 
silicates that occur in natural form and can also be produced synthetically. However, synthetic silicates are used in 
practice as these have stable homogenous properties. Its special structure enables it to store crystalline water into the 
pores of the molecules. When adding the zeolites in the pre-heated mixture of aggregates simultaneously with bitumen, 
a water vapour is created. This leads to a foaming effect with a huge volume increase of bitumen and fine dispersion 
with micro pores which increase the workability of asphalt mix without changing the viscosity of the bitumen. The 
asphalt mix has a higher ability to be compacted at the same temperature, or the same compactibility at lower 
temperature. The temperature can be lowered for approximately 30 °C to get the same compaction properties of the mix, 
that represents the desired asphalt mix temperature between 130 °C and 145 °C. 
 
The agent for asphalt mix produced and compacted at lower temperatures used in our study was Aspha-min® which is a 
synthetic zeolite produced by Eurovia at a rate of 0,3 % mass of the total mix added together with filler in the mixer on 
the asphalt plant. 
 
2.2 Warm asphalt mix production 
 
The two characteristic asphalt mixes chosen for this study were mixes that are for the most part produced on that asphalt 
plant and are tipically used in asphalt pavements in Slovenia for base and surface course: 

� AC 22 base 50/70 (former internal designation BZNP 22 BIT 60) and 

� SMA 8 PmB 45/80-65 (former internal designation DBM 8s PmB tip II) 

By selecting these two mixes we also captured the majority of different parameters that could affect the results of the 
study like different types of stone material (limestone and silicate) and bitumen (road bitumen and polymer-modified 
bitumen). Both mixes were produced according to unaltered job-mix formulas with lower mixing temperatures than 
usual at the asphalt plant. 
Analyses of produced asphalt mixes in the laboratory show good corelation with the job-mix formula and with average 
results of quality control for these two mixes in the previous year (at normal mixing and production temperatures). 
Laboratory samples were compacted in laboratory at exactly the same temperatures we measured on the test section of 
service road at the asphalt plant TAS near Ljubljana. The corresponding temperatures were: 

� AC 22 base 50/70, lab. no. 1896-A-04 at temperature of 139°C 

� AC 22 base 50/70, lab. no. 1897-A-04 at temperature of 131°C 

� SMA 8 PmB 45/80-65, lab. no. 1893-A-04 at temperature of 123°C 

� SMA 8 PmB 45/80-65, lab. no. 1894-A-04 at temperature of 132°C. 

Our aim was the mixing i.e. production temperature of around 130°C, which we successfully reached, with some 
deviations. Mixing temperature of AC 22 base 50/70 was between 131 and 139°C, while the temperature of SMA 8 
PmB reached even 123°C, thereupon we raised it a little to 132°C. Transport distance was minimal - 100 m – so the 
production temperature was virtually the same as laying temperature on the test site. 
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Figure 1: Temperature of the AC 22 mix behind the paver 
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Figure 2: Time - temperature graph for AC 22 base 
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Figure 3: Surface temperature of SMA 8 layer 

 

2.3 Characteristics of the warm asphalt mix 
 
Two singular samples of AC 22 base 50/70 have a bit different composition, the first sample having lower bitumen and 
filler content and therefore more air voids and less voids filled with bitumen despite higher mix temperature of 139°C, 
compared with the second sample. The results of laboratory testing for AC 22 base are presented in table 1. 

STONE MIX CHARACTERISTICS ASPHALT MIX CHARACTERISTICS MIX
LAB. NO. DATE BIT. BIT. Passing through sieve (mm) Bulk Max. Void VFB VMA TEMP.

TYPE CONT. density density content
0,09 0,25 0,71 2.0 4.0 8.0 11.2 16.0 22,4 31,5

m.-% m.-% m.-% m.-% m.-% m.-% m.-% m.-% m.-% m.-% m.-% kg/m3 kg/m3 V.-% % V.-%
1896-A-04 05.10.04 50/70 3,7 7,8 9,7 14,1 28,0 38,6 55,5 62,1 74,0 97,0 100 2428 2556 5,0 63,9 13,9 139°C
1897-A-04 05.10.04 50/70 3,9 8,2 10,6 16,4 32,1 43,4 62,3 68,0 78,9 97,3 100 2448 2558 4,3 68,8 13,8 131°C

Lower limit TSC 4 7 12 21 30 44 54 70 97 100  4 - 8  50 - 74 
Upper limit TSC 14 37 53 65 74 85 92 100 100 100
Job-mix formula 3,7 8,0 10,2 16,5 32,7 45,9 64,1 74,3 86,6 98,2 100 2424 2545 4,7 65,2 13,6
Table 1: Analyses of  AC 22 base 50/70 

There are practically no significant differences in composition of two SMA 8 samples so we can assign higher air voids 
and lower voids filled with bitumen of the first sample to the lower (maybe even too low for this type of PmB used) mix 
temperature of 123°C. The results of laboratory testing for SMA 8 are presented in table 2. 
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STONE MIX CHARACTERISTICS ASPHALT MIX CHARACTERISTICS MIX
LAB. NO. DATE BIT. BIT. Passing through sieve (mm) Bulk Max. Void VFB VMA TEMP.

TYPE CONT. density density content
0,09 0,25 0,71 2.0 4.0 8.0 11.2 16.0 22 32

m.-% m.-% m.-% m.-% m.-% m.-% m.-% m.-% m.-% m.-%m.-% kg/m3 kg/m3 V.-% % V.-%
1893-A-04 05.10.04 PmB 65 6,7 12,3 14,4 18,0 25,2 36,3 97,2 100 2465 2564 3,9 80,8 20,1 123°C
1894-A-04 05.10.04 PmB 65 6,7 12,4 14,2 17,1 24,5 33,6 97,7 100 2481 2568 3,4 82,9 19,8 132°C

Lower limit TSC 8 10 13 20 26 90 100  3 - 4.5 70 - 85
Upper limit TSC 13 20 25 30 45 100 100
Job-mix formula 6,6 11,0 13,4 16,4 24,2 36,1 96,4 100 2470 2574 4,0 79,9 20,2
Table 2: Analyses of  SMA 8 PmB 

Lay-down of low-temperature asphalt mixes AC 22 and SMA 8 on the test section in TAS asphalt plant was done with 
usual equipment – Vögele Super 1603-1 asphalt paver and Bomag BW 135 AD, Hamm HD 75, Hamm HD 85 
compaction machines. Compaction regime was set to 3 passes of both heavier rollers with vibration and afterwards static 
compaction. Test results of compacted asphalt layers are suitable for the purpose of the asphalt layer and in accordance 
with technical specifications - AC 22 base layer was compacted to 101,4% of Marshall bulk density and SMA 8 layer to 
99,2 % of Marshall bulk density. 

 
Figure 4: Lay-down of SMA 8 

It is worth mentioning, that the surface course SMA 8 was laid onto the AC 22 base course with the temperature still 
around 60 °C in the middle of the layer, which positively affected its compaction too. 
Test results of both compacted layers can be considered as appropriate and fully comparable to those of asphalt mixes of 
same types without the addition of aerogenous agent at usual compaction temperatures between 160 and 170 °C.  
The bitumen used in AC 22 was a 50/70 grade and the recovered binder from the layer after nearly three years of service 
hasn't altered a lot – the data of virgin and recovered binder are presented in table 3. The same can be stated for 
polymer-modified bitumen used in SMA 8 with results presented in table 3.  
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Lab. No. Date Sample Asphalt Bitumen Softening Penetration Ductility Fraass Elastic
Mix type point break point recovery

°C mm/10 cm °C %
EN 1427 EN 1426 DIN 52013 EN 12593 EN 13398

979-IGM-04 28.09.2004 fresh AC 22 50/70 50,1 54,4 100,0
698-IGM-07 20.08.2007 recovered AC 22 35/50 50,9 37,3 100,0 -10,0
997-IGM-04 01.10.2004 fresh SMA 8 PmB 84,2 59,0 100,0 97,0
696-IGM-07 20.08.2007 recovered SMA 8 PmB 54,0 53,1 76,0 -18,0 81,0

Table 3: Bitumen test results  

From these results we can assume the binder suffered less ageing than with usual production at higher mixing 
temperatures and therefore it was interesting to verify the low-temperature properties of warm asphalt mix or the 
susceptibilty to temperature cracking.  
 
3. DETERMINATION OF LOW-TEMPERATURE BEHAVIOUR 
 
The most developed and realistic laboratory test in the terms of low-temperature behaviour of asphalt mix seems to be 
the combination of cooling test and uniaxial tensile test performed at low temperatures.  
The cooling test simulates weather-induced cooling of asphalt layer in the laboratory and enables measurement of the 
thermal or cryogenic tensile stresses resulting in the process. This standardized test method, often called also Thermal 
Stress Restrained Specimen Test (TSRST) determines the tensile strength and temperature at fracture for asphalt 
mixtures by measuring the tensile load in a specimen which is cooled at a constant rate while being restrained from 
contraction. The basic requirement for the test system is that it maintains the test specimen at constant length during 
cooling. A schematic of TSRST is shown in Figure 5. The system consists of a load frame, screw jack, computer data 
acquisition and control system, low temperature cabinet, temperature controller, and specimen alignment stand. This 
closed-loop process continues as the specimen is cooled and ultimately fails by cracking. Results can be shown in a 
cryogenic tensile stress versus temperature diagram. 

 
Figure 5: Scheme of low-temperature testing apparatus 

The tensile strength of bituminous mixtures is a critical factor in cracking resistance. Cracking resistance in low 
temperature conditions is tested in the laboratora by means of the uniaxial cold tensile test. The result of cold tensile test, 
in which the test specimen is exposed to a direct tensile load while the temperature is kept constant is the tensile strength 
and the elongation of the asphalt mix specimen at the test temperature. When tested at different test temperatures the 
results of tensile tests can be presented in graphical form with a regression curve called the tensile strength curve. The 
maximum of the tensile strength curve is named maximum tensile strength along with a corresponding breaking 
temperature.  
The difference between values of the tensile strength and of cryogenic tensile stress is called the reserve of the tensile 
strength at low temperature. It determines the characteristic of the bituminous mixture to withstand the tensile stress 
caused by traffic loading along with tensile stresses caused by cooling of the pavement. The capability to simultaneously 
bear cryogenic and mechanogenic tensile stress is the most distinct where the reserve of tensile strength reaches its 
maximum. 
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Figure 6: Cryogenic tensile stress �z (T), tensile strength ßz (T) and reserve of tensile strength 	ßz in dependance 
of the asphalt specimen temperature 
 
All the above mentioned tests at low temperatures were done for SMA 8 PmB mix at the Technical University of 
Braunschweig in Germany where they have a long experience with it. Simultaneously the low temperature properties of 
the same mix (consisting of the same stone material, the same polymer-modified bitumen and identical composition) 
were determined. The results are presented in table 4. 

ASPHALT MIX

CHARACTERISTICS at 5°C at -10°C at -25°C

ASPHALT BITUMEN BIT. Bulk Max. Void Max. Effective Tensile Tensile Tensile Tensile at

MIX TYPE CONT. density density content stress break temp. stress stress stress stress temperature
m.-% kg/m3 kg/m3 % (V/V) N/mm2 °C N/mm2 N/mm2 N/mm2 N/mm2 °C

SMA 8 WAM PmB 45/80-65 6,7 2473 2566 3,6 5,39 -36,9 1,32 5,42 5,95 5,38 -13,9

SMA 8 PmB 45/80-65 6,6 2490 2559 2,7 4,67 -32,8 1,85 5,04 5,46 4,61 -12,5

COOLING TEST COLD TENSILE TEST MAX. RESERVE

�T = -10°C/h TENSILE STRENGTH

Table 4: The results of low temperature testing for SMA 8 
 
It is evident that the warm asphalt mix reached better values in all measured parameters of low temperature testing and it 
can be assumed it has a higher resistance to temperature-induced cracking in direct comparison to SMA 8 without the 
addition of Aspha-min®.  
 
4. CONCLUSIONS: 
 
The study of the so-called warm asphalt mix showed a better low-temperature behaviour than the usual comparable hot 
mix asphalt with complementary effects on the environmental-protection, economic and industrial-safety aspects. It has 
been done on a normal asphalt plant without any changes on production and asphalt-laying equipment, with no 
composition changes in asphalt mix design and without any other problems occuring. It remains to be seen and proved if 
the positive results are valid on other types of mixes and other constituent materials as well, but so far this study is 
encouraging in terms of finding the right solutions for many problems – be it susceptibility to thermal cracking , 
environmental changes because of the greenhouse effect or health and safety aspects in asphalt industry. 
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ABSTRACT 
 
There is considerable interest in the possibilities of producing and paving asphalt at reduced temperature.  A reduction 
of the temperature generates a significant reduction in energy consumption, emissions and fumes.  Also health and 
safety conditions for the road workers are improved.   
This paper presents the first results of a common research project of Nynas and BRRC, in which three techniques for 
reducing production temperatures are considered:  the addition of waxes as viscosity reducers, the addition of zeolites 
as foaming agent and the use of foamed bitumen. The first phase of the project aims at developing laboratory 
procedures for assessing the potential of each technique to reduce the production temperature. If the mix undergoes 
curing after compaction, procedures to simulate and possibly accelerate the curing process also need to be developed. 
Small field trials are planned to validate the outcome of the laboratory work. In a second phase, the performance of the 
mixes produced at reduced temperature will be evaluated and compared to standard hot mix asphalt, since 
requirements on asphalt performance (including stiffness, durability, resistance to permanent deformation and 
cracking) have to be fulfilled.  Test sections are planned in a third phase, to extrapolate and validate the laboratory 
results by field data and experience.  This paper describes the first phase results of the technique using waxes as 
viscosity reducers.  
 
Keywords:  warm asphalt, waxes, rheology, viscosity, gyratory compaction, wheeltracking  
 
1. INTRODUCTION 
 
Traditionally, asphalt mixtures are produced and laid respectively at temperatures between 180 and 150°C.  These high 
temperatures are needed to achieve a low viscosity of the bitumen which facilitates a complete and strong coating of the 
aggregates and which allows a good workability and compactability of the asphalt mixture.  In the asphalt industry there 
is interest in exploring the possibilities of producing and paving asphalt mixtures at lower temperatures (80-120°C), the 
advantages of producing at lower temperatures are obvious, including reduced energy consumption, reduced emissions 
and fumes, improved health and safety conditions for the road workers.  
Several processes are available to reduce the mixing and compaction temperature of hot mix asphalt, one of these 
processes uses waxes to reduce the viscosity of the bituminous binder in the high temperature range (1-4).  In order to 
be efficient, this wax should be solid at the highest service temperature, but at temperatures above the highest service 
temperature the wax should melt, become liquid, lower the viscosity of the mixture and in this way should allow 
production and compaction of asphalt mixes at reduced temperatures.  Literature shows that waxes with a melting range 
between 100°C and 145°C have been used as viscosity reducers.  According to the producers of these waxes, a 
temperature reduction of 30°C can be achieved compared to standard hot mix applications.  Apart from their ability to 
reduce the production temperature, these waxes are also promoted as performance improvers for rutting (5, 6).   
In this paper a laboratory study is presented with the aim to evaluate the potential of various commercially available 
waxes to reduce the production temperature of asphalt mixtures.  In addition, this study aims at providing quantitative 
information on the range of temperature reduction that can be expected as well as on the amount of wax that needs to be 
added.  The possible potential of waxes to improve the resistance to permanent deformation is also evaluated.  The 
paper is subdivided into two parts: First, tests on the as-received waxes and on the bitumen-wax blends are discussed, 
afterwards, tests on asphalt mixes are described.   
This paper belongs to a larger project between Nynas and BRRC in which three techniques for reducing production 
temperatures are considered:  the addition of waxes as viscosity reducers, the addition of zeolites as foaming agents and 
the use of foamed bitumen.  The first phase results of the technique using zeolites are presented in reference 14. 
 
2.  TESTS ON WAXES AND BITUMEN-WAX BLENDS 
 
2.1 Materials  
 
Ten commercial waxes were collected, denoted alphabetically from A to J.  The bituminous reference binder is a paving 
grade bitumen 50/70.  The temperature reduction potential, as well as the performance related properties of the wax 
modified bitumen (WMB), are compared to this reference binder.  WMBs were prepared by adding the wax pellets to 
hot bitumen and by continued blending at 160°C for 1 hour.  Two experimental methods were used, Differential 
Scanning Calorimetry (DSC) and Dynamic Shear Rheology  (DSR).  The DSC equipment was a TA instruments 2920 



Modulated DSC.  The DSR equipment was a Paar Physica MCR500, with the 8 mm and 25 mm plates.  For the high 
temperature measurements, a Paar Physica MCR101 equipment was used with a cup-cylinder geometry.  
 
2.2 Investigations on the as-received waxes 
 
Differential scanning calorimetry (DSC) was used to investigate the melting and crystallization behaviour of the pure 
waxes.  The samples were first cooled from 180°C to -70°C at -10°C/min and subsequently heated at the same heating 
rate.  Cooling scans are presented in Figure 1.  Crystallization, in most cases observed during cooling, can be followed 
as an exothermal signal; melting is observed in the heating scan as an endothermal signal; and a glass transition is 
observed as a shift in the baseline.  The surface of the endo- and exothermal signals, calculated as an enthalpy, gives an 
indication of the amount of crystallizing material.  Some important parameters are represented in table 1: the 
temperature where crystallization starts on cooling (Tc-onset), the temperature where melting starts on heating (Tm-
onset) and the enthalpy of the crystallization signal on cooling.  If more than one signal is observed, the values for the 
smaller signal are placed between brackets.   
 
Table 1:  Calorimetric and viscosity properties of the as-received waxes and of the reference binder B50/70.  
 
Samples Tc-onset  

Cooling A 
(°C)  

Tm-onset 
Heating A 
(°C)  

/H 
CoolingB 
(J/g) 

Viscosity at 
150°C (20s-1) 
(Pa.s) 

Temp. of 
viscosity 
increase 
(°C) 

Remarks  

Ref. bitumen  - - - 2.14E-01 -  
Wax-A 140-(75) (65)-125 127 8.79E-03 143.0  
Wax-B  140-(70) (67)-120 139 7.90E-03 142.5  
Wax-C 140-(70) (60)-120 141 8.42E-03 144.4  
Wax-D 110 60 268 5.43E-02 114.2  
Wax-E 100 60 247 8.35E-03 101.0  
Wax-F 100 30 226 4.05E-02 105.7 
Wax-G 100 45 234 1.07E-02 104.5 

Broad crystallization 
range  

Wax-I 47 57 27 2.54E-01 - 
Wax-J 36 45 20 3.37E-01 - 
Wax-H (120)-80 86-(100) 47 7.26E-03 - 

Low degree of  
crystallinity  

A  if more than one signal, the smallest signal is placed between brackets 
B  only the value for the largest signal is given 
 
From the DSC behaviour the samples can be subdivided into five types:  In figure 1, an example of each type is shown.   
1. Wax-A, Wax-B and Wax-C, show a large and sharp crystallization signal on cooling, starting at 140°C, followed 

by various very small crystallization peaks at lower temperatures.  These three samples behave very similar.  
2. Wax-D shows a large and sharp crystallization onset, starting at 112°C, but the exothermal signal broadens 

somewhat at lower temperatures with an end-crystallization temperature at around 60°C.   
3. Wax-E shows a large crystallization signal, starting at 102°C and ending around 60°C.    
4. For Wax F and Wax-G the shape of the crystallization signal is very similar to Wax-E, but for these samples the 

sharp crystallization signal, at high temperature (around 105°C) is small and is combined with a large signal that 
covers a very broad temperature range, extending to temperatures below 20°C.  In these samples a lot of material 
still has to crystallize at temperatures below 60°C, and this could cause problems at high service temperatures if 
these samples are to be used in asphalt mixes.   

5. Wax-H, Wax-I, Wax-J show only very small crystallization signals, seen as small peaks, and have at lower 
temperatures, below 0°C, a shift in baseline related to a glass transition (this is not shown in Figure 1).  The 
crystallinity of these three samples is very low, therefore these waxes will soften the binder at all temperatures, also 
at high service temperatures, and this can cause problems.  

 
Viscosities of the as-received waxes could be investigated, at least in the molten state, using a bob-cylinder type 
rheometer in rotational mode.  Dynamic viscosities were measured during cooling from 180°C to 80°C at a cooling rate 
of -2°C/min.  Some cooling scans are shown in figure 2, together with a scan of the reference binder.  The sharp 
increase in viscosity of these samples is caused by the crystallization onset.  At this point, the measurements had to be 
stopped because the samples became too stiff to be measured in a bob-cylinder geometry.  In table 1 some viscosity 
parameters, such as the temperature where the viscosity increases as well as the level of viscosity at 150°C are included.  
The level of the viscosity at 150°C is for most waxes below the viscosity of the reference bituminous binder.  In order to 
achieve a viscosity reduction of the reference binder by adding waxes this is of course a necessary condition.   
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Figure 1:  DSC cooling scans (-10°C/min) of pure waxes 
 
 

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

80 90 100 110 120 130 140 150 160
Temperature (°C)

V
is

co
si

ty
 (P

a.
s)

B55

Wax-I

Wax-D

Wax-GWax-E

Wax-A

Wax-F

 
 
Figure 2:  Dynamic viscosities of reference binder B55 and pure waxes (shear rate 20/s, cooling rate -2°C/min). 
 
 
2.3 Tests on bitumen-wax blends at production temperatures 
 
Similar tests were done on the waxes blended with the B50/70 reference binder, in a concentration of 3% wax.  As this 
concentration is recommended by wax producers it was used as a starting point.  DSC cooling scans are shown in 
figure 3.  Compared to the pure waxes the bitumen –wax blends show a considerable decrease in crystallization 
temperatures, which indicates some interaction of the wax with the binder.  For example, for Wax-A there is a 
temperature drop of about 40°C between the crystallization onset in the pure and in the blended form.  For Wax-D this 
drop is about 20°C.  The waxes (H, I, J) which showed small crystallization signals in the pure form did not show any 
exothermal signal anymore in the 3% blends.  In table 2, some parameters for the blends are summarized.   
Viscosities of the 3% Wax Modified Bitumen (WMB), with the reference binder B55 as base binder, were investigated 
at temperatures between 160°C and 60°C, see figure 4.  As for the pure waxes, the crystallization of the wax results in a 
sharp increase in viscosity, and again a sometimes large temperature depression between the pure and the WMB was 
observed.   Although most of the pure waxes have a lower viscosity than the reference binder in this temperature range, 
the viscosity reduction in the 3% WMBs is rather limited, especially if this decrease in viscosity is expressed as a shift 
in temperature.  Equi-viscous temperatures are included in table 2.  Compared to the reference binder the temperature 
shift is limited to a maximum of 6°C.  Since the viscosity reduction for 3% blends is limited, higher concentrations of 
wax in bitumen were investigated; but even for 5% WMBs the reduction in viscosity was still limited.   
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Figure 3:  DSC cooling scans of 3% WMBs , compared to the reference binder (cooling rate -10°C/min).  
 
 
 
Table 2:  Calorimetric and viscosity properties of 3% WMBs and of the reference binder. 
 
Samples DSC Tc-onset 

cooling (°C)  
Temp. viscosity 
increase (°C) 

Viscosity at 150°C 
(20s-1) (Pa.s) 

Equivisc. temp. 
 for 1Pa.s   (°C) 

Ref. binder  - - 0.214 120 
Wax-A 101 94 0.160 114 
Wax-B  102 96 0.163 116.5 
Wax-C 102 96 0.169 116 
Wax-D 93 93 0.175 115 
Wax-E 77 79 0.166 114 
Wax-F 76 78 0.168 114 
Wax-G 81 80 0.160 112 
Wax-I - - 0.210 119 
Wax-J - - 0.218 120 
Wax-H - - 0.162 114 
 
 

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

60 70 80 90 100 110 120 130 140
Temperature °C

co
m

pl
ex

 v
is

co
si

ty
, (

P
a.

s)

Wax-B

Wax-D

Wax-H

Wax-E

Wax-F
B55

  
 
Figure 4:  Complex viscosity during cooling for various 3% WMBs and for the reference binder (cooling rate -
2°C/min; 1Hz, 1% strain)  



Another parameter that can be varied is the penetration level of the base binder.  Using a softer binder results in a larger 
viscosity reduction, but this can of course only be used if the stiffness at high service temperatures is not negatively 
influenced.  Performance-related tests at service temperatures will be discussed in detail in the next section.  The effect 
on viscosity of using more wax or a softer base grade bitumen is given in table 3.  For example, the reduction in 
viscosity is largest after adding 5% of wax (E, in this case) to a base binder with a penetration of 180 mm/10 and 
corresponds to a temperature shift of about 25°C.   
 
Table 3:  Influence of wax concentration and base binder penetration on the viscosity properties of WMBs.  
 
Pen Base 
binder 
mm/10 

Wax type and 
concentration 

Temp. viscosity 
1Pa.s,  (°C) 

Pen Base 
binder 
mm/10 

Wax type and 
concentration 

Temp. viscosity 
1Pa.s   (°C) 

55 (ref.binder) - 120 80 + 2% Wax E 111 
55 + 2% Wax-B 117.5  + 3% Wax E 109 
 + 3% Wax B 116.5  + 4% Wax E 107 
 + 4% Wax B 115.5 100 + 5% Wax E 102 
 + 2% Wax-D 117 180 + 3% Wax E 99 
 + 3% Wax-D 115  + 4% Wax E 98 
 + 4% Wax-D 114  + 5% Wax E 96 
 
 
2.4 Tests on bitumen-wax blends at service temperatures  
 
In this section, performance-related binder tests were conducted on several 3% WMBs using the reference binder B55 
as base binder.  Conventional tests are shown in table 4.  From table 4 it is clear that the three waxes that showed only 
small signals in the DSC tests (Wax-I, Wax-J and Wax-H) also show a very limited increase in R&B temperature.  For 
the two waxes with a very broad DSC signal (Wax-F and G) only Wax-G shows a considerable increase in softening 
point while the other sample, Wax-F, shows an increase of only 10°C.  The other waxes all show large increases in 
softening point.   
 
The waxes with a considerable increase in softening point were considered in DSR testing.  Frequency sweeps were 
made from -10°C to +90°C, in order to have an idea of the low temperature performance and also the high service 
temperature performance.  For the low temperature performance the stiffness at 1Hz and 0°C is included in table 4.  
One can observe that this stiffness level is never increased by more than 5% which at least indicates that the low 
temperature stiffness is almost not influenced by adding 3% of wax to the base binder.  For Wax-E, F and G the low 
temperature stiffness is even slightly decreased.  
To assess the rutting susceptibility, two parameters are included in table 4:  the SHRP high temperature Performance 
Grading (PG), measured on the original binder at a frequency of 1.59 Hz, and a low frequency parameter measured at 
50°C.  It can be observed that the PG temperature can increase by 16°C, just by adding 3% of, for example Wax-C, to 
the base binder.  A low frequency parameter is also given in table 4, since in reference 7 it was observed that the 
relation between experimentally measured rut depths and binder stiffness levels improved if the frequency was reduced 
to 0.01Hz.  The low frequency stiffness at 50°C is increased for all the waxes added, in some cases the increase is more 
than a decade.  A change of one decade can be compared to a change from a base binder pen 50/70 to a base binder pen 
10/20.   
 
Table 4:  Conventional and rheological properties of the reference binder and various WMBs.  All blends consist 
of 3% of the respective wax in the B50/70 ref. binder.  
 
Samples Pen 25°C 

(mm/10) 
R&B 
(°C) 

Temp.G*/sin(�) = 
1kPa, 1.59 Hz, 1% 
strain (°C) 

G*/sin(�)-
0.01Hz & 50°C 
1% strain (Pa) 

G* - 1Hz - 0°C 
0.05% strain 
(Pa) 

Ref. bitumen  55 49.0 68 1.13E+02 9.85E+07 
Wax-A 45 100.6 79 8.49E+02 1.02E+08 
Wax-B  42 93.3 82 10.26E+02 1.03E+08 
Wax-C 43 100.5 84 15.04E+02 1.07E+08 
Wax-D 40 102.0 79 6.63E+02 1.12E+08 
Wax-E 35 78.9 76 5.85E+02 7.77E+07 
Wax-F 53 59.4 70 1.39E+02 7.58E+07 
Wax-G 40 90.0 72 2.46E+02 9.32E+07 
Wax-H 49 52.7    
Wax-I 53 50.0    
Wax-J 56 55.5    



There are large differences in stiffening effect at 50°C between the different wax types. Those waxes which show 
sufficient crystalline material in the DSC cooling scan, that crystallizes at high enough temperatures (above 60°C) show 
the largest stiffening effects.  So in practice those waxes with a large exotherm occurring over a small and high 
temperature range seem to be most suited to improve the resistance against rutting .   
 
Upon analyzing the DSR behaviour in detail it was observed that the stiffness of wax modified binders is very strain 
sensitive, the stiffness reduces very quickly if the applied torque level increases.  The authors have also shown this in 
reference 8.  In figure 5 stress sweeps, recorded at 50°C and at 0.01Hz, on some selected samples are shown.  
Compared to unmodified and polymer modified binders, these WMBs can be considered as strain sensitive binders.  
The finding that WMBs are much more strain sensitive than unmodified or polymer modified binders at high service 
temperature is very important. In literature, there is a lot of discussion if performance indicators for rutting should be 
measured inside or outside the linear viscoselastic (LVE) range (9, 10).  For unmodified and polymer modified binders 
the LVE range is rather large and the question is not so crucial, but for these WMBs the LVE range is limited to low 
strain levels, and maybe not representative of the strain and stress level(s) the binder feels when loaded in an asphalt 
layer in a road.  For the time being it is not clear what stress or strain level should be used in binder tests and how this 
relates to a stress or strain level in asphalt mix tests.  In reference 11 a value of 300% strain is suggested, but this 
depends on many factors, such as thickness of the binder film, void content and aggregate grading.  In the section on 
asphalt mix tests some experimental rut measurements on waxy samples, loaded in an MLPC rut tester at 50°C will be 
discussed and related to the binder tests.  
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Figure 5:  Strain dependency at 50°C and 0.01Hz of some selected WMBs, some PMBs and some unmodified 
binders.  
 
2.5  Proposed system to select base binder and concentration of wax   
 
In the previous sections, general properties of various waxes and WMBs were presented. In table 3, it was shown that 
the viscosity reduction for a specific wax and bitumen blend is dependent on the wax concentration and the penetration 
level of the base binder.  In this section a method to estimate the reduction in temperature for one selected wax material 
(wax-E) is given.   
 
The viscosities of several WMBs with wax-E at three different concentrations and with base binders with different 
penetration levels, were tested and the temperature where the viscosity has a certain value, in this case 1Pa.s, is plotted 
versus the penetration level of the base binder (see figure 6).  If we assume that compactability is related to the viscosity 
of the binder, an assumption that is often used in literature for unmodified (12) and for modified binders (13),  this 
figure can be used to see how a temperature reduction of 20°C, based on equi-viscosity levels, can be achieved.  Several 
options exist:  If 5% of wax is used it would be sufficient to use a softer base binder with a pen. level of around 125, if 
4% of wax is added a pen base binder of 155 should be used, and if this needs to be achieved with only 3% of wax a 
base binder of pen 170 needs to be used.  Of course, before using a base binder with a penetration of 170, one should 
also consider performance related parameters, as is further discussed below.   
 
Regarding performance, the rutting sensitivity is considered as the most critical parameter, certainly if the penetration 
level of the base binder would be increased in order to get sufficient temperature reduction.  In this study, the stiffness 



at 50°C and at a frequency of 0.01Hz is used as a binder performance indicator for rutting, since in a previous study it 
was found that this parameter is a good performance indicator for unmodified and also polymer modified binders (7).  
In figure 7 the level of stiffness (at 50°C and 0.01Hz), measured inside the LVE range is plotted for the base binders 
and various binder-wax blends.  From this figure, it is clear that the stiffness of the reference binder (a value around 
100Pa) is reached for all the WMBs, so this graphs would indicate that wax-E is excellent to improve the rutting 
resistance and also that a soft base binder (even a pen 180) could be used and would give sufficient rutting resistance.  
In figure 8 a similar graph is shown but now the stiffness level is measured at a much higher strain level, in this case 
300% strain is used since this value is indicated in literature.  Figure 8 illustrates that, in order to have the same range of 
stiffness as the reference binder, a base binder pen 180 could be used, provided 5% of wax is added.  If only 3% of wax 
would be used, the penetration level of the base binder should not be higher than 140.  Of course these conclusions are 
based on the assumption that the strain level of 300% (at 50°C and at 0.01Hz) is representative for the strain the binder 
experiences when loaded in a mix, an assumption which is not yet validated.   
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Figure 6:  Equi-viscosity temperatures as a function of penetration level of the base binder  
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Figure 7:  Stiffness at 50°C and 0.01Hz within linear visco-elastic range versus penetration of the base binder. 
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Figure 8:  Stiffness at 50°C and 0.01Hz at 300% strain level versus penetration of the base binder. 
 
 
2.6 Conclusions 
 
In the previous section, a system was proposed to select the base binder and the wax concentration with the aim of 
achieving a given reduction in asphalt production temperatures.  This system is based on, several assumptions: 

- The reduction in temperature of compaction and paving is entirely related to the viscosity of the binder. 
Therefore, equi-viscosity temperatures measured on the binder-wax combinations can be used to predict the 
achievable reduction in asphalt production temperatures. 

- The wax is compatible with the bitumen, so that there is no separate phase of nearly pure wax which could 
then keep its low viscosity.  This assumption is in fact already validated by the viscosity tests on the WMBs 
described in the previous sections.  The viscosity of a WMB relates very well to values that are expected for a 
compatible blend based on the viscosities of the 2 pure components.   

- Regarding rutting sensitivity, the assumption is made that binders with equal stiffness at 50°C, at 0.01Hz and 
at 300% strain will have similar rutting resistance. This assumption is based on a rough estimation found in 
literature, that the strain level of the binder in a mix, if loaded at high temperature, can achieve strain levels of 
300%. Of course this strain level will depend on the mix type, in particular on the amount of binder, the 
thickness of the binder film, the void content, angularity of aggregates, amount of coarse material, etc.  

 
In the following section, these assumptions will be verified by asphalt mix tests.   
 
3.  ASPHALT MIX TESTS  
 
3.1 Mix Design   
 
The study was made with a mix type AB-4C, which is specified in the standard specifications of the Flemish region 
(SB 250 v2.1). This is an asphalt concrete mix for top layers, AC 0/10 according to the European standards. Use was 
made of the PradoWin software of BRRC. With the characteristics of the different constituents as input data, this 
software predicts the volumetric composition and void content of the mix for a given mix composition. Table 5 shows 
the dry mix composition. The grading of the mix is shown in figure 9. The binder is added in 6.2 % by mass on the 
aggregate mass (5.84 % by mass in the mix).  The same mix design was used for the reference binder and for the wax 
modified binders.  All wax modifications in the asphalt mix tests are made with wax-E.   
 
Table 5: Composition of the reference mix AC 0/10 (dry aggregates) 
 
Type Component Density (g/cm³) Volume (%) Mass (%) 
Fillers Duras II 2.61 7.7 7.4 
Coarse Aggregates porphyry 4/6.3 2.72 19.9 20.0 
Coarse Aggregates porphyry 2/4 2.71 22.4 22.5 
Coarse Aggregates porphyry 6.3/10 2.71 16.6 16.7 
Sand porphyry 0/2 2.72 25.1 25.3 
Sand Round sand 2.62 8.4 8.1 
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Figure 9:  Grading of the reference mix AC 0/10, compared to the specifications of SB250 (Flemish standard 
tender specifications)  
 
3.2  Compaction tests  
 
The gyratory compactor was used according to the European standard (EN 12697-31). The mix preparation procedure 
followed EN 12697-35.  According to this standard, the reference temperature (temperature at which compaction starts) 
of the hot mix asphalt type AC 0/10 should be 150 °C (for a bitumen B 50/70).  When the compaction temperature is 
decreased, the viscosity of the binder increases and it becomes more difficult to compact the mix. This is seen in figure 
10, where the void content increases with deceasing compaction temperature, although the sensitivity of the void 
content to compaction temperature is not very high.  Each result presented in figure 10 is the average of three 
compaction tests. The temperatures on the horizontal axis are compaction temperatures. The mixing temperature was 
systematically 20 °C above the compaction temperature. Compaction was started when the temperature in the mix was 
at the compaction temperature ±5 °C.  Figure 10 also shows the effect of using a wax-modified binder (a pen 80+3% 
wax-E) and a softer base binder (B180, without wax).  The temperature reduction based on equi-viscosity levels would 
for these two samples be about 10°C for the waxy sample, and 18°C for the B180.   
Figure 10 shows that, at 150°C and at 135 °C, the wax-modified binder gives a somewhat lower void content compared 
to the reference mix. At 120°C, 105°C and at 90°C the void content is almost the same.  Although the effects are small 
compared to the standard deviations (error bars), the averages over the two highest temperatures indicate that the same 
void content as the hot mix can be obtained for mixes with wax and with a temperature reduction of about 10°C.  These 
tests also show that a temperature reduction of 30 °C, as is advertised by wax producers will result in a larger void 
content of the wax modified mixes compared to the reference mix prepared at the reference temperature of 150°C.   
For the very soft and unmodified binder, B180, the compaction was only tested at one temperature, 120°C and at this 
temperature clearly a larger temperature reduction would be possible, but of course this result is only based on the three 
repeats at one temperature and this mix would perform worse for rutting compared to the reference mix.   
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Figure 10:  Void content at 200 gyrations as function of compaction temperature (mixing temperature always 20 
°C above compaction temperature).  



In addition, the MLPC plate compactor was used for the preparation of test plates (dimension 50x18x5 cm) to be used 
for the wheel tracking tests described in the following paragraph.  The plates prepared with the wax-modified binder, 
when compacted at 135 °C, had a smaller void content than the plates prepared with the reference binder, when 
compacted at 150 °C.  The improved compactability with the wax-modified binder is thus also seen in the plate 
compactor, but since the number of compacted plates is very limited, it is not possible to derive quantitative information 
regarding the amount of temperature reduction from the plate compaction tests.   
 
3.3 Wheeltracking tests  
 
A few rutting tests were performed in order to verify the assumptions made in section 2.5. The tests were performed 
with the MLPC rut tester at 50°C. The selected binder and binder-wax blends were:  

Reference binder  
B180+5% wax, B120+5% wax, B80+3% wax   

With the reference binder, three sets of plates were prepared and tested: one set was compacted at 150 °C, one at 120°C, 
and the one at 90 °C. 
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Figure 11:  Wheel tracking tests on reference and some selected wax modified binders, at 50°C.  
 
From the limited number of rutting tests that were performed, graphically shown in figure 11, we can already draw 
some preliminary conclusions: 

� The experimentally determined rut depths of the samples modified with waxes, using the MLPC rut tester at 
50°C, cannot be predicted by the LVE stiffness level and also not by the stiffness level (50°C, 0.01Hz) at 300% 
strain.  The rut depths are much larger as would be predicted from these two stiffness levels.   

� For these (few) rutting experiments, no relation between binder stiffness versus rut depth could be obtained, if 
the stiffness obtained at a fixed strain level was used, instead by using the stiffness obtained at fixed stress levels 
it was possible to have an agreement between the rut depths, obtained until now, and the binder stiffness.  A 
stress level of 2000Pa (50°C and 0.01Hz) is at this stage still in agreement with the test results obtained in this 
project and also in ref 7.  This stress was obtained by comparing rut depths found for the wax-modified mixes to 
rut depths of unmodified mixes, in the same mix design.  For example the sample B180+5% wax-E has similar 
rut depths as a mix prepared with an unmodified B70/100 mix, and the sample B80+3% wax-E has a rut 
resistance similar to the reference mix.  The stress level found here will certainly depend on the particular mix 
design used (binder film thickness, void content, angularity of aggregate material,…) and also on the particular 
type of rutting equipment used (load levels, rate, …), but this was not investigated in this study.  For a number of 
other binders (unmodified and polymer modified) the stiffness level at a stress level of 2000Pa (and at 50°C and 
0.01Hz) is still inside or just on the starting point of non-linearity.  This would still be in agreement with the 
findings from our previous study (ref. 7), where rut depths could be predicted using LVE stiffness levels, since 
this study was only using unmodified and polymer modified binders, for which the stress level is not a crucial 
parameter (see also figure 5). 

 
In figure 12 the stiffness levels at 2000Pa of unmodified and several WMBs binders are shown.  Figure 12 indicates that 
for 3% wax added, the softest base binder that can be used without deteriorating the rutting resistance would be a pen 
80 binder.  For 4% wax addition, this would be a pen 90 and for 5% wax a pen 110.   
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Figure 12:  Stiffness at 50°C and 0.01Hz at a stress level of 2000Pa versus penetration of the base binder. 
 
4.  DISCUSSION AND CONCLUSIONS 
 
In this paper, general properties of commercial waxes and of wax modified binders (WMBs) were shown.  Most waxes 
(as received) show rather large peaks in the DSC signals, associated with crystallizing and melting material.  The 
crystallization and melting temperatures can vary a lot as well as the degree of crystallinity.  In some cases the 
crystallization and melting temperature ranges are very broad, covering a temperature range from 20°C to above 100°C.  
Waxes show some interaction with bitumen since upon adding wax to bitumen the melting point depression can be 
considerable, 20 to 40°C. For those waxes with only a small degree of crystallinity in the pure form, no signals of 
crystallinity in the blended form were observed, most likely these waxes dissolve completely in the bitumen.  These 
waxes soften the base binder at all temperatures and are not suited as an additive in asphalt.  
Most waxes have in the liquid form a viscosity that is below the viscosity of bitumen and therefore they can indeed be 
used as viscosity reducers.  However upon addition of 3% of wax to a reference binder the reduction in viscosity, 
expressed as a shift in temperature, is limited to 6°C in the best case.  Larger effects on the viscosity reduction, in the 
range of 15 to 20°C, can be achieved by increasing the amount of wax added (which is economically not always 
feasible) or by increasing the penetration level of the base binder.  The viscosity reduction as a function of three wax 
contents (3%, 4% and 5%) and as a function of penetration level of the base binder has been evaluated in detail.  But if 
the penetration level of the base binder is reduced the wax should stiffen this base binder sufficiently at high service 
temperatures where rutting can take place and should at these temperatures be in the crystalline form.   
Waxes with enough crystalline material, melting at high enough temperatures, have a large effect on the R&B 
temperature, on the SHRP PG temperature for rutting, and also on the complex modulus at 50°C.  These binder tests 
suggest that these waxes will improve the rutting resistance.  However, it was also observed that WMBs are rather strain 
sensitive, so the stiffness quickly decreases if strain or stress is increased.  Since, at this moment it is not clear what 
strain levels the binder feels when loaded in a mix, it is also not clear how waxes influence the rutting resistance.   
 
Asphalt mix tests were conducted to verify on one hand if the viscosity changes are directly related to changes in 
compactibility and on the other hand to verify how the increased stiffness after adding wax to bitumen influences the 
rutting susceptibility.  It has been shown that compactability levels measured using the gyratory compactor and the plate 
compactor are in agreement with the values derived from equi-viscosity levels of the bitumen-wax blend.   
A limited number of rut tests have been conducted; these tests show that the linear visco-elastic (LVE) stiffness levels 
of wax-modified binders over-estimate the rutting performance.  For the conditions used in this study (for the particular 
mix design and rutting equipment used) rut depths can be related to the stiffness at a given high stress level at the same 
temperature as the rutting test and at a low frequency of 0.01Hz.  For the WMBs this stress level is clearly outside the 
LVE range, while for unmodified and polymer modified binders it is inside or almost inside the LVE range.   
 
The conclusions from this paper are listed below:  
o Commercial waxes proposed for mixing into bitumen vary with respect to melting temperature and melting 

enthalpy. 
o The most effective wax for temperature reduction of bitumen is a wax with a low viscosity at the temperature of 

interest, and in relation to performance with a distinct melting peak at high enough temperatures and a high melting 
enthalpy. 



o The maximum temperature reduction with 3% of wax is about 6°C (based on binder viscosity and compared to the 
same base binder). 

o The increased stiffness of the wax modified bitumen at temperatures where the wax is solid can be used for 
selection of a softer bitumen to further decrease the viscosity at construction temperatures. 

o Unmodified bitumen is much more strain and stress resistant than wax-modified bitumen. Thus the increased 
stiffness cannot fully compensate for the use of a softer binder.  

o The range of temperature reduction obtained from compaction tests are in agreement with the predicted range of 
temperature based on equi-viscosity levels. 

o The rutting resistance of wax-modified mixes (in laboratory tests) cannot be predicted by the LVE stiffness level.  
The LVE stiffness over-estimates the behavior of wax-modified mixes.   
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ABSTRACT 
 
A marked trend in road construction is the more systematic consideration of the 
influence of the activity not only on the environment but also on staff, road users and 
residents. This requires an improvement in knowledge and the more effective 
application of techniques accompanied by increasingly large-scale measures to 
reduce their overall impact. Actively committed to the aims of sustainable 
development and in this framework, a procedure for manufacturing what are 
commonly known as warm mixes has been developed. The objective is to reduce 
energy consumption and greenhouse gas emissions, and also emissions of fumes 
which may be unpleasant for road users, residents and laying teams. This process 
was undertaken in a strictly-managed framework, with strong constraints on the 
targeted results, in particular a reduction of 40°C in the manufacturing and laying 
temperature of the mixes. The company has selected just two of the many 
technological alternatives for producing environmentally friendly energy saving mixes. 
Both of these are based on the control of binder rheology. The first focuses 
principally on the viscosity of the binder and the other mainly involves the 
manufacturing process. The selection of a final mix temperature in excess of 100°C 
and the complete elimination of water guarantees a level of performance for warm 
mixes which is strictly equivalent to that obtained with conventional hot mixes. 
Moreover, these mixes can be laid using existing industrial plant directly, which limits 
the investment required and facilitates their large-scale deployment. These mixes 
retain their workability when laid using conventional techniques. They have been 
tested successfully for a 3 year period under all possible worksite conditions and with 
intense heavy vehicle traffic. They have been monitored by the technical services of 
central government and their performance has proved completely satisfactory. In 
particular, emissions of fumes have been reduced to the great satisfaction of all 
involved and energy consumption measurements confirm the estimates that were 
made in the framework of a partial life cycle analysis of the products. The findings 
show a reduction in energy consumption during manufacture of at least 18% and a 
20% reduction in greenhouse gas emissions. 
 
 
INTRODUCTION 
 
The manufacture of hot asphaltic mixes requires the aggregate to be dried and 
heated to a temperature of approximately 180°C before the bitumen is injected at a 
temperature at which its viscosity is sufficiently low to: 

� Achieve complete and satisfactory coating of the dry aggregate as described 
in the applicable standards. 

� Provide the mixes with a high degree of workability in order to lay them under 
normal conditions. 



Therefore, asphaltic mixes are necessarily manufactured at a high temperature. For 
example, a temperature of at least about 160°C is required when 35/50 pen bitumen 
is used to manufacture the class 3 semi-coarse asphaltic concrete which is frequently 
used for the maintenance of pavements subjected to a large amount of HGV traffic.  
At these temperatures, the mixes in question are highly workable. They can be laid 
with a paver in accordance with the rules of good practice and compacted without 
any specific difficulties. 
In recent years research has been conducted into procedures that can reduce the 
manufacturing temperature of hot asphaltic mixes. They have led to the development 
of a variety of techniques that considerably reduce this temperature.  
Thus, a temperature reduction of 40°C is obtained during the manufacturing and 
laying process while retaining mix workability which ensures the effectiveness of 
compaction. As a result of this, there is also a marked reduction in gaseous 
emissions. In fact, it is generally accepted that the production of fumes is reduced by 
a factor of 1.5 to 2 when the temperature is reduced by 10 to 12°C [3]. 
The lower working temperatures achieved with these mixes compared with a 
conventional mix lead to marked energy savings, which result in a reduction in 
greenhouse gas emissions. 
However, the use of materials which have not been completely dried has been totally 
prohibited on the grounds that it would lead to an excessive risk with regard to the 
quality of coating and an inevitable reduction in mix workability as a result of water 
loss before laying. Of course, as the vaporization of water consumes a fixed specific 
amount of energy, the result could be even better if mixes were produced which still 
contained 2 to 3% of water. 
The energy-saving mixes have been in normal use now for two years: all the projects 
have been successful and more than 30,000 tonnes have been manufactured. We 
are now able to carry out a technical and environmental evaluation of the two 
principal procedures based on the control of binder rheology that have been 
selected. This assessment provides some answers to the legitimate questions posed 
by road network managers concerning the benefits and the technical and 
environmental effectiveness of these mixes. 
Lastly, the developments of the processes are described for mixes using elastomer-
modified binders, for high modulus mixes and recycled mixes. 
 
 
1 AN EXAMPLE OF THE PHYSICOMECHANICAL PERFORMANCE OF ENERGY-
SAVING MIXES 
 
Using 0/10 mm aggregate from the Voutré quarry, a semi-coarse asphaltic concrete 
mix was designed according to the applicable standards with a 35/50 pen bitumen 
and the binders used in the different processes.  
 
The composition was as follows: 
 

6/10 Voutré aggregate: 50% 
2/6 Voutré aggregate: 15 % 
0/2 Voutré aggregate: 33% 
Calcareous filler: 2 % 
35/50 pen bitumen: 5.6% in relation to the dry aggregate – i.e. 5.4% of the mix. 



Table 1 sets out the principal performance results obtained with the different 
processes. 

Tableau 1- Performance of mixes 
 

Type of mix 
Control Semi-course 
Asphaltic Concrete,  

with 35/50 pen bitumen 
Energy-saving mix 

Coating temperature (° C) 160 125 

after 10 gyrations 14.5 14.2 to 14.8 GSC* 
% voids after 60 gyrations 8.1 7.5 to 8.4 

% voids 8.2 6.8 to 7.5 
Dry strength at 
18°C, in Pa 9.7 9.8 to 9.9 

Duriez, 

Wet strength/dry 
strength ratio  0.78 0.75 to 0.80 

% rutting, 
at 60°C 

after 30,000 
cycles 3.5 3.0 to 4.0 

GSC = Gyratory Shear Compactor 
 
These results show that: 

� Coating is satisfactory with all the processes. 
� The workability of the mixes is maintained at a temperature of 125°C, as 

demonstrated by the Gyratory Shear Compactor tests.). 
� The physicomechanical characteristics of the mixes are equivalent to those of 

conventional mixes with the same formulation, particularly with regard to 
stripping by water as measured by the Duriez test, and rutting. 

In addition, measurements of the complex modulus and the flexural fatigue 
performance have shown behaviour similar to that of conventional mixes. 
 
2 IN-SITU PERFORMANCE 
 
To monitor this, detailed in-situ monitoring has been conducted with checks during 
manufacture and laying, precise temperature measurements during the different 
stages, verifications of the physicomechanical performance of the mixes and their in-
service characteristics. Very comprehensive technical monitoring of the experimental 
worksite on the RN 157 was thus carried out by the technical services of central 
government. This pavement is subjected to daily HGV traffic of 960 vehicles (2004 
estimate). In June 2005, three experimental sections of energy-saving mixes were 
compared to a control section consisting of Class 3 0/10 mm semi-coarse asphaltic 
concrete [1]. All the other worksites, which were generally smaller, were subjected to 
conventional monitoring. 
With regard to environmental aspects, energy consumption was monitored. The 
gases emitted by the mixing plant were also measured and analyzed. In addition, the 
gases emitted during laying were analyzed in order to evaluate the impact on the use 
of warm mixes on laying staff and the neighbourhood around the works. 



 
3 ASSESSMENT OF THE PROJECTS 
 
 3-1  RN 157  
 
The RN 157 is a highly trafficked road that links Le Mans to Orléans. This is a two-
way pavement, which although straight has some steep gradients with an East-West 
exposure. In 2004, it carried almost 7,800 vehicles per day, 25% of them HGVs, 
which puts it in the French category of roads with very high HGV traffic (T0).  
The different processes and the control 0/10 semi-coarse asphaltic concrete were 
laid over an average width of 7.60 m and a length of approximately 500 m. The mixes 
were laid to an average thickness of 6 cm (i.e. approximately 140 kg/m²).  
The control mix made with 35/50 pen bitumen used aggregate from the Voutré quarry 
as described in Section 1. The energy-saving mixes were manufactured with the 
same aggregate formula and their specific binder. 
In the paver auger the temperatures of the energy-saving mixes were 40 to 45 °C 
lower than those of the control mixes. The temperature of these mixes was of the 
order of 120°C. Workability was maintained and compaction was satisfactory. The 
voids contents were identical, or even lower, to those obtained with the control mix, 
i.e. approximately 6%. These processes resulted in an improvement in the workability 
of mixes, and in particular a lowering of their temperatures of use, as shown in the 
ratings given in Table 2 which indicate a good level of longitudinal evenness. This 
was evaluated by the longitudinal profile analyzer (LPA) belonging to the Angers 
Regional Public Works Laboratory (LRPC). 

Table 2- Evenness ratings at small wavelengths before and after works 
 

  
 
 

Energy-saving asphaltic concrete Control 
section 

0/10 Semi-
course 

asphaltic 
concrete 

Class 1 mixes Class 2 mixes Class 3 mixesRN 157  

direc  
+ 

direc  
- 

direc  
+ 

direc  
- 

direc  
+ 

direc  
- 

direc  
+ 

direc  
- 

Mean before 
works 7 6 8 7 5 7 6 5 

Mean after 
works 9 9 9 8 8 8 9 8 

Minimum 
before works 5 3 6 6 3 3 5 2 

Minimum 
after works 8 8 7 5 6 6 8 6 

S.W. 

Mean before / 
Mean after 7 / 9 6 / 9 8 / 9 7 / 8 5 / 8 7 / 8 6 / 9 5 / 8 



Figure 1 shows the macrotexture as measured by Mean Texture Depth (MTD). The 
level of macrotexture is high for this type of mix design and identical for all the mixes 
considered. Little change took place between the end of compaction and two months 
under traffic. 
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Figure 1 - Change in MTD (in mm) for the three tested processes 
 
 

Mean Texture Depth values were computed on the basis of laser-guided roughness 
meter measurements and revealed good macrotexture and a high level of uniformity 
among the measurements irrespective of the traffic direction and the measurement 
position (the centre of the road or traffic lane) and irrespective of the section, with 
slightly higher values for Class 3 mixes. 
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Figure 2 – Mean texture depth calculated at age 2 months for the various tested 
mixes 

 



 
 
The Braking Force Coefficients (BFC) were measured on the entire worksite after 17 
months of heavy traffic. The values obtained were in the middle of the national range 
for all surfacings and typical of 0/10 semi-coarse asphaltic concrete. At low speed, 
the energy-saving mixes all had the same value which was slightly higher than the 
control mix as shown in Figure 3. At 80 km/h, they had the highest BFCs. 
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Figure 3 - BFC after 17 months under traffic, average for both directions  

The level of skid resistance was therefore satisfactory for this type of mix and very 
similar to the control mix under heavy traffic. 
Also noteworthy is the absence of any deformation in the cross-section after two hot 
summers and with a longitudinal profile with steep gradients exposed to the sun and 
subjected to intense heavy vehicle traffic.  
In view of this good overall performance and the fact that the characteristics of 
energy-saving mixes are identical or even better than those of a control mix, and also 
in view of the durability after 17 months of intense traffic, the Sétra has awarded a 
certificate recognizing the innovation which is probative for the General Directorate of 
Roads. 
 
 3-2  RD 2160 La Roche sur Yon 
 
In the framework of the maintenance contract for the county roads (RD) in Vendée, 
3,000 tonnes of 0/10 semi-coarse asphaltic concrete were laid on the RD 2160, 
2,650 tonnes of which were energy-saving mixes. This project was carried out at the 
end of November 2006 and subjected to conventional monitoring of manufacturing 



and laying.  
The overall reduction in temperatures was 40°C. Temperatures varied from 120 to 
125 °C on leaving the mixer during the 4 days of manufacture in a batch plant.  
Laying was performed under traffic to a thickness of 6 cm, using a paver and 2 
smooth steel vibratory roller compactors (Photo 1). 
The compaction was performed at temperatures of between 110 and 80°C and the 
average in-situ voids content was measured as 5.6% 

 
Photo 1 - Works on the RD 2160, laying train 

 
The environmental impact of these works, and in particular the benefits provided by 
the manufacturing process were estimated using an in-house software programme 
that performed simulations and conducted a partial life-cycle analysis (LCA). The 
complexity of conducting LCAs for roadworks has already been described elsewhere 
[2]. Two environmental impacts, which were judged to be the most important, were 
considered: greenhouse gas emissions and energy consumption. The reason for the 
latter choice is that it is currently difficult to quantify precisely energy savings on the 
basis of direct measurements at the mixing plant, in view of the way such plants are 
configured.  
Taking into account the various parameters that apply to the worksite, in particular 
the characteristics of the mix laid and the distances between the mixing plant and the 
sites where the ingredients are produced, we have evaluated that the energy-saving 
mixes were responsible for a reduction in energy consumption and greenhouse gas 
emissions of between 16 and 20% in comparison with conventional mixes. 
 
 3-3  Other developments : the use of Recycled Asphalt Pavement and 
elastomer-modified binders in energy-saving mixes 
 
Recycled asphalt pavement (RAP) has been used in energy-saving mixes in the 
USA. Approximately 1,000 tonnes of energy-saving mix with a 20% RAP content 
have been laid on a section of Interstate Highway 80. The mix was manufactured at 
115°C and compacted at between 80 and 110°C without any difficulty and with the 
same benefits as above for the worksite environment. In this case, the effects that 
result from saving aggregate and bitumen resources combine with those of the 
reduction in energy consumption during the manufacturing process. Laboratory 
studies of the mix formula that was laid provide further confirmation of the 



conclusions presented above.  
The mechanical performance of the energy-saving recycled mixes was at least 
equivalent to that of the control mix. 
These technologies have been extended with the development of thin and very thin 
layer overlay techniques using SBS elastomer-modified bitumens. Several 
construction projects were successfully carried out in 2006 in the City of Paris, on bus 
lanes and a variety of street surfacings.  
For the last of these, the modified binders were formulated to enable manufacture 
and placement at the lower temperature of approximately 125°C. In all more than 
15,000 square metres of these mixes have been laid. This confirms that it is possible 
to extend the use of this process to mix designs with elastomer-modified binders 
intended for highly stressed zones, particularly in very thin overlays for which the use 
of high performance binders is indispensable.  
All the laboratory studies and the measured characteristics show a systematic 
equivalence in performance between the control mixes and the modified binder 
energy-saving mixes. 

 
 
 
4 MEASUREMENTS OF FUMES AND INHALABLE DUST 
 
The introduction of so-called warm mixes should lead to a significant improvement in 
working conditions, but also provide environmental benefits with regard to industrial 
gas emissions. These issues go beyond traditional concerns, but their consideration 
is becoming an increasingly common reflex for all industrial actors. In order to provide 
accurate responses, it is essential to use considerable measurement facilities. The 
construction projects that have been carried out have provided the opportunity to 
conduct sophisticated measurement campaigns whose principal conclusions are 
summarized below. 
Reducing the temperature of mixes has the immediate effect of significantly 
improving the working environment for the laying staff, with a reduction in the ambient 
temperature at the worksite and less visible fumes during laying. This means that the 
works also have less impact on residents, who often object to the noise and smell 
caused by roadworks, particularly those for hot mixes. Thus, as can be seen in Photo 
2, the windows in the dwellings near the worksite can be left open during the laying of 
energy-saving mixes. 
 

 
Photo 2 – Less disturbance for residents.  



 
The first important point involves gas emissions during the laying of mixes. It is 
generally accepted that a temperature reduction of about 12°C halves fumes 
emissions [3]. However, this is difficult to prove because of the low quantities that are 
present in the environment around the worksite. Thus, a campaign to measure 
inhalable dust and fumes was performed on the RN 157. To do this, it was necessary 
to select carefully a number of measurement points, behind the paver screed, 
adjacent to the paver operator and adjacent to the laying staff, as shown in Photo 3. 
 
 

  

 
 

Photo 3 - Measurement points for fumes and dust and the weather conditions. 
 
In spite of the care that was taken with regard to this operation, the detected 
quantities of gas were excessively low. They were very often below the detection 
thresholds of the currently available analysis techniques, and this applied too for the 
control mix that was laid at the conventional temperature. 
In the case of inhalable dust, the levels are also very much below the average 
occupational exposure levels that currently apply in France, i.e. 5 mg/m3 for 8 hours 
of exposure and even below the level of 0.5 mg/m3 recommended by the American 
Conference of Governmental Industrial Hygienists (ACGIH). In the case of the 
energy-saving mixes, the gas emissions were even lower and the gases were very 
difficult to detect.   
Moreover, in view of the orders of magnitude of these measurements, sensitivity to 
variations in the immediate environment should be mentioned. The data may be 
corrupted by the slightest pollution from an external source, for example fumes from 
road traffic or construction plant, or simply cigarette smoke.  
These results nevertheless improve our knowledge about environmental impacts. 
 
5 GAS EMISSIONS AT THE COATING PLANTS 
 
Measurements of gas emissions at the coating plant were made in the case of four 
projects. These measurements are more conventional and correspond to those which 
are laid down by standards for the operation of industrial plants. They were 
conducted at four different batch coating plants using the two manufacturing 



processes for energy-saving mixes. The gas emissions were collected at the mixing 
plant chimney as shown in Photo 4. 
 

 
Photo 4 - Location of the sampling zone for the analyses of fumes at coating plants. 

 
It is important to bear in mind that in order to be exploitable, a number of conditions 
must be met with regard to these measurements: 

� stable weather conditions, 
� identical fuel and production regime, 
� the moisture level of the aggregate in the control mixes and the energy-saving 

mixes must be comparable. 
The results are then compared for the manufacture of the same asphaltic mix. A 
measurement campaign which fully meets all these criteria is therefore an expensive 
and difficult operation. 
In the case of the works on the RN 157 described in Section 3.1, the measurements 
were made over a period of three days. The dryer used heavy fuel oil.  
In the case of the second worksite, the mixes were manufactured by a mixing plant 
with a gas-fired dryer. The production rates were 180 tonnes/hour for the control 
asphaltic concrete and 175 tonnes/hour for the energy-saving mixes, with 
measurements being taken over more than 2 hours of production.  
In the case of the third worksite, the dryer in the plant used very low sulphur content 
fuel oil and the production rates were respectively 193 tonnes/hour for the control mix 
and 195 tonnes/hour for the energy-saving mix. Poor weather made it impossible to 
conduct measurements on the same day for this worksite which meant that there was 
variation in the water content of the aggregate.  
Last, in the case of the fourth worksite, the plant dryer used very low sulphur content 
fuel oil. The measurements for the conventional mixes and the energy-saving mixes 
were made on two different days. The production rates were respectively 90 and 110 
tonnes/hour for mix designs which were strictly identical in all respects apart from 
their binders.  
These first findings show clearly that the two selected techniques have only a slight 
influence on gas emissions at mixing plants. The comparison between the relative 
variations in CO2 emissions at the mixing plant chimney show an effective reduction 
in this greenhouse gas. Table 3 shows the variations measured at the four 
instrumented plants. 



 
Table 3 - Relative variations in the composition of the chimney gases at the coating 

plants from control mixes and energy-saving mixes. 
 

Gas Relative variation in 
emissions 

CO2 between  - 5 and -30 % 
O2 between 0 and +14 % 

 
In spite of the fairly high dispersion of the measured relative variations, a reduction in 
CO2 emissions was effectively observed together with a slight increase in oxygen 
emissions. 
 
 
6 ENERGY CONSUMPTION 
 
On two of the above worksites, energy consumption was also measured with the 
equipment existing on the plants, which is not yet sufficiently accurate.  
Consequently, these first results are only given for information purposes, but they do 
show that these new types of mixes are responsible for a clear tendency towards a 
reduction in energy consumption.  
In the case of the gas-fired dryer, with a temperature reduction of 30°C, the average 
energy consumption was 5.4 m3/h for the control mix and 4.5 m3/h for the energy 
saving mix, with measurement durations in excess of 2 hours and the same 
production rate of 180 tonnes/hour. This clearly shows a reduction in gas 
consumption of 0.9 m3/tonne, i.e. 16.5 %.   
In the second case, the consumption of very low sulphur content heavy fuel oil was 
also measured. Bad weather led to a considerable difference in the water content of 
the aggregate, which varied from 1.9 % for the control mix to 3.2% for the energy-
saving mix. The production rate was 195 tonnes/hour and the measurements were 
made over the time required to produce virtually the same weight of both mixes (230 
tonnes). Fuel consumption for the control mix was measured at 5.91 l/tonne  and 
5.87 l/tonne for the warm mix manufactured with considerably moister aggregate.  
On the basis of a more precise thermodynamic approach, the saving in heavy fuel oil 
has been estimated at 0.7 l/tonne of mix for every 1% reduction in aggregate 
moisture content. Using this value we can estimate that with identical water content 
to the control, the consumption would have been  4.96 l/tonne, i.e. a reduction of the 
order of 16%. In a similar way, the energy saving resulting from the 30°C reduction in 
manufacturing temperature can be estimated. This is of the order of 0.7 l of heavy 
fuel oil /tonne of mix.  
These tests show clearly the trend, but it is also necessary to perform calculations to 
evaluate the energy savings generated by the manufacturing processes used for 
energy-saving mixes.  
   
CONCLUSION 
 
Based on the control of binder rheology and the coating process while complying with 
the rules of good practice, the processes that have been developed lead to a 
considerable 40 to 45°C reduction in mix manufacturing and laying temperatures. 
The physicomechanical performance and the in-service characteristics of these 



mixes, which although referred to as warm mixes are in reality energy-saving mixes, 
are equivalent to those of traditional mixes, and frequently even better. 
The close monitoring of the works on the RN157 has clearly shown the temperature 
gains achieved by all the tested processes. The level of density, the evenness and 
skid resistance of these mixes under intense heavy vehicle traffic and after two hot 
summers prove that the processes withstand their intended use. 
Energy-saving mixes can be made with Recycled Asphalt Pavement (RAP) and used 
to make various types of thin and very thin overlays with modified binders with the 
same benefits and success.  
With regard to environmental aspects, these mixes lead to a considerable reduction, 
of the order of 18 to 20%, in gaseous emissions, in particular greenhouse gas 
emissions as a result of the proven reduction in energy consumption. 
At all the worksites where these mixes have been laid gaseous emissions have also 
been lowered to the point of becoming practically imperceptible and below the 
detection limit of the measurement devices. 
The choice of these energy-saving mix technologies has once again been validated 
both with regard to the overall environmental level by the reduction in energy 
consumption and the production of greenhouse gases and with regard to the near 
environment by providing further improvements to the working conditions and safety 
of laying teams and road users. 
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ABSTRACT 
The skidding resistance of road surfacings is a decisive factor for road safety in wet weather. Many factors play a role 
in creating satisfactory skidding resistance when a road is first opened and in maintaining it under traffic. These 
include the longitudinal and transverse characteristics of the pavement, rapid evacuation of surface water and surface 
texture. 
The principal constituent of bituminous concrete is the aggregate. This must have intrinsic properties and be 
manufactured such that it complies with specifications for in-service characteristics that depend on the amount of heavy 
vehicle traffic the pavement will carry and its configuration. 
The design of the bituminous concrete makes a decisive contribution to its texture and its durability as a result of: 

 The grading and maximum particle size, 
 The nature of the aggregate, in particular its polishing resistance, 
 The type and proportion of binder. 

This paper sets out to: 
 Demonstrate that appropriate mix design may in certain cases correct for aggregate polishing resistance, 
 Identify the relative influence of the following parameters: 
� Grading curve, 
� Maximum aggregate particle size. 

 Contribute to increase the road safety. 
It is based on trials conducted on pavements with very high levels of heavy traffic whose skidding resistance was 

monitored over time. 
 
Keywords: Aggregate, Mixture design, Safety, Skid resistance, Surface texture 
 
 
1. INTRODUCTION 
 
1.1 Background 
 
It is universally recognized that the skidding resistance of pavements is an important factor in the level of service 
provided by roads as it contributes to road safety, particularly when road surfaces are wet or damp. 
 
The skidding resistance of a pavement is a result of its ability to mobilize frictional forces between a vehicle tyre and 
the pavement surface under the influence of stresses generated by driving.  
On a dry clean pavement surface, the level of skidding resistance is generally satisfactory for normal driving conditions 
as defined by the Highway Code. However, on wet or damp pavements, the skidding resistance is considerably reduced 
by the presence of water between the tyre and the pavement surface. This reduction is increasingly marked as vehicle 
speed rises.  
 
The surface texture of a wet or damp pavement should allow water under the tyre to drain away (this is the role of the 
macrotexture) and to re-establish contact conditions which are as near as possible to those encountered on a clean dry 
pavement (this is the role of the microtexture).  
 
The attempt to achieve high and durable levels of skidding resistance is a priority in France for the entire road 
engineering community and industry. A recent circular issued by the General Directorate for Roads on the skidding 
resistance of the pavements on the national network testifies to this objective and points out the progress that has been 
made [1]. 
 
In particular, this circular restates that compliance with geometric design rules, obtaining the required short wave 
longitudinal evenness [2] and the elimination of the causes for the build-up of water on the pavement surface are 
necessary conditions for achieving satisfactory skidding resistance. 
Moreover, the circular introduces macrotexture thresholds for the acceptance of new wearing courses. The conditions 
that must be fulfilled with regard to the microtexture are considered to have been met when the requirements 



 2

concerning the aggregate and the formula of the pavement surfacing have been met; they are therefore estimated on the 
basis of the type and composition of the wearing course. 
It should also be emphasized that other infrastructure owners make considerable use of this reference text. 
 
 
1.2 The issues 
 
It is generally accepted in France that on a wet or damp pavement:  
 - a new or moderately worn tyre can partially compensate for low macrotexture but cannot counteract low 

microtexture,  
 - microtexture is necessary at all speeds, 
 - macrotexture is an additional requirement at moderate and high speeds [3].  
 
Figure 1 shows the position of macrotexture and microtexture on the scale of pavement surface irregularities.  
 

  

 
 
 
Figure 1: The dimensional scales of wearing course surface irregularities. (Short wave evenness SWE, medium 
wave evenness MWE, long wave evenness LWE). 
 
The macrotexture depends on the dimension of the aggregates, the mix design of the pavement surfacing, laying and 
any surface treatment that is applied. 
Microtexture is partly influenced by the ability of aggregate to provide sharp edges and retain them for as long as 
possible and provide a durably rough surface that stands up well to the polishing that is mainly caused by HGV traffic. 
It is also partly related to the mix design of the surfacing, particularly the maximum aggregate size and the percentage 
of small particles. 
 
An information note issued by the French Road Engineering Committee (CFTR) ranks the domains of application of the 
different types of surfacing available on the sole basis of the criteria of macrotexture and microtexture [4]. It should be 
explained that the CFTR brings together equal numbers of clients and professionals in a partnership and represents the 
nation’s entire highway engineering community.  
 
It is therefore apparent that the polishing resistance of the aggregate and the mix design of the surfacing play an 
important role in achieving and maintaining a high level of skidding resistance and that the polishing resistance is not 
the only factor which determines surface microtexture.  
 
Consistent with the current national concern with road safety, this paper demonstrates that the skidding resistance of a 
pavement can be improved in the long term by using the design of the surfacing to correct for the polishing resistance of 
aggregates. With a view to optimizing the macrotexture-microtexture combination, by modifying the mix design of the 
surfacing (maximum particle size, grading curve, constituents), a long-term improvement in the skidding resistance is 
obtained by achieving a higher surface density of contact points (known as indenters).  
 
This has the advantage that the current specification as regards polishing resistance is retained so the aggregates which 
are currently on the French market can be used and their geotechnical characteristics exploited. It thus enters into the 
framework of the parsimonious management of existing resources and sustainable development.  
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2. THE INFLUENCE OF THE AGGREGATE  
 
2.1 Microrugosity 
 
It is now accepted in France that the aggregate used in bituminous wearing courses must perform three main functions: 
 - Remain within the selected bituminous mix: this is the role of aggregate grading, shape, angularity and cleanliness 

with regard, in particular, to immediate stability; it also involves adhesion with the binder, principally with regard to 
long-term strength.  

 - Retain its integrity in-situ, i.e. retain all its properties for as long as possible; this is the main role of the mechanical 
strength which is expressed in terms of resistance to fragmentation and resistance to wear. 

 - Provide good skidding resistance, which brings in the grading, shape and angularity for the macrotexture of the 
bituminous surfacing on the one hand and polishing resistance for its microtexture on the other, as the polishing 
resistance is related to the surface roughness or microrugosity of the chippings [5]. 

 
While the grading and shape of the aggregate and the mix design and laying of bituminous concrete play a role in 
achieving an initial skid-resistant surface, mechanical strength, angularity and microrugosity play an important role in 
determine how this surface changes under the action of HGV traffic. The fragmentation of chippings tends to restore 
angularity and microrugosity, but then leads to their rapid disappearance. Wear gradually reduces angularity and 
increases the surfaces which are vulnerable to polishing. It is therefore necessary to find chippings and conditions for 
use which reduce fragmentation and wear to a maximum degree and which prevent excessive polishing.  
 
2.2 Polishing resistance 
 
The more hard minerals a rock contains, the harder it is to polish; a high degree of polishing is only attained with soft 
minerals. Consequently, rocks with a high calcite content are polished very quickly, rocks with a high feldspar content 
moderately quickly and rocks with a high quartz content practically not at all, if  one ignores their structure.  
 
When a rock contains minerals with differing hardnesses (hardness contrast), differential wear always occurs leaving 
the hardest minerals in relief and the softest in the depressions. The ideal rock would consist of half hard minerals and 
half soft minerals.  
There is, however, a contradiction between polishing resistance and mechanical strength, as one is always obtained to 
the detriment of the other: it is the presence of soft minerals among the hard minerals which improves polishing 
resistance, but at the cost of a considerable reduction in mechanical strength. Likewise, when the porosity of a rock 
increases, its polishing resistance increases but its mechanical strength falls.  
Rocks which simultaneously have excellent resistance to fragmentation, wear and polishing are rare: the resistance to 
fragmentation of quartzites, the resistance to wear of microdiorites and the resistance to polishing of basalts are not 
always very high. In the same way, it is observed that a fine structure and low porosity generally provide high 
mechanical strength. But rocks with high mechanical strength and low hardness contrast between the minerals 
frequently provide a poor state of final polishing. 
 
The Polished Stone Value (PSV) expresses the ease with which rocks can be polished under the action of heavy traffic 
until the end of their service lives.  
 
The geology of France is varied enough for us to be able to find rocks with satisfactory polishing resitance. But the 
policy, which for decades has always favoured mechanical strength, means that most of the aggregate for bituminous 
wearing courses produced by French quarries have PSVs of 50 to 54, thus meeting the standard French specification 
which is based on the European standard (PSV 50 to 55) [6]. 
 
In view of the complexity of the procedures for opening new quarries and the scale of the investment that is required, 
the search for new deposits with a PSV 0 56 would only be possible very gradually if it seemed essential with regard to 
road safety and economically acceptable.  
Test sections of bituminous mixes on pavements carrying intense and aggressive HGV traffic have revealed that a high 
PSV does not necessarily provide better skidding resistance after several years of trafficking than is obtained with a 
lower PSV [7]. However, other similar experiments have shown that a high PSV systematically produces better 
skidding resitance than a low PSV [8]. In the light of this observation another possible approach has been explored: 
optimizing the mix design of the bituminous concretes.  
 
 
3. THE INFLUENCE OF THE MIX DESIGN OF BITUMINOUS CONCRETES  
 
This paper refers to a large number of test sections located on national roads carrying high levels of HGV traffic. These 
sections have been monitored for several years by applying the pavement skidding resistance measurement techniques 
which are the most frequently used in France [9]. 



 4

The results have been expressed in terms of the Breaking Force Coefficient (BFC) as determined using the ADHERA 
measurement apparatus for different speeds and, when necessary, the Average Texture Depth (ATD).  
 
 
3.1 The influence of the maximum particle size D  
 
 
From the computer file containing French data on the Skidding Resistance and Texture Characteristics of Surfacings in 
France (CARAT) created by the Angers Regional Public Works Laboratory (LRPC) [10], it is apparent that the average 
skidding resistance of bituminous concretes with a 0/6 grading using aggregate of all sources is better than that of all the 
0/10 bituminous concretes, which was itself better than that of the 0/14 bituminous concretes, as shown in Figure 2.  
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Figure 2: Average BFC plots from the CARAT file as a function of the maximum particle size D of bituminous 
concretes, positioned according to the national reference range (1st and 9th deciles).  
 
Skidding resistance is linked to the number of sharp contact points between the bituminous surface and the vehicle tyre 
and the maximum particle size in the surfacing, on condition the macrotexture is sufficient. 
 
This first observation was confirmed by the exploitation of the CFL measurements obtained during the monitoring of 
the experimental sections laid in 1994 on the RN 148 in the Vendée département (Fontenay-le-Comte by-pass) which 
carries intense HGV traffic of the order of 700 vehicles per day [8]. 
Three adjacent 500 metre long test sections laid on a relatively straight site were used to evaluate the long-term 
performance of three Porous Asphalts (PA) with gradings of 0/6, 0/10 and 0/14 mm.  
These three porous asphalts were manufactured using the same diorite aggregate from a homogeneous quarry zone and 
the same pure 50/70 pen bitumen, then laid under similar conditions. The aggregate had a PSV of 51 and good 
resistance to fragmentation (a Los Angeles coefficient of 12) and wear (wet Micro-Deval wear test value of 10). 
 
The BFC values were measured every autumn for eleven years and confirm the general analysis given above. The 
skidding resistance of the 0/6 PA has proved to be better than that of the 0/10 PA, which itself is better than that of the 
0/14 PA.  
Figures 3 and 4 show that after 1.5 and 11 years of heavy traffic, the BFCs fall as the maximum particle size of the 
porous asphalt increases. This observation has been confirmed for BFCs at 40 km/h, which are more related to the 
microtexture, and for BFCs at 90 km/h, which are more dependent on the macrotexture.  
 

Traffic: 0.2 to 1 million HG                            V speed km/h 

BFC  

(Number of worksites) 



 5

BFC 40  = f(D) PA

35

40

45

50

55

60

4 6 8 10 12 14 16
D (mm)

1 an 6 ans 11 ans100 CFL 40 Km/h

 
 

Figure 3: BFC at 40 km/h of the PA as a function of the maximum particle size D.  
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Figure 4: BFC at 90 km/h of the PA as a function of the maximum particle size D. 
 

Furthermore, the skidding resistance differential in favour of the 0/6 porous asphalt is considerably greater after 11 
years than after 6 years of heavy traffic, which is very interesting as wearing courses bound with pure bitumen are 
replaced roughly every 12 years in France.  
 
In general, selecting a bituminous concrete with a grading of 0/6 mm and an adequate macrotexture (ATD of 
approximately 0.8 mm), provides satisfactory skidding resistance which is maintained for a considerable length of time 
under intense heavy traffic with aggregate with a PSV of 50/52.  
 
3.2 The influence of the grading curve 
 
The trial described above on the RN 148 also included three adjacent sections of Very Thin Asphalt Concrete (VTAC) 
using the same aggregate and bitumen and 0/10 mm grading, but with different grading curves.  
Two of the VTACs (D1 and D2) were gap graded with no 2/6 mm fraction and the third (C) was continuously graded).  
The composition of the three VTACs were determined on the basis of samples taken in situ.  
 
The principal passing fractions (percent) and bitumen content (as a percentage of the aggregate) are set out in Table 1. 
 

Seive size (mm) VTAC D1 VTAC D2 VTAC C 
10 90 89 93 
6.3 37 25 49 
4 29 17 34 
2 27 16 21 

0.08 6.3 4.8 6.1 
Bitumen (%) 4.7 5.1 4.8 

 
Table1: Composition of the 0/10 mm VTACs. 
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The BFCs were also measured every autumn for 11 years. Figures 5 and 6 show respectively the BFCs at 40 and 90 
km/h obtained for the three tested VTACs after 1.5 and 11 years.  
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Figure 5: BFC at 40 km/h of the 0/10 mm VTACs as a function of the grading curve.  
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Figure 6: BFC at 90 km/h of the 0/10 mm VTACs as a function of the grading curve. 
 

The BFCs at 40 km/h show that the continuously graded formula provides skidding resistance which is generally better 
than the two gap-graded formulae. The reason for this is that, as it is related to the number of sharp contact points with 
the tyre, the microtexture of the continuously graded VTAC is probably higher than that of the two gap-graded VTACs. 
 
The BFCs at 90 km/h show a significant difference in skidding resistance between the two gap-graded VTACs, to the 
advantage of type D2 whose grading curve has a considerably wider gap which probably means that it has better 
macrotexture. This phenomenon is even more marked when a pure 50/70 pen bitumen is used under intense HGV 
traffic, which may have modified the macrotexture of the D1 VTAC with the highest sand content. 
This is effectively the trend shown by the ADT measurements performed after 11 years of heavy traffic: 1.6 mm for the 
D2 VTAC and 0.9 mm for the D1 VTAC. 
 
However, the continuously graded VTAC had BFCs at 90 km/h that were slightly lower than the D2 VTAC, probably 
as a result of its lower macrotexture (ATD of 1.2 mm). However, the skidding resistance measured after 11 years of 
service was quite satisfactory, particularly for a pure bitumen of this type. 
 
To conclude, the continuously graded 0/10 VTACs using aggregate with a PSV of 50/52 exhibit:  

- particularly good microtexture leading to very satisfactory skidding resistance at 40 km/h;  
- macrotexture which provides good skidding resistance at 90 km/h.  

 
By means of the formulation of bituminous concretes and particularly VTACs, it is possible to maintain a very 
acceptable level of skidding resistance at different traffic speeds with aggregate which does not have a high PSV.  
 
3.3. The combined influence of the maximum particle size D and the grading curve  
 



 7

Other test sections have recently been constructed on the RN 10 in the Département of Indre-et-Loire (near Tours) 
which carries intense traffic of approximately 800 HGVs per day. 
Three adjoining 500 m long test sections were laid on a relatively bendy and sloping route. A rigorous monitoring 
programme performed by the Blois LRPC under the technical supervision of the Sétra measured the skidding resistance 
of a 2/6 gap-graded 0/10 VTAC (conventional), a continuously graded 0/10 VTAC (similar to that used on the RN 148) 
and a continuously graded VTAC (using a new approach that has been patented by the firm). 
 
The continuously graded 0/6 VTAC has a specific grading curve, which includes a high percentage of the 2/4 mm 
fraction to increase the number of sharp contact points with the tyre [11].  
Moreover, it was manufactured with an SBS elastomer modified bitumen, while the two 0/10 VTACs used a 35/50 pen 
bitumen.  
The aggregate for the three VTACs was sourced from the same diorite quarry used for the works on the RN 148. Its 
intrinsic properties were similar, in particular it had a PSV of 51.  
 
The BFCs were measured every autumn for 4 years. Figures 7 and 8 show, respectively, the BFCs at 40 and 90 km/h 
obtained for the three tested VTACs during the monitoring period.  
 

 
 

Figure 7: BFC at 40 km/h as a function of D and the 
grading curve 
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Figure 8: BFC at 90 km/h en as a function of D and the grading curve.  
 
The BFC at 40 km/h of the continuously graded VTAC is considerably higher than for the two 0/10 VTACs which are 
fairly similar to each other. The microtexture obtained with this continuously graded 0/6 VTAC seems very beneficial 
for the skidding resistance at low speed and will probably be retained in the long term as a result of the use of an 
elastomer-modified bitumen. It is the outcome of the presence of a large number of sharp contact points with the tyre. 
 
The BFC at 90 km/h of the continuously graded 0/6 VTAC is also considerably better for the two 0/10 VTACs. In the 
case of this continuously graded 0/6 VTAC, the effect of the macrotexture is certainly less dominant as it has an ATD is 
0.8 mm compared to 1 mm for the gap-graded 0/10 VTAC and 1.1 mm for the continuously graded 0/10 VTAC. We see 
here the role played by its specific granular composition. 
 
This new mix design for a continuously graded 0/6 VTAC uses diorite aggregate with a PSV of 50/52, and therefore 
provides a high BFC at the different measurement speeds and consequently skidding resistance which is particularly 
beneficial for road safety. As a result of its microtexture, the continuously graded 0/6 VTAC mix design may also 
provide a very promising approach for compensating for the lack of microtexture that results from the use of aggregate 
with a slightly low PSV value.  
 
 
4. CONCLUSION 
 
It is generally recognized in France that while the skidding resistance of the road surfacing is not the primary factor that 
causes accidents on a wet or damp carriageway, there is nevertheless a link between the skidding resistance and 
accident severity.  
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All measures which help to increase the level of skidding resistance should be considered. In combination with 
measures that target drivers, vehicles and the infrastructure they help to improve road safety. Their effectiveness is 
moreover increased when storm water can be rapidly removed from pavement surfaces. 
 
The proposed mix designs for bituminous surfacings are fully compatible with this objective. Their skidding resistance 
characteristics are in general better than for the control sections with regard both to their initial state and durability. 
Moreover, the road managers involved have observed an improvement in braking performance and emergency stops 
and a marked reduction in road departures and losses of vehicle control. 
 
This paper demonstrates that the skidding resistance of pavement surfacings can be durably improved by modifying the 
mix design of bituminous concretes (maximum particle dimension D, grading curve, choice of constituents) and that 
optimizing mix design can compensate for the use of aggregate with inadequate polishing resistance.  
 
When combined with a continuous grading curve, small particle size in a bituminous concrete considerably increases 
the number of sharp contact points with the tyre. This composition improves the microtexture of the surfacing, while 
retaining adequate macrotexture. As a result, skidding resistance is improved irrespective of vehicle speed.  
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ABSTRACT 
Large-scale rehabilitation work was required for a runway in service at a certain airport because severe surface 
distress, including blistering and rutting, had occurred in the existing asphalt overlay. However, the airport is very busy 
and the work had to be performed only at night so as not to affect aircraft operations. Moreover, repaired areas were 
required to withstand the passage of large aircraft at high frequency immediately after the work without exhibiting 
signs of premature distress. 
An asphalt inlay was considered the only possible way to accomplish this difficult task. Details of the materials to be 
used and the construction procedure were determined based on a series of laboratory tests and experimental paving 
works. Polymer-modified bitumen and a temperature-reducing additive were introduced into the asphalt mixture to 
keep the working place sufficiently wide and to increase durability under aircraft loading. Furthermore, a large stone 
mix with a gap gradation was adopted for the binder course to increase its resistance to deformation. Meanwhile, a 
new quick-drying tack coat was also used to secure adequate bonding between the structural layers. As a construction 
quality control method to avoid excessive initial rutting, the pavement surface temperature one hour before opening the 
runway to aircraft operations was set at 60°C or less. The procedure developed through this work was successively 
applied to the actual construction work and verified by monitoring the rehabilitated areas. 
 
Keywords: rehabilitation method, heavy-duty pavement, overlay, bonding, durability 
 
 
1. INTRODUCTION 
 
The more than 140,000 taking-offs and landings per year at Fukuoka airport make it one of the busiest airports in  
Japan [1]. In order to cope with the substantial increase in traffic volume in recent years, rehabilitation of the runway 
using an asphalt overlay was carried out between 2000 and 2002. However, severe distress consisting of blistering and 
rutting began to appear in the pavement surface soon after this work. To guarantee the safe operation of aircraft, there 
was an urgent need to repair the runway once again. In this case, the asphalt inlay method was adopted for the work, 
with damaged sections removed and then replaced with new asphalt mixture. 
The only available time to carry out the work was from 11 p.m. to 6 a.m., as there are no aircraft movements during this 
period. This made it important to construct as much as possible per session. At the same time, pavement structure and 
materials as well as the construction method had to be carefully designed to provide adequate safety performance and 
structural stability for the expected loading by large aircraft at high speeds. Further, investigation of the temperature at 
which it was possible to open to traffic had to be investigated to avoid premature damage. 
In this paper, the causes of the distress to the runway are first analyzed through field investigations and a survey of past 
research [2]. Then, through a series of laboratory tests and the construction of experimental pavements, a suitable 
rehabilitation method was identified. This was further verified by carrying out rehabilitation work on a taxiway. Finally, 
the procedure was successfully implemented for rehabilitating the main runway. 
 
2. REHABILITATION STRATEGY 
 
2.1 The Fukuoka Airport runway 
 
Fukuoka Airport, which presently has one runway of 60m wide and 2,800m long, was constructed as a small airbase in 
the beginning. An asphalt overlay has been placed over the existing cement concrete pavement three times since 1974 in 
addition to the expansion of the facilities, due to an increase of air demands. When the third overlay was designed, 
multilayer elastic theory was used to determine the appropriate thickness [3]. The detailed design conditions were as 
follows: a design traffic volume of 40,000 ESWL (equivalent single wheel loads) with the Boeing747 as the standard 
design aircraft and a coefficient of foundation reaction of 24 MN/m3. The overlay thickness was determined as 14 cm 
and 15 cm for the middle section and the two end sections, respectively. 
This overlay was constructed beginning in 2000 according to these specifications, with the work completely finished in 
2002. However, some distresses such as rutting, blistering, distortion by grooving and moisture damage were observed 
shortly after some of the rehabilitated areas opened to traffic. 
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2.2 Causes of runway distress 
 
Field investigations indicated that the rutting and crushing of the grooves usually resulted from lack of adequate 
resistance of the asphalt mixture to deformation. In core samples drilled from the damaged pavement, it can be clearly 
seen that de-bonding had taken place between asphalt layers and water was also found between the layers. In some core 
samples, aggregate abrasion was apparent at the bottom of the layer. 
Further analysis revealed that air voids in the wearing course amounted to less than 3% along the aircraft path, where 
aggregate gradation was also found to be finer than designed. In addition, blistering was found in the same areas as 
slippage and the corresponding air void in the binder course was also low. 
In summary, a mechanism accounting for these types of distress is described. Firstly, the air void ratio in the wearing 
course gradually fell under the influence of aircraft loading. Consequently, the water permeability and breathability of 
the asphalt mixture was greatly reduced. As a result, water stagnated between the asphalt layers, leading to aggregate 
abrasion and reduced deformation resistance. In the end, these changes led to all kinds of distress, including rutting, 
blistering, grooving distortion and moisture damage. Figure 1 summarizes this mechanism of runway distress, 
indicating that moisture was the original cause of the damage. 
 

 

Figure 1 :   Mechanisms of runway distress 
 

2.3 Limitations on in-situ rehabilitation work 
 
The airport is very busy and the only period with no flights is from 11 p.m. to 6 a.m. This meant that rehabilitation work 
had to be carried out during this period to avoid affecting airport operations. Meanwhile, according to current 
specifications, the pavement temperature should fall to 50�C or less before receiving traffic [4]. Moreover, the asphalt 
concrete had to attain sufficient deformation resistance to carry huge aircraft immediately after construction. In addition, 
pavement evenness had to be adequate for safe operation of aircraft at high speeds. 
 
2.4 Rehabilitation strategy 
 
Taking into account the causes of the distress and the limitations on construction work, while also referring to similar 
projects at Nagoya and New-Chitose Airports [2], the following strategy was put forward for the work: 
(1) For the slippage area constructed in 2000 and 2002, remove the 150 mm overlay and re-construct. In the underlaid 
layers where water was stagnating, remove the upper layer (50mm) and then re-construct. 
(2) To prevent blistering, adequate breathability was required in the wearing course. Therefore, adopt a slightly higher 
air void ratio of 4.5% for the asphalt mixture. Correspondingly, use a polymer-modified bitumen (type II) to minimize 
the risk of deformation resulting from the higher air void ratio. Moreover, increase the thickness of the wearing course 
to 80mm, exceeding the specification of 70 mm, to inhibit slippage between the wearing and binder courses, since a 
thicker wearing course efficiently reduce the shear stress induced by horizontal aircraft loading [5]. 
(3) Place a 120 mm binder course in one lift to reduce construction time. 
(4) In order to improve the resistance of asphalt mixture to rutting, use a large stone mix with a maximum aggregate 
size of 30 mm in the binder course, also adopting the same polymer-modified bitumen. To realize a quick turn over to 
traffic by decreasing a temperature in a compacting process of asphalt mixtures, add temperature-reducing additives to 
bitumen to make it foamed; that is, use the so-called warm asphalt mixtures. 
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3. DETERMINATION OF CONSTRUCTION METHOD 
 
3.1 Laboratory tests 
 
(1) Aggregate gradation of large stone mixes 
An asphalt mixture containing large stone with a maximum aggregate size of 30 mm was used for the base course. Two 
aggregate gradations were compared, as shown in Figure 2. One was the medium value of the specified range for road 
pavements in Japan (QRP) [6], while the other was that recommended by the National Asphalt Pavement Association 
(NAPA) [7]. The slight difference is that the NAPA gradation, as a gap gradation, was coarser than the QRP gradation. 
A wheel-tracking test was performed to examine the resistance of the two asphalt mixtures to deformation when using 
the same modified bitumen. The test method is standardized in Japan [8] such that a rubber adhered wheel of a contact 
pressure of 0.64MPa runs repeatedly for one hour to the specimen, and the result is expressed as the dynamic stability 
defined as the number of load repetitions to generate 1 mm rutting during the last 15 minutes of testing. The results 
showed that the NAPA gradation with a dynamic stability of 10,700 cycle/mm exhibited superior rutting resistance to 
the QRP gradation with that of 8,000 cycle/mm. Therefore, the NAPA aggregate gradation was chosen for use. 
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Figure 2 :   Aggregate gradation curves of large stone mixes 
 
 
(2) Resistance to abrasion of asphalt mixtures 
Though modified bitumen can significantly improve the resistance of asphalt mixture to abrasion, some temperature– 
reducing additives were added to the large stone mix in this project so there was still a need to examine the anti-
abrasion properties of the asphalt mixtures [8]. Immersed wheel-tracking tests indicated that the resulting abrasion ratio 
was 0.1% and 0.2% for the wearing course and binder course, respectively, far below the specified value of 5% [9]. In 
conclusion, these tests indicated that abrasion would not be a problem for warm asphalt mixtures if using modified 
bitumen. 
 
(3) Selection of temperature-reducing additive 
The use of a temperature-reducing additive allows the temperature at which an asphalt mixture is produced to be 
reduced by 30�C to 50�C while keeping pavement performance. This is beneficial for runway applications because it 
reduces the closure time. Here, two temperature-reducing additives (A and B) were tested to investigate their effects on 
deformation resistance compared with asphalt mixture containing no temperature-reducing additives. Two production 
temperatures were tested, 30�C and 50�C lower than usual (referred to as -30�C and -50�C, respectively). A flowchart 
of the test is shown in Figure 3 and the results are given in Figure 4. The asphalt mixture produced at -30°C had the 
dynamic stability comparable to the conventional hot-mix asphalt. Of the two asphalt mixtures, the one made with 
additive B exhibited better resistance to deformation than that made with additive A in the initial stage of testing. 
Therefore, additive B at the production temperature 30�C lower than usual (-30�C) was selected, by making allowances 
for its availability in market. 
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Figure 3 :   Test flow of warm mixture 
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Figure 4 :   Wheel-tracking test results with warm mixtures 
 
(4) Influence of temperature on deformation of asphalt mixture 
As noted previously, the specification allows a runway to open to traffic when the pavement surface temperature falls to 
50�C or less [4]. In this case, however, the thicker asphalt layer adopted may mean that the internal temperature remains 
too high even when the surface cools to 50�C. On the other hand, the use of the large stone mix and modified bitumen 
gives the asphalt concrete superior resistance to rutting. So it was necessary to investigate a suitable temperature at 
which the runway could be opened to traffic for this program. To this end, wheel-tracking tests were conducted with 
specimens consisting of an 80 mm wearing course and a 140 mm binder course. Surface temperatures of 60�C, 70�C 
and 80�C were tested. 
The deformation at the initial stage was focused on in the tests, as aircraft would cause the much larger deformations on 
pavements in the beginning of using the rehabilitated sections. Figure 5 presents the test results, in which the average 
deformation per cycle in the first minute is plotted on the ordinate axis. Clearly, the resistance of a specimen to 
deformation is greater at lower surface temperatures and internal temperature also has a notable influence on 
deformation. With this two-layer structure, given the lower deformation exhibited, 70�C might be an acceptable target 
temperature for the inside binder course, corresponding to the surface temperature of binder course of 60�C or less, 
which would be equal to the internal temperature in the wearing course. 
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Figure 5 :   Effect of internal temperature on initial deformation 
3.2 Small-scale experimental paving works 
 
The laboratory test results were further verified by constructing pavement sections outside the airport. Since minimizing 
runway closure time was an important consideration, temperature-reducing additive B at a production temperature of -
50�C was examined for comparison with -30�C. 
 
(1) Test sections 
Three test sections were constructed in summer, winter and spring. A pavement structure consisting of an 80 mm 
wearing course and a 173 mm binder course was adopted in summer, while an 80 mm wearing course and 140 mm 
binder course in winter and spring. Details of the compaction conditions are listed in Table 1. Initial rutting was 
measured after repeated passage of a 10 t truck at a speed of 6 km/h. Allowable rutting was set at 10 mm after 100 
repetitions of loading [10]. 
 

Layer  Roller Number of passes 
Macadam (10 t) 4  
Tire      (15 t) 10  Wearing course 
Tandem    (7 t) 3  
Vibration   (7 t) 4  Binder course Tire      (15 t) 12  

Table 1 :   Compaction conditions for test sections 
 
(2) Initial rutting in test sections 
The temperature at the middle point of each layer in the test sections was measured. Figure 6 shows that at the winter 
construction. It can be seen that the temperature-reducing additive has a very notable effect on internal temperature, 
with the temperature inside the binder course consistently 30�C lower than that of the conventional mixture in the case 
of a -50�C production temperature in winter. 
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Figure 6 :   Internal temperature in pavement at the winter construction 
 
Table 2 presents initial rutting measured in the test sections constructed in summer and spring. In spring, initial rutting 
was 11 mm in the case of a -30�C production temperature and 5.5 mm in the case of a -50�C production temperature, 
both approximately satisfying the required value. But in summer, initial rutting was more than the specified value of 10 
mm in the two cases.  
 

Summer Spring Repetitions of loading 
-50�C -30�C -50�C -30�C 

 25 8 mm 9 mm 4 mm 8 mm 
 50 10 mm 13 mm 4.5 mm 9 mm 
100 18 mm 20 mm 5.5 mm 11 mm 

Table 2 :   Effect of season on initial rutting 
 
(3) Target temperature and time for opening 
The wait time until the target temperature (60�C and 70�C for wearing and binder course, respectively) is reached is as 
shown in Figure 7. It is greatly influenced by the air temperature. The temperature-reducing additive generally makes a 
more positive contribution to reducing the wait time for the binder course than for the wearing course. In the case of  
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-50�C and -30�C production temperatures, the wait time is shorter in the binder course than in the wearing course. 
However, the higher air temperatures of summer result in a longer time to arrive at the target temperature, so it was 
decided to carry out construction work for the project only during spring and winter, in consideration of minimizing the 
wait time and reducing initial rutting. 
 
(4) New tack coat material 
Slippage between the wearing and binder courses has been an important cause of all types of distress, as mentioned 
above. Consequently, it was essential to introduce a tack coat material with good performance to improve bonding at the 
interface. Traditionally, ordinary polymer-modified emulsified bitumen (named PKR-T) is used as the tack coat in Japan. 
For this project, new quick-drying polymer-modified emulsified bitumen was developed to replace this conventional 
material. 
Table 3 compares the bonding strength of the two tack coat materials evaluated through a tension test. It can be clearly 
seen that the new tack coat material yields greater tensile strength between the binder and wearing courses than the 
ordinary material. 
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Figure 7 :   Time to reach target temperature 

 
Core sample Tack coat  No.1  No.2 No.3 Mean  

PKR-T  - 102 143 123  
New modified emulsified bitumen 194 133  153 160  

      (unit: kPa) 

Table 3 :   Tension test results 
 

3.3 Remarks 
 
The findings of the above laboratory tests and experimental pavement construction can be summarized as follows: 
(1) A warm asphalt mixture made with modified bitumen leads to rapid temperature drop of the pavement after 

construction. 
(2) The aggregate gradation consisting of a large stone mixture recommended by NAPA provides excellent resistance 

to deformation. 
(3) From both economic and engineering perspectives, a temperature-reducing additive at a production temperature of 

-30�C is preferred. 
(4) A quick-drying polymer-modified emulsified bitumen exhibits greater bonding strength than ordinary emulsified 

bitumen as a tack coat. 
(5) To control initial rutting, rehabilitation work should be carried out in spring and winter. 
 
4. EXPERIMENTAL TAXIWAY CONSTRUCTION 
 
4.1 Experimental pavement 
 
To validate the results obtained in laboratory tests and with the test pavement, large-scale experimental sections of 
pavement were laid on the taxiway at Fukuoka airport in December 2004. Three areas (A, B and C) were selected for 
this experimental construction work. On the first day, section A was constructed to check the validity of the 
construction schedule. On the second day, sections B and C were completed to investigate pavement surface 
temperature, construction schedule and initial rutting. 
The same experimental pavement structure was used, consisting of a 140 mm binder course and an 80 mm wearing 
course. Thermocouples were placed at depths of 10 mm (top) and 40 mm (middle) in the wearing course and at depths 
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of 10 mm (top) and 70 mm (middle) in the binder course. The temperature at these points was monitored. The area of 
pavement laid was 50 m2 for the binder course and 59 m2 for the wearing course in sections A and B, and in section C, 
70 m2 for the binder course and 81 m2 for the wearing course. 
 
4.2 Materials 
 
The materials used for this experimental pavement are listed in Table 4. All characteristics satisfied the Japanese 
specification for airport design [11]. The aggregate gradation curves are shown graphically in Figure 8; these also met 
the requirements of both the Japanese airport design manual and NAPA specification. Table 5 presents Marshall test 
results, where the diameter of the specimen for the large stone mix was 152.4 mm [12]. 
 
 

Material  Position  Type  
Bitumen wearing and binder courses polymer-modified bitumen  

wearing course dense graded mix, maximum aggregate size of 20 mm Aggregate  binder course large stone mix, maximum aggregate size of 30 mm 
Temperature-reducing additive wearing and binder courses -30�C production temperature 

binder course surface polymer-modified, amount of 0.2 L/m2  Emulsified bitumen  cut face polymer-modified, amount of 0.3 L/m2  

Table 4 :   Materials used 
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Figure 8 :   Aggregate gradation curves 
 

Layer Optimum asphalt 
content (%) 

Air void 
(%) 

Stability 
(kN) 

Flow  
(1/100 cm)  

Dynamic stability 
(cycle/mm) 

Wearing course 4.7  4.5  11.4  26  5,470  
Binder course 3.8  4.5  25.1  43  5,160  

Table 5. Marshall test results 
 
 
4.3 Construction method 
 
The construction procedure was as described in Figure 9 and the construction equipment used for the work is detailed 
in Table 6. The warm asphalt mixture was produced at a temperature of -30�C compared with the standard temperature. 
The temperature for production, placement and compaction was 146±5�C, 130�C or more and 110�C, respectively. 
Compaction conditions are described in detail in Table 7. 
 

 

Figure 9 :   Procedure for experimental construction 
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Machine   Type  Number Purpose  
Cutting machine  2m (width) 1  Cutting pavement  

Back hoe  0.2m3 (capacity) 1  Shipping cutting material  
Dump truck  -- 8  Material removal  

Sweeper  -- 1  Cleaning the surface  
Distributor 4 t 1  Spraying emulsified bitumen 

Finisher  2.4 -6 m 1  Placement 
Vibration roller  6-8 t  1  Final compaction (wearing) and initial compaction (binder) 
Macadam roller  10 - 12 t  1  Initial compaction (wearing)  

Tire roller  8 - 20 t  1  Secondary compaction (wearing and binder)  
Sprinkler  4 t  1  Water supply and cleaning  

Table 6 :   Construction machine 
Layer  Rolling time Roller type Number of passes 

Initial Macadam  4  
Secondary Tire  10  Wearing course 

End Vibration  3  
Initial Vibration  4  Binder course  Secondary Tire  12  

Table 7 :   Compaction conditions 
 
4.4 Results of experiment pavement construction 
 
(1) Construction schedule 
The planned construction schedule for section A is compared with actual performance in Figure 10, which shows that 
the actual work clearly took longer than planned. The processes that required extra time were trimming (60 min.), 
cleaning (45 min.) and compaction (30 min.). After revising the construction schedule in light of the results for section 
A, the actual construction time for sections B and C was basically consistent with that planned, as shown in Figure 11. 
 

 

Figure 10 :   Construction schedule for section A 

 

 

Figure 11 :   Construction schedule for sections B and C 
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(2) Temperature within pavement 
The temperature within the pavement of sections B and C was measured as shown in Figures 12 and 13. The time at 
which the target temperature for opening to traffic was attained (60�C in the wearing course and 70�C in the binder 
course, as determined in the laboratory tests) was 6:30 a.m. for section B and 7:00 a.m. for section C. For section A, the 
temperature in the wearing and binder courses fell to 55�C and 64�C by 7:00 a.m., which are lower values than the 
target temperatures. 
It was judged that this rehabilitation procedure is feasible since the time required for the internal temperature to fall to 
the target value was within the construction schedule. Moreover, the surface temperature decreased to 60�C by 5:30 a.m. 
in section B and by 5:15 a.m. in section C. That is, the target binder course temperature was reached 1 hour and 1.75 
hours after the specified pavement surface temperature (60�C) was attained in sections B and section C, respectively. In 
other words, the surface temperature had decreased to the 60�C while the internal temperature remained above the 
target value. Given the relatively low traffic volume at the airport just after opening in the morning and that evenness 
was sufficient, the final judgment criterion for opening the runway was defined as the surface temperature falling to 
60�C by 6:00 a.m. 
 

0

20

40

60

80

100

120

140 wearing (upper)
binder (upper)
surface
wearing (mid)
binder (mid)
air

1 2 3 4 5 6 7 8 9

Te
m

pe
ra

tu
re

 (o C
)

Time (h)

Section B

60oC

70oC

 

Figure 12 :   Temperature inside pavement after construction at Section B 
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Figure 13 :   Temperature inside pavement after construction at Section C 
 

(3) Compaction of asphalt mixture 
The density of cores from sections B and C was measured, as exhibited in Table 8. The degree of compaction of each 
layer in these two sections met the required value of 98%, indicating that the construction method used here was 
appropriate. Further, the degree of compaction of the asphalt mixture in section A also satisfied the specification (99.6% 
on average). 
 

Section Layer  No. Thickness (mm) Dry density (g/cm3) Degree of compaction* (%) 
1   84  2.399  99.3  Wearing course 2   84  2.394  99.1  
1  152  2.463  99.3  B  

Binder course  2  152  2.458  99.1  
1   92  2.373  98.2  Wearing course 2   93  2.417  100.0  
1  150  2.456  99.0  C  

Binder course  2  150  2.468  99.5  
 * defined by a percentage of a dry density to the laboratory-obtained maximum dry density 

Table 8 :   Thickness, density and degree of compaction of core samples 
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(4)Rutting after one day of traffic 
In sections B and C, rutting was measured after the taxiway had experienced traffic for one day. The volume of traffic 
was as presented in Table 9. The amount of rutting in section B, which received traffic until 2:00 p.m., was 1 mm, 
while in heavily trafficked section C the maximum rutting was 4 mm. Since this is not excessive as initial rutting, it was 
judged that this rehabilitation procedure is appropriate. 
 

Large jet  Medium jet Small jet  Propeller Section  B747 B777 A300 B767 MD81 B737 DHC F50 Total 

B   3   4  3  6   1  17  
C  5  11  1  14  2  6  1   40  

Table 9 :   Volume of aircraft traffic per day 
 
4.4 Remarks 
 
The findings of this experimental pavement construction work on the taxiway can be summarized as follows: 
(1) The rehabilitation procedure verified by construction of the experimental pavement is proven feasible. 
(2) After construction, the time required to arrive at the target surface temperature was one hour, with one hour and 

forty five minutes required for the internal temperature. 
(3) After experiencing one day of aircraft traffic, the maximum amount of rutting was 4 mm. 
(4) Based on the above findings, it was decided to manage pavement temperature by ensuring that the surface 

temperature had to decrease to 60�C by 6:00 a.m. 
 
5. RUNWAY REHABILITATION WORK 
 
5.1 Outline  
 
Repairs to the runway at Fukuoka airport using the method determined above were carried out from February to March 
2005 and from January to March 2006. The total area amounted to 60,000m2 as shown in Figure 17. The pavement 
structure and materials, the construction sequence and the equipment used were the same as for the experimental work 
on the taxiway. Experience with the first phase of the work in 2005 led to a slightly later target time for the desired 
60�C pavement surface temperature in 2006. The rehabilitation work process was validated by monitoring pavement 
surface temperature, air temperature and wind velocity. 
 

 

Figure 14 :   Repaired areas of runway at Fukuoka airport 
 
5.2 Condition of pavement surface 
 
Figure 15 gives the frequency distribution of the time by which the surface temperature fell to 60�C. In 2005, all 
repaired areas reached the target temperature before 5:30 a.m., but about 10% were after 5:30 a.m. in 2006. 
Figure 16 describes the relationship between air temperature and the time taken to reach the target temperature. The 
measured data are divided into two groups according to wind speed (with a threshold of 2 m/s). The overall tendency in 
both cases is that cooling time increased with air temperature. However, in the presence of wind, the time barely 
depended on temperature. This indicates that wind is advantageous in some circumstances in that it allows the target 
temperature to be reached earlier. 
 
5.3 Initial rutting 
 
The initial rutting measured at each site was as shown in Figure 17. It is clear that the initial rutting after one day of 
traffic was less than 2 mm in both phases, demonstrating that this rehabilitation procedure effectively controls rutting. 
In areas completed in 2005, rutting was unchanged between the 10th day and the 30th day. In contrast, rutting continued 
to increase in areas completed in 2006, but the rut depth was considered acceptable. In summary, it can be concluded 
that construction management based on the pavement surface temperature falling to 60�C by 6:00 a.m. is an appropriate 
approach. 
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Figure 15 :   Frequency of time at which 60�C is reached 
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Figure 16 :   Effect of wind velocity on time 
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Figure 20 :   Pavement surface profile in transverse direction (constructed in 2005) 
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Figure 20. Pavement surface profile in transverse direction (constructed in 2006) 
 
5.4 Blistering  
 
Blistering mainly takes place in the summer, so an investigation of blistering points was carried out in August 2006. 
Here, an impact acoustic method in which a hammer strikes the surface was used to detect blistering. Compared with 
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past rehabilitation work, where the blistering rate reached 70% at the north end and 30% at the south end, the blistering 
ratio was significantly lower after this rehabilitation. This demonstrates that the designed rehabilitation method is very 
effective. 
 
6. CONCLUSION 
 
Based on this work involving laboratory tests, experimental paving works and then actual runway rehabilitation works, 
the following conclusions have been reached: 
(1) A warm asphalt mixture using polymer-modified bitumen is feasible for runway rehabilitation and allows a quicker 

turnover to aircraft traffic. A production temperature 30�C lower than with the conventional process is strongly 
recommended for this warm asphalt mixture. 

(2) Use of a large stone asphalt mixture with a gap gradation gives excellent resistance to rutting. 
(3) Quick-drying polymer-modified emulsified bitumen exhibits better performance than conventional emulsified 

bitumen as a tack coat. 
(4) Through experiments, a temperature management target was set. The surface temperature of the pavement should 

decrease to 60�C by 6:00 a.m., allowing release to aircraft traffic at 7:00 a.m. 
(5) This rehabilitation method was applied to runway rehabilitation work at Fukuoka airport with great success, and 

excellent performance was achieved.  
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500-013 LOWER TEMPERATURES – THE BEST FOR ASPHALT, BITUMEN, 
ENVIRONMENT AND HEALTH AND SAFETY 

 
REINHOLD RÜHL, Berufsgenossenschaft der Bauwirtschaft, Hungener Straße 6, D-60389 Frankfurt, Germany 

 
ABSTRACT 
 
A number of new technologies has been developed that allows asphalt mixtures to be produced and placed at 
significantly lower temperatures. The reduction in temperature leads to energy savings and a reduction of CO2 
production, less wear on mixing equipment and less ageing of the bitumen, not to mention a more important reduction 
of the emissions of bitumen. The German BITUMEN Forum examined the toxicological data of these additives and 
measured the exposure of the emissions on the construction sites. 
 
Key words Emissions, Low-Temperature, Additives, Energy saving, Odour 
 
1. INTRODUCTION 
 
The expression ‘temperature reduced asphalt’ (‘low-temperature asphalt’ or ‘warm-mix asphalt’) is used for asphalt that 
is produced and used with temperatures about 20-30°C below those temperatures which are nowadays conventional. [In 
Europe, asphalt refers to a mixture of organic binder (bitumen) and filler (sand, gravel); this paper adheres to European 
nomenclature.] Starting point for the development of temperature reduced asphalt was the effort to reduce carbon 
dioxide emission in the energy demanding asphalt production process related with the pleasant effect of energy saving. 
In addition, in October 2000 in Germany there was a threshold limit value of 10 mg/m³ established for vapours and 
aerosols of bitumen. Air monitoring data on numerous constructions sites showed, that for mastic asphalt (which is used 
for road construction as well as for building construction) exposure was distinctly above the threshold limit. This 
threshold limit was suspended for mastic asphalt work on condition that measures for reducing height of emissions 
would be developed ready for application. For mastic asphalt a reduction of the temperature is necessary due to safety 
and health reasons. 
 
2. ADVANTAGES OF LAYING AT REDUCED TEMPERATURES 
 
Laying asphalt at lower temperatures has many advantages. This paper concentrates on aspects of health and safety at 
work. The many further positive effects of laying at reduced temperatures are only briefly discussed. 
Bitumen should not be heated too much during asphalt manufacture, so it does not "age" and so its characteristics 
remain unchanged (less oxidative hardening). This is guaranteed with asphalt laid at reduced temperatures. And 
obviously, there is less wear on asphalt mixing facilities if the mixing temperatures are lower. 
There is an enormous potential for saving energy and reducing CO2 production. The 60 million tonnes of asphalt 
produced in Germany per year produce 1.5 million tonnes of CO2. Low-temperature asphalt would mean nearly 10 % 
less CO2 per year in Germany. 
Happily, low-temperature asphalts have improved usage characteristics. Aside from high compressibility during laying, 
these asphalts also exhibit greater resistance to deformation and, in the case of mastic asphalt, the load stability is far 
greater. 
The BITUMEN Forum considers that its most important task is the promotion of the development and use of asphalt at 
reduced temperatures. The asphalt industry and the health and safety specialists expect this development to result in: 
� fewer vapours and aerosols; 
� lower emissions at the mixing plant; 
� a reduction of odours; 
� lower energy consumption; 
� lower equipment wear; 
� reduced CO2 production; 
� minimal ageing of binders during production and laying; 
� improved usage characteristics for asphalt; 
� quicker release for the traffic. 
Thus, the use of asphalt at reduced temperatures is not only the ideal way to work safety, but an innovation for the use 
of asphalt. 
 
 
3. THE PRODUCTION OF ASPHALT FOR THE LAYING AT LOWER TEMPERATURES 
 
The use of organic additives and zeolites make the decrease of the production and processing temperature of asphalt 
possible. 
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Organic additives are solid substances, which about 80°C rapidly switch over to a liquid state. They are well miscible 
with bitumen and decrease the viscosity of the binder at the processing temperature. During cooling from processing 
temperature to asphalt’s using temperature these substances crystallize in fine dispersion inside the bitumen and 
reinforce the binder and consequently the asphalt. 
Due to the previous experiences Fischer-Tropsch–Paraffin, montan wax and amide wax as suitable additives for the 
production of bitumen, which can be used at lower temperatures, can be recommended. Usually an addition of 2.5 to 
3.0%, relating to the bitumen mass, is recommended. 
Zeolites are crystalline aluminium silicates, which are added during the mixing process. They set free water vapour 
which leads to an enlargement of the binding agent volume and thus to an improved compression willingness. Usually 
an additional amount of 5%, relating to the bitumen mass, is recommended. 
The Note on “Lowering the Asphalt laying Temperature” (M TA), published by the German Research Organisation for 
Roads and Traffics e.V. (FGSV; www.fgsv.de) provides advice and explanations on the special features involved in 
manufacturing and processing reduced-temperature asphalts. The area of application basically covers all asphalts used 
in hot laying. 
The current state of knowledge has been published by the German Federal Institute for Roads (BASt) in a "Collection 
of experiences on the use of finished products and additives for reducing the temperature of asphalt" 
(www.bast.de/cln_005/nn_42256/DE/Aufgaben/abteilung-s/referat-s5/temperaturreduzierter-
asphalt/asphalt.html?__nnn=true). The FGSV Note cites this collection of experiences. The collection of experiences 
will be updated as required. At present, it only contains experiences with rolled asphalt. The initial results for mastic 
asphalt are expected towards the end of 2006 or 2007. 
 
 
4. TOXICITY OF THE ADDITIVES 
 
The commercial additives used are Fischer-Tropsch–Paraffin, montan wax, amide wax and zeolite (Table 1). The 
results of the discussion of the following literature data will be presented at Copenhagen. 
 

Product Chemistry Website 
Sasobit Fischer-Tropsch-Paraffin www.sasobit.de 
Asphaltan A or B Montanwax www.romonta.de 
Sübit VR 35 or 45 Amidwax www.gkg-oel.de 
Licomont BS 100 Amidwax www.exolit.com 
Asphamin Zeolit www.aspha-min.com 

Table 1: Additives for producing asphalt at lower temperatures 
 
4.1 FISCHER-TROPSCH-PARAFFIN 
 
Sasobit4 (CAS number 8002-74-2) is a mixture of long-chain aliphatic hydrocarbons produced from carbon monoxide 
and hydrogen using the so-called Fischer-Tropsch process. Its molecular chain length lies in the range of 40 to more 
than 115 carbon atoms [1]. There is no evidence that paraffin wax is sensitising by skin contact [2]. Paraffin wax 
vapours and powders may irritate the eyes and the respiratory tract [2, 3]. The limit of 2 mg/m3 has been shown to be 
effective in reducing this risk [4]. 
Oral LD50 values greater than 5000 mg/kg body weight and a dermal LD50 of greater than 3600 mg/kg body weight 
were reported on solid paraffin wax in rats and rabbits, respectivley [3]. Upon 90-day oral feeding studies with up to 2% 
by weight low melting point (low molecular) refined/finished wax in the diet Fischer 344 rats gave evidence of adverse 
effects (e.g. lesions in the liver, lymph node, heart), while no treatment related effects were observed in those animals 
fed high melting point finished wax [5]. According to the assessment by the Health Council of the Netherlands no 
increased tumour incidence was observed after topical, subcutaneous or oral administration of paraffin wax to rats [3]. 
The EU scientific committee on food has established in 1995 a group acceptable daily intake (ADI) of 20 mg/kg body 
weight for highly refined waxes derived from petroleum based or synthetic hydrocarbon feedstocks, with a viscosity of 
0 11 mm2/s (centiStokes) at 100°C, a carbon number of 0 25 at the 5% boiling point and an average molecular weight 
of 0 500 [5]. 
Exposure limits (eight hours) for paraffin wax, fume or respirable dust of 2 mg/m3 have also been established in Spain, 
Denmark, France, United Kingdom [6] and from the American Conference of Industrial Hygienists (ACGIH) [7]. 
 
4.2 MONTAN WAX 
 
Montan waxes are fossil vegetable ester waxes which are recovered from brown coal having high wax content. They 
contain a mixture of long-chain esters, acids and alcohols predominantly with an even number of carbon atoms [8-10]. 
Since the portion and the identity of the individual constituents of the complex mixture are not known in detail and may 
be subject to fluctuations in quality depending on the material from which it is extracted and the degree of refinement a 
toxicological assessment relying on the individual constituents is not possible. A quality control should secure that the 
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wax must not contain detrimental substances of brown coal like polycyclic aromatic compounds, benzene or phenol. 
According to the EEC-Safety data sheets from Romonta GmbH, Asphaltan A and Asphaltan B are mixtures of montan 
wax constituents and higher molecular weight aliphatic compounds with functional groups and higher molecular 
hydrocarbons, respectively, which do not contain dangerous substances in accordance with the directives 67/548/EEC 
or 1999/45/EC. The substances may cause mechanical frictions in contact with the eyes. The generation of airborne dust 
and the inhalation of the product should be avoided. Personal protection against the dust should include the use of anti-
powder mask (P1) and goggles [11, 12]. 
Limited toxicological studies indicate that fatty acids, montan-wax (CAS number 68476-03-9) and fatty acids, montan-
wax, ethylene esters (CAS number 73138-45-1) have a very low toxicity after acute oral application [13, 14]. 
 
4.3 AMIDE WAX 
 
Probably the most widely produced material is N,N’-Ethylene bis stearamide (CAS number 110-30-5). Ethylene bis 
stearamide produced slight eye and skin irritation in rabbits, and signs of respiratory tract irritation in rats [15]. Other 
studies briefly described in the IUCLID dataset on ethylene bis stearamide report slightly irritant to non irritant effects 
on rabbit skin and eyes [16]. Aldrich Company classified N,N’-Ethylene bis stearamide as Xi (Irritant), R36/37/38 
(Irritating to eyes, respiratory system and skin) [cited in 17]. 
Data on sensitizing effects are not available. The substance was of low acute toxicity in rats and mice treated orally and 
in rabbits exposed by dermal application. Limited long-term rat feeding studies failed to identify any particular target 
organ and gave no conclusive evidence of carcinogenicity. Ethylene bis stearamide failed to induce chromosome 
damage in mammalian cells in culture. It was not mutagenic in bacterial assays (including the Ames test), and gave no 
evidence of genotoxicity activity in yeast [15]. 
For the synthetic wax produced by amidation of stearic acid with ethylene diamine a quality control should secure that 
the final wax must not contain residual ethylene diamine which may cause inter alia burns and sensitisation by 
inhalation and skin contact. 
 
4.4 ZEOLITE 
 
Zeolites consist of microporous cubic aluminosilicate networks with 4-coordinate Si and Al atoms linked by oxygen 
bridges. These networks are negatively charged and the pores contain cations which compensate this negative charge 
[18]. The asphalt additive Aspha-Min4 is a synthetic zeolite (Na-silicate of aluminium) (CAS number 1318-02-1) 
which contains 20 % water. 
For the CAS number 1318-02-1 a Human & Environmental Risk Assessment on ingredients of household cleaning 
products (HERA) has been prepared in 2004 [19]. This report refers to Zeolite A (sodium aluminium silicate) which is 
used in detergent formulations and includes the CAS number 1344-00-9 for amorphous sodium aluminium silicate. 
According to this report the acute oral and dermal toxicity of sodium aluminium silicate is very low. Reliable data on 
acute inhalation are not available. Sodium aluminium silicates are not irritating to the skin and slightly to non-irritating 
to the eyes. There is no evidence that sodium aluminium silicate is sensitising by skin contact and there is no indication 
that sodium aluminium silicates can induce respiratory hypersensivity. Chronic oral studies demonstrate that sodium 
aluminium silicate (Zeolite A-type) causes adverse effects in the urogenital tract. The No-adverse-effect-level 
(NOAEL) for these effects in a two-year rat oral toxicity study is 60 mg/kg body weight. 
For Zeolite types used in detergent formulations respirable particle sizes in the range of 2-5 �m have been described 
[18,19]. Repeated dose inhalation studies revealed respiratory infection and signs of pneumonititis in the treated 
animals, but there was no indication of any fibrotic reaction [19]. In a long-term (up to 24 month) inhalation study in 
monkeys histopathological effects observed in the lungs were macrophage accumulations accompanied by sporadic 
nonsuppurative bronchiolitis and alveolitis. No evidence of progressive pulmonary fibrosis was observed. The lowest 
observed adverse effect level (LOAEL) was 1 mg/m3. Oral and inhalation long term studies did not indicate a potential 
of sodium aluminium silicate to induce neoplastic lesions [19]. In 1997 an IARC evaluation of synthetic Zeolites came 
to the overall conclusion “cannot be evaluated as to their carcinogenicity in humans” [20]. 
With regard to the inhalative toxicity data, in direct contact with the substance the generation of airborne dust and the 
inhalation of the product must be avoided by suitable protective equipment. 
 
 
5. WORKPLACE EXPOSURE FOR TEMPERATURE REDUCED ASPHALT 
 
Determination of the concentrations of vapours and aerosols of bitumen in this paper is a continuation of the German 
BITUMEN Forum’s work [21]. In the exposure descriptions for work with conventional asphalt (www. 
gisbau.de/bitumen.html) the extent of exposure is taken as the 95-percentile value of the data collectives. For an easy 
comparison with that data, this paper orientates exposure at the 95-percentile value too. Nevertheless the distributions of 
the measurement values obtained for the different job tasks are shown in box-plot diagrams, representing the 5-, 25-, 
50-, 75- and 95- percent values together with the number of measurement values in a head line. 
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5.1 MEASURING STRATEGY 
 
The German method for measuring emissions from working with hot bitumen is well known [22 - 24]. 
For workplace exposure measurements in Germany, it is usual to sample for a period of 2 hours during a part of the 
shift, which is representative for the certain work. By this procedure we obtain task specific exposure data which offers 
the possibility to calculate the exposure for workers who carry out different works in one shift, e.g. torching of bitumen 
membranes as a preparation before laying mastic asphalt. In order to compare this kind of data with common full shift 
measurements one has to take into account the periods of the different work tasks and breaks. 
Exposure height on constructions sites is largely dependent on a number of parameters like surroundings, climate, 
exhaust situation, quantities and many more. Since a lot of them cannot be influenced – we always examined regular 
working sites – our idea is to get a widely spread set of parameters by a large number of examinations on different 
constructions sites. So we did not try to modulate parameters – we had to accept the situations found on the construction 
sites on which we had the possibility to carry out the measurements. 
The detection limit of the standard measuring procedure for the usual two hour measuring period is at 0.5 mg/m³ 
vapours and aerosols of bitumen. Measurement values below the detections limit are considered with half the detection 
limit. 
Our examinations focussed on exposure to vapours and aerosols of bitumen. As for work with hot bitumen often 
polycyclic aromatic hydrocarbons (PAH) are analyzed, on a small number of workplaces we additionally examined 
PAH exposure. The results of this measurements will be available at Copenhagen. 
 
5.2 ROLLED ASPHALT PAVING 
 
While paving with conventional rolled asphalt normally happens with asphalt temperatures between 140 and 180°C, for 
temperature reduced asphalt the laying temperatures were between 120 and 160°C. The distributions of the measured 
temperatures at the construction sites for conventional and for temperature reduced asphalt are shown in figure 1 and 
reveal a mean difference of about 30°C (the arithmetic means are 163°C and 134°C for conventional respectively 
temperature reduced asphalt). It has to be clarified, that this temperature difference is the difference of the two 
independent data collectives – the possible temperature reduction for a special pair of conventional and temperature 
reduced asphalt can not be taken from this comparison. But in some cases of our investigations we had the possibility to 
measure both, conventional asphalt and temperature reduced asphalt with identical suitability, both used 
interchangeably on the same construction site. In these cases the reduction of the temperatures were between 20°C and 
32°C, thus in the same magnitude as for the independent data collectives. 

Figure 1: Temperature distribution for conventional and temperature reduced asphalt on construction sites 
 
It shall be remarked, that the measured asphalt temperatures on a certain construction site (not only for rolled asphalt) 
may vary about several degrees, due to various influences like production temperature of different charges, waiting 
periods of the asphalt trucks, climatic influences etc. 
A comparison of the 95-percentil exposure values for the different job tasks paver operator, screed operator and roller 
driver reveals a reduction to 64%, 52% and 88% of the conventional exposure for the use of temperature reduced rolled 
asphalt. Looking at the distributions of these 3 data collectives (figure 2), it is obvious that the reduction really is still 
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larger. If we ignore the extremely low and high values, the average reduction of the 10-percentil to the 90-percentil 
values are 47%, 49% and 42% respectively. Thus, the use of temperature reduced rolled asphalt (with a temperature 
reduction about 20-30°C) results in a bisection of the worker’s exposures to vapours and aerosols of bitumen.  
A very low exposure to vapours and aerosols of bitumen at these workplaces may be due to the working task (e.g. roller 
driver) or to positive influences of the working site circumstances as strength and direction of wind. For conventional 
asphalt 25 of the 315 measurement values (8%) were below the detection limit and for temperature reduced material 28 
of the 143 measurement values (20%). 
 
5.3 MASTIC ASPHALT PAVING 
 
In Germany mastic asphalt (‘Gussasphalt’) often is used for road (highway), tunnel or bridge building. Due to the use of 
harder bitumen grades, for mechanical laying mastic asphalt’s temperature is higher than for rolled asphalt, normally 
between 235-250°C – exceptionally above 250°C. The asphalt is transported from the mixing plant to the construction 
site in heated mixers. The asphalt is distributed from the mixer directly onto the ground in front of the paver and it is 
built in with a heated bar in the required width and thickness. The – normally still warm - surface is gritted with 
chippings. 

Figure 2: Exposure of paver and screed operator and roller driver with conventional and temperature reduced 
rolled asphalt 

 
The distribution of the asphalt temperatures for conventional and temperature reduced mastic asphalt are shown in 
figure 1. The two independent (see above) average values are 243°C respectively 217°C with a difference of 26°C. In 
two cases of our investigations we had the possibility to measure both, conventional and temperature reduced mastic 
asphalt with identical suitability, both used interchangeably on the same construction site. In the first case the reduction 
of the temperature was 24°C, well corresponding to the difference just mentioned averages. In the second case the 
temperature reduction of 61°C was exceptional high, due to a new type of asphalt production combining two 
temperature reducing materials. 
In comparison with all jobs tasks handling hot bitumen, for work with conventional mastic asphalt the highest 
exposures to vapours and aerosols of bitumen have been observed [21]. Since technical or personal protection measures 
may hardly be used on such kind of construction sites, the only way to reduce worker’s exposures is the use of 
temperature reduced mastic asphalt. 
A comparison of the 95-percentil values for the different job tasks charger at the mixer, screed operator, smoother and 
gritter reveals a reduction to 11%, 20%, 20% and 65% of the conventional exposure for the use of temperature reduced 
mastic asphalt. The latter value is quite unreliable due to the small data collectives. Looking at the distributions of these 
4 data collectives (figure 3), it is obvious that the reduction concerning all data values is quite smaller. If we ignore the 
extremely low and high values, the average reduction of the 10-percentil to the 90-percentil values are 31%, 87%, 46% 
and 16% respectively (average value is 45%, respectively 55% without the data for the gritter). Thus, the use of 
temperature reduced mastic asphalt for paving (with a temperature reduction about 20-30°C) results in a bisection of the 
worker’s exposures to vapours and aerosols of bitumen. However, for the extremely high exposures observed for 
conventional mastic asphalt the reductions are much greater to about 10-30%. One reason for the much smaller 
reduction at the lower exposure levels are the measurement values below the detection limit. 
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A very low exposure to vapours and aerosols of bitumen at these workplaces may be due to the working task (e.g. 
smoother or gritter) or to positive influences of the working site circumstances as strength and direction of wind. For 
conventional asphalt 20 of the 198 measurement values (10%) were below the detection limit and for temperature 
reduced material 30 of the 123 measurement values (25%). 
 

Figure 3: Exposure of charger, screed operator, smoother and gritter at construction sites with conventional and 
temperature reduced mastic asphalt paving 

 
5.4 MANUAL MASTIC ASPHALT LAYING 
 
Mastic asphalt may be laid manually for example on floors in industrial and house building. For manual laying mastic 
asphalt’s temperature is normally between 240-260°C – exceptionally above 275°C. The asphalt is transported in heated 
mixers from the mixing plant to the construction site. There it is poured hot into dumpers, barrows or baskets, in which 
it is transported to the laying area. In the latter cases separating agents (e.g. soap solutions, vegetable oil or mineral oil / 
mineral oil emulsions) are used to avoid mastic asphalt stick onto the barrows or baskets. The mastic asphalt is put onto 
the ground and smoothed with wooden smoothing boards or rakes. The – still warm - surface is rubbed with sand or 
gritted with chippings. 
The distribution of the asphalt temperatures for conventional and temperature reduced mastic asphalt are shown in 
figure 1. In this figure for manual work with mastic asphalt the differences of the asphalt’s temperatures are not as 
clearly as for rolled asphalt or mastic asphalt paving. One reason for this is a very large construction site which 
contributes 45 temperature values more or less equal with 240 and 250 °C. This temperature could either be a common 
temperature for conventional mastic asphalt or a reduced temperature for very hard mastic asphalt as in this case. 
A comparison of the 95-percentil values of the exposure for the different job tasks charger, smoother and gritter reveals 
for the use of temperature reduced mastic asphalt a reduction to 39%, 27% respectively 27% of the conventional 
exposure. The latter value is quite unreliable due to the small data collectives with numbers of measurements of 12 and 
8 for gritting of conventional and temperature reduced material. Looking at the distributions of these 3 data collectives, 
it is obvious that the reduction concerning all data values is quite smaller (figure 4). If we ignore the extremely low and 
high values, the average reduction of the 10-percentil to the 90-percentil values are 50%, 56% respectively 37%. Thus, 
the use of temperature reduced mastic asphalt for manual mastic asphalt laying results in a bisection of the worker’s 
exposures to vapours and aerosols of bitumen. However, for the extremely high exposures observed for conventional 
mastic asphalt the reductions are much greater to about 30-40%. Measurement values below the detection limit do not 
play an important role in this case as there are not any for conventional mastic asphalt and only in 4% of the data for 
temperature reduced material the values were below detection limit. 
For construction site transport of temperature reduced mastic asphalt (transport with a dumper, with a barrow, with 
buckets) only very few measurement values (all below 10 mg/m³) have been obtained yet. Due to the small number they 
are not shown in figure 4. 
 
 
 



Seite 7 

 

Figure 4: Exposure of charger, smoother and gritter at construction sites with conventional and temperature 
reduced mastic asphalt during manual work 

 
 
6. CONCLUSIONS 
 
The use of modified rolled asphalt at temperatures of about 125-135°C leads to significant lower exposure, up to 50%. 
 
With the use of modified mastic asphalt, the processing temperature could be reduced from 235-250°C to approx. 210-
225°C. This leads to an extreme reduction of the exposure, for some tasks up to more than 80%. 
 
Toxicological literature is presented and will be discussed at Copenhagen. 
 
The use of asphalt at reduced temperatures offers the possibility to reduce the exposure to vapours and aerosols of 
bitumen especially for mastic asphalt workers, to a level which is more ore less usual in other applications of hot 
bitumen. 
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ABSTRACT 
 
The asphalt industry has done significant amount of research on sustainable development focused on the environment. 
In the effort to transfer research  into practice, two different trials with vegetable oil based binders have been 
conducted in Norway. The first trial was an application in Hot Mix Asphalt (HMA) using vegetable oil based viscosity 
grade V10000 bitumen and conventional V10000 bitumen as a reference. V-grade binders, being very soft bitumen 
grades, are typically used on low volume roads in Scandinavia where poor and varying bearing capacity often requires 
flexible asphalt layers. A second binder was developed for a fast moving train hot surface dressing application. This 
binder, named BL9000R, is an environmentally friendly slow curing type cutback used for this type of application in 
Norway. In this trial, the vegetable oil based BL9000R was developed purely as an alternative for the conventional 
BL9000R product. Both products were included in the trial for comparison. 
Comparative laboratory analysis on the vegetable oil based binders and reference binders as well as mixtures were 
performed for both trials. In the comparison of the two V10000 binders, it was seen that the vegetable oil based binder 
was less temperature susceptible. Both BBR and TSRST testing show that the vegetable oil based binder has better low 
temperature properties as compared to the reference binder. Regarding other specification parameters, the vegetable 
oil based binder meets all requirements and is comparable to the reference binder. The laboratory testing for the 
surface dressing trial did not reveal any significant differences between the vegetable oil based BL9000R and the 
reference BL9000R. 
In the field application of V10000 and BL9000R in the two trials, fewer emissions were observed for the vegetable oil 
based binders. The details of the laboratory analysis and the data from the field trials are presented and discussed in 
this paper. 
 
Keywords: Environment, Surface dressing, Freeze-Thaw, Temperature susceptibility 
 
1. INTRODUCTION 
 
The asphalt industry has recently done significant amount of research on sustainable development focused on the 
environment [1-3]. There is a major drive in the bitumen industry in developing new products in which part of the 
bitumen is replaced by renewable, carbon-neutral feedstocks. In the effort to transfer research into practice, two 
different trials with vegetable oil based binders have been conducted in Norway. The details of the laboratory analysis 
and the field trial are presented in this paper. 
 
2. STUDIES IN NORWAY 
 
Scandinavian countries have a tradition for using soft bitumen as binders in asphalt mixtures designated for the 
secondary road network. Frost heave, seasonal variations in bearing capacity and severe climatic conditions often 
require flexible asphalt mixtures. These mixtures are typically produced using the so-called V-grades, specified by EN 
12591 [4], as bituminous binders. This practice results in a significant consumption of soft bitumen / bitumen flux in 
Scandinavia, making this geographical region a natural choice for the first trials using vegetable oil based bitumen.  
In collaboration with the road contractor MESTA in Norway, Shell Bitumen has carried out two road trials using newly 
developed bitumen containing vegetable oil. These trials have been carried out with the involvement of the Norwegian 
Asphalt Institute and the local Road Administration. A Norwegian research Institute, SINTEF, was also involved as an 
unbiased laboratory in testing of the materials. The first trial was the application in Hot Mix Asphalt (HMA), using 
V10000 binder and the second trial was hot surface dressing using BL9000R binder. 
For the application of the HMA, 30 tonnes of vegetable oil based V10000 and 30 tonnes of conventional V10000 as a 
reference were used. By deliberately choosing a soft bitumen grade for the trial, a significant amount of vegetable oil 
was incorporated in the end product. By doing so, any differences between the reference product and the vegetable oil 
based product would stand out more clearly, making it easier to draw the right conclusions. 
The second binder that was developed and applied was the BL9000R, which was used for fast moving train hot surface 
dressing. For this application the vegetable oil based BL9000R was purely developed as an alternative for the 
conventional BL9000R product. For the Hot Surface Dressing trial about 6 tonnes of vegetable oil based BL9000R was 
laid. This was done within a commercial surface-dressing job using conventional BL9000R. A direct comparison of the 
two products under the same conditions has thus been possible. The evaluation of a vegetable oil based binder in a 



 2/6 
 

surface dressing was included mainly because such an application would better reveal potential differences in binder 
cohesion, an important parameter which could not so easily be evaluated in the HMA trial. 
 
3. LABORATORY TESTING AND RESULTS 
 
3.1 Binders 
 
The vegetable oil based product showed flash point well above 200 °C and the volatility in terms of TBP-GLC at 450 
and 500 °C is well below the Shell Qualagon guidelines [5]. A summary of binder measurements performed by 
SINTEF is given in Table 1. The most interesting and important findings are discussed in the following. 
Key for a successful implementation of new products is to understand the rheological behaviour of the products. To 
characterise these rather soft materials over a wider temperature range than specified by EN12591, viscosity at several 
temperatures, penetration at 5 °C and BBR measurements of S and m-value at –30 °C were also performed. 
 

Original Bitumen Recovered Bitumen 

Properties Method V10000 
Reference 

V10000 
Vegetable 
oil based 

V10000 
Reference 

V10000 
Vegetable 
oil based 

Kinematic Viscosity, 60°C, (mm2/s) EN 12595      [6] 10557 10574 16181 20771 
Flash Point, (°C) EN 22719      [7] 270 290   
Softening point, (°C) EN 1427        [8] 27.9 23.0 30.3 30.3 
Solubility, (%) EN 12592      [9] 99.98 99.99   
Penetration @ 5°C, (1/10 mm) EN 1426        [10] 54 82 34 36 
Penetration @ 15°C, (1/10 mm) EN 1426        [10]   128 129 
Penetration @ 25°C, (1/10 mm) EN 1426        [10]   248 290 
BBR @ -30°C, S value (MPa) EN 14771      [11] 185 107 197 133 
BBR @ -30°C, m-value EN 14771      [11] 0.393 0.462 0.377 0.417 
After TFOT EN 12607-2   [12]     

Mass loss, (%) EN 12607-2   [12] +0.0259 +0.0237   
Kinematic Viscosity, 60°C, (mm2/s) EN 12607-2 /     

EN 12595        13053 12779   

Viscosity ratio EN 12607-2     1.24 1.21   
 

Table 1: Results from the field sample analyses of original and recovered bitumen binders 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: BTDC of V10000 

V10000 (Reference) 
V10000 (Vegetable Oil Based 
Binder) 
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In the blending procedure, a viscosity at 60 °C of 10000 cSt was targeted. Differences in penetration at 5 °C and BBR 
results revealed that the temperature susceptibility of the products is different, as shown in Figure 1. The vegetable oil 
based bitumen are less temperature susceptible and would thus be expected to have better low temperature properties. 
DSR Master Curve data has also confirmed this conclusion as shown in Figure 2. 

Figure 2: V10000 Viscosity Profile 
 
Another very important parameter to be given attention when introducing new products, is the short-term ageing 
(mixing, laying and compaction) and long-term ageing (during service life) behaviour of the product. To obtain 
relevant ageing data, tests were carried out on the asphalt mixture following an in-house developed protocol. In this 
ageing protocol using asphalt mixture, the un-compacted asphalt mixture was stored at 80 °C for 7 days and then the 
binder was extracted and the properties (pen and viscosity) determined. 

Figure 3: Retained Penetration on the binder extracted from the mix 
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As can be seen from Figure 3, the ageing data is not conclusive. Earlier laboratory binder ageing studies (without the 
extraction and recovery step) have not revealed any differences in ageing properties between the vegetable oil based 
bitumen and conventional bitumen. An example can be seen in Table 1. This raises the question about the suitability of 
the extraction and binder recovery method for the vegetable oil based binders. Consequently, it is not possible at this 
stage to draw a firm conclusion regarding ageing of these materials. Further investigations are required. 
A study on the reversible low temperature-aging phenomenon called physical hardening was conducted using the 
bending beam rheometer (BBR), following a procedure reported by Hesp [13-15]. Measurements of S and m-value 
after extended periods of low temperature conditioning showed that no changes occurred in the AASHTO M320 low 
temperature grading [16]. This shows that the materials tested are not likely to be vulnerable to physical hardening. 
Figure 4 shows relative performance of the vegetable oil based bitumen and reference bitumen and includes all the data 
in the physical hardening study.  
The retained stiffness modulus indicates the physical hardening of the material at low temperature. As can be seen, the 
reference material has higher retained stiffness at any given ageing step and is consequently hardening more. High m-
values indicate fast relaxation of stresses and are desirable at low temperatures. The relative m-values shown in Figure 
4 indicate that the vegetable oil based binder has better healing properties compared to the reference material. 
 

 

 
 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 4: Physical hardening study. Relative S and m-values after various low temperature storage conditions 
compared to original values 
 
3.2 Asphalt mixtures 
 
� For the HMA mix the following tests were carried out: 
� Indirect Tensile Modulus Test (ITSM) [17] 
� Water sensitivity analysis using the Indirect Tensile Strength Ratio (ITSR) [18] 
� Mixture low temperature properties evaluation by Restrain Cooling Test (RCT) [5] 
 
No significant differences were found in asphalt mixture stiffness modulus (ITSM) at 20 °C. Water sensitivity was 
measured using the Indirect Tensile Strength test according to EN12697-12. The asphalt mixtures were considered to 
have good resistance to water and no difference was found between the conventional binder and the vegetable oil based 
binder. After water conditioning, the surfaces of the opened specimens showed good coating of the aggregates. 
In the restrained cooling tests (RCT), it was not possible to reach the failure temperature for these soft binders. 
However, a clear difference was seen in the thermally induced stresses, with the vegetable oil based binder giving the 
lowest values. This again confirms what was seen in the BBR test, the vegetable oil based binder has improved low 
temperature properties compared to the reference binder. Fracture temperature was estimated by extrapolation to be 
approximately  –45 °C for the vegetable oil based mixture compared to –41 °C for the reference mixture.  
 

Condition Applied 

1 7days @ -14°C (Sample preloaded), tested at 
critical pass temperature 

2 7days @ -14°C (Sample preloaded), tested at 
critical fail temperature 

3 7days @ -14°C tested at critical fail temperature 

4 1hr @ -24°C tested at critical pass temperature 

5 1hr @ -24°C tested critical fail temperature 

6 7days @ -24°C (Sample preloaded), tested at 
critical pass temperature 

7 7days @ -24°C (Sample preloaded), tested at 
critical fail temperature 

8 7days @ -24°C tested at critical pass temperature

9 7days @ -24°C tested at critical fail temperature 
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3.3 Surface dressing 
 
Mix test: Mini Fretting test (dry and wet condition) [5] 
In the tests that have been carried out so far there were no significant differences noticed between the vegetable oil 
based bitumen and the reference bitumen. 
 
4. FIELD TRIALS 
 
The contractor MESTA carried out the field trials in Norway. The local Road Administration assisted in the selection of 
suitable locations for the trials and approved incorporation of the trials into commercial jobs to be carried out by 
MESTA. The Norwegian Asphalt Institute was also involved in the planning and execution of the trials and will be 
responsible for a follow-up and reporting. 
 
4.1 Hot mix asphalt application 
 
 
 
 
 
 
 
 
 
 
 
 
 
The pictures show the foam stabilised base course (left) and the wearing course after laying (right). In terms of mixture 
production, laying and compaction, no clear differences could be noticed between the two mixtures. However, there 
was a very clear difference in the odour and amount of fumes. The vegetable oil based binder was naturally somewhat 
different in odour compared to conventional bitumen. The odour was not in any way perceived as unpleasant. Both 
mixing plant operators and paving crew commented that the vegetable oil based binder resulted in less fumes.  
Asphalt pavements are expected to have a performance life of many years and it will naturally take some time to reach 
a final conclusion about the performance of such materials on the road. Shell Bitumen, MESTA and the Norwegian 
Asphalt Institute will be involved in a follow up in the years to come. 
 
4.2 Surface dressing 
 
The second trial was an application in hot surface dressing (fast moving train). As expected, no clear differences could 
be noticed between the two applications on the job site. The difference in odour and fumes as noticed in the HMA trial, 
was not so noticeable in the surface dressing trial due to the nature of the BL9000R product. 
The surface dressing was prepared by spraying at 150 °C (see right picture) on a foam stabilised base course (left).  
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5. CONCLUSIONS 
 
Laboratory investigations have shown that the right vegetable oils can be used to produce bitumen that meet standard 
bitumen specifications. Various testing of these bitumen and asphalt mixtures based on them show promising results. 
Their performance is expected to be at least equivalent to conventional bitumen.  
For field implementation, full-scale projects are required to verify laboratory results. Two trials have successfully been 
established in Norway to obtain field data of performance over time.  
Besides odour and fumes, no differences between the vegetable oil based products and conventional bitumen products 
could be noticed or seen from any of the involved MESTA staff or other present observers. 
The odour of vegetable oil based bitumen was significantly different from conventional bitumen, however not 
“unpleasant”. In the HMA trial, less evident smell from the vegetable oil based bitumen was reported from the mixing 
plant site. 
Visual observations made at the construction site suggested that the vegetable oil based bitumen emitted less fumes 
(MESTA opinion). 
People at the local Shell Bitumen depot, who prepared the vegetable oil based V10000, report that the vegetable oil was 
very compatible with bitumen. 
A follow-up will be organized in the coming years with involvement from Shell Bitumen, Mesta and the Norwegian 
Asphalt Institute. 
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ABSTRACT 
 
Reducing asphalt production temperatures has significant environmental benefits on emissions, exposures and energy 
consumption and a proper quantification is of high interest. An extensive study has been carried out to monitor the 
emissions released during the production of a new asphalt mixture manufactured at lower temperatures on the basis of 
the warm asphalt mixture technology using foam. In October 2006, during the construction of the high speed road 
Firenze-Pisa-Livorno in Italy, an extensive study on emission and exposure measurements was carried out. Several air 
pollutants (CO2, CO, NOx, SO2, TOC and dust) emitted by the chimney of the asphalt mixing plant were measured while 
producing hot mixtures and warm asphalt mixtures. Simultaneously, emission measurements were carried out on three 
positions in the asphalt mixing plant. During the asphalt laying and compaction operations, the paving crew was 
equipped with fume collection devices. For both emissions and exposures, the fume analysis was performed to 
determine the Total Particular Matter, Benzene Soluble Matter, Semi-Volatiles and specific polycyclic aromatic 
compounds. The results show for the asphalt produced and paved at lower temperatures a dramatic reduction in 
greenhouse gases emission and a considerable decrease of fume emissions and workers exposure, together with a 30 
percent reduction in energy demand. This confirms the great potential of lower production temperatures for the 
environment. 
 
Keywords: Emissions, Environment, Exposure, PAH, Foam 
 
1. INTRODUCTION 
 
Already for several years the road industry is looking at reducing asphalt production and laying temperatures. The 
immediate benefit is the reduction in energy consumption. In the traditional hot mix asphalt production temperatures as 
high as 160-170 °C are needed to dry the aggregate and to allow the asphalt binder to have low enough viscosity to 
completely coat all the aggregates with a strong bonding between binder and aggregate and to have good workability 
during laying and compaction. This makes a significant contribution to the durability of the road during exposure to 
traffic and weather. With the decreased production temperature comes the additional benefit of reduced emissions from 
burning fuels and improved workers environment at the plant site and at the paving site. Recently, several studies at 
intermediate temperatures (80 °C to 120 °C) have been reported [1-14]. 
At the intermediate temperatures, the range of 80 °C - 120 °C is of particular interest. At lower temperatures, e.g. 60-70 
°C, the binder should already have a certain level of stiffness and therefore not give enough workability and 
compactability. Above 120 °C energy savings are obviously less. However, this temperature range around 100 °C is 
also that of water evaporation and drying of the aggregates is considered important for good adhesive bonding. The 
benefits from lower operating temperatures are significant. But lower operating temperatures are difficult to put in 
practice since requirements on coating, workability, compaction, rapid stiffness build-up and final asphalt performance 
have to be fulfilled. 
Reduction of operating temperatures results in lower fuel consumption and reduced CO2 emission. Energy savings 
obtained at 100 °C is in the range of approximately 25 to 30 %, but depend on the moisture content of the aggregates. 
Significant further reductions can be obtained when going below 100 °C. This offers interesting issues in the asphalt 
mixing plant design to optimise for intermediate temperature processes. 
This paper describes the results of recent emission and exposure studies carried out at Conglobit during the production 
of asphalt manufactured at lower temperatures on the basis of the Shell patented warm asphalt mixture (WAM) 
technology using foam [7]. It must be understood that in all cases (hot and warm production) the values determined are 
well below any occupational exposure or environmental limit. This clearly demonstrates that both hot mix and WAM 
Foam production are fully acceptable from an occupational and environmental point of view. 
In October 2006, during a trial on the high speed road Firenze-Pisa-Livorno in Italy, several air pollutants (CO2, CO, 
NOx, SO2, TOC and dust) emitted by the chimney of the mixing plant were measured by Det Norske Veritas AS. 
Simultaneously, emission measurements were carried out at three positions in the asphalt mixing plant. During the 
asphalt laying and compaction operations, the paving crew was equipped with fume collection devices for exposure 
measurements. 
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For both emissions and exposures, fume analysis was performed to determine the total aerosols, the organic aerosols 
(Benzene Soluble Fraction), the gaseous fraction and specific polycyclic aromatic compounds. 
All measurements were performed during the production of the conventional hot mixtures and the production of asphalt 
according to the WAM foam process. The mixing temperatures were 180 °C for the conventional hot mixture and 120 
to 125 °C for the WAM Foam. The productions were carried out on different days of the same week, in the same 
mixing plant, with the same testing devices and in similar weather conditions in order to get a set of fully comparable 
data. In addition, energy consumptions for the two different productions were compared. 
 
2. EXPERIMENTAL 
 
Work was conducted on 25 and 27 October 2006 in Florence at a mixing plant that was modified to produce asphalt 
according to the WAM Foam process. The hard bitumen used for WAM was a 20/30 pen grade (EN12591 – Table 1) 
and the soft bitumen was a V10000 grade (EN12591 – Table 3). The objectives of the study were the following: 
� To determine personal exposures for applications on the road; 
� To compare, under field exposure conditions, the type of emissions using asphalt produced according to hot mix 

and warm asphalt mix processes; 
� To collect and compare emission values from mixing operations in the asphalt plant during WAM Foam and HMA 

production.  
Exposures to particulate matter were determined and compared with Italian Occupational Exposure Limits (OEL) for 
bitumen fumes (petroleum bitumen CAS number 8052-42-4). Some countries, such as Italy in 2003, have adopted the 
American Conference of Governmental Industrial Hygienists (ACGIH) recommendations [15] into national legislation. 
In January 2000, ACGIH changed its Recommended Exposure Limits (REL) for bitumen fumes. The limit was 5 mg/m3 
measured as total aerosols (mineral and organic). The latest REL is 0.5 mg/m3 measured as benzene-soluble aerosol of 
the inhalable fraction, i.e. the organic fraction of total aerosols. 
Total aerosols are measured using a closed-faced 37-mm cassette equipped with a PTFE filter, which is a "total aerosol" 
sampler (breathable fraction). Total organic aerosols are then extracted and quantified (Benzene Soluble Fraction or 
BSF). Note that the inhalable fraction is regarded as similar to BSF for this work. 
Sampling durations for HMA and WAM were between 3 and 4 hours which was adapted to obtain more than the 
minimum quantity (BSF > 0.1 mg/m3) required by NIOSH 5042. 
The positions of the samplers are indicated in Figure 1. 

� Two samplers close to the pugmill; due to the observed saturation of the filters in the case of hot mixture 
production, a third filter was added with a 60 minutes sampling time. No saturation was observed in the case of 
WAM Foam. 

� Two samplers set up at the top of the discharge hoppers. 
� Sampler(s) at the discharge point. 
� Static sampler, about 50 m away from the mixing plant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Emission samplers in the asphalt plant 
 
On 26 October, paving work involved the construction of a structural layer using asphalt produced according to the 
warm asphalt mixture process. An amount of 870 tons were laid on the site with a length of 1300 m, 3.5 m width and 
thicknesses were 90, 50 and 90 mm for the three sections of this layer. 
Recorded air temperatures were 19 °C in the morning and 30°C at 3 pm in the afternoon. Weather condition was cloudy 
with no wind. Paving crew sampling duration was around 400 minutes. 
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Sampling for exposure measurements was performed for the following jobs:  
� A paver driver 
� Two screedmen 
� A skilled labourer / raker 
� A roller compactor driver 

 
Personal pumps were used for fume sampling with a 2 l/min flow rate. The matter was collected on PTFE filters (2 �m) 
placed in the standard 37-mm cassette (see Figures 2 and 3): 

� Total aerosols, which represents the mineral and organic aerosols 
� BSF extracted from the filter with benzene, which represents the total organic aerosols (the remaining part is 

regarded as the mineral fraction or MF) 
  
 
 
 
 
 
 
 
 
 
Figures 2 and 3: Sampling equipment for emission and exposure measurements 
 
Two static samples were also taken in order to cover the whole worksite area on the road and to check whether there 
were aerosol sources other than the laying train. 
During the whole day of sampling, the absence of fumes (visual and smell) during laying of the warm asphalt mixture 
has to be noted (Figure 4). Only a little water vapour was observed from water used for the roller (compactor). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Exposure study during the paving operation 
 
The standard 37-mm filter cassettes containing PTFE were used in series with adsorbent tubes in order to collect the 
vapour fraction (gases). The suitable adsorbent used for trapping volatile compounds is XAD-2 with front and back 
adsorbent sections. The front and back sections were separately extracted using dichloromethane to check for 
breakthrough. Analysis and quantifications were performed by means of gas chromatography with flame ionisation 
detection (GC-FID). 
Sampling and analysis were carried out in accordance with NIOSH 5042 NMAM (MF & BSF using 37 mm samplers) 
with some minor changes. 
Polycyclic Aromatic Hydrocarbon (PAH) determination and quantification in the benzene-soluble fractions were 
conducted on the HMA samplers. This has not been done in the case of WAM as the amount of collected organic matter 
was too low for such analysis. The compound identification is based on the priority 16 compounds mentioned in the US 
EPA (Environmental Protection Agency) list. PAH analysis was carried out in accordance with Shell’s in-house AMS 
1057-1 method (based on the 610-EPA method for wastewater). PAHs were extracted with THF from the organic part 
of the collected particulates (BSF) and analysed by HPLC-UV. 
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3. RESULTS AND DISCUSSION ON MEASUREMENTS IN THE ASPHALT PLANT 
 
3.1 Results on fuel consumption in the asphalt plant 
 
The fuel (gas) consumption was measured at different levels of the plant’s production capacity in the range from 60-100 
%. The results showed a reduction in fuel consumption of 35%. 
 
3.2 Results gas and dust emissions from the chimney 
 
During the asphalt production for the paving work on the high speed road Firenze-Pisa-Livorno in Italy, several air 
pollutants (CO2, CO, NOx, SO2, TOC and dust) emitted by the chimney of the mixing plant were measured by Det 
Norske Veritas AS. An impression of the set-up is shown in Figures 5 and 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures 5 and 6:  Equipment for emission studies in the stack of the asphalt plant 
 
The results obtained at a production rate of 140 tonnes asphalt per hour are presented in Figures 7, 8 and 9. Lowering 
the operating temperatures from 180 °C in the hot mixture production to about 125-130 °C in the warm asphalt mixture 
production produced a considerable reduction in the amount of gas and dust emissions. 

Figure 7: CO2 emission levels at three measurement times in the asphalt plant 
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In Figure 7 the CO2 emission is shown in tonne per hour and emission reduction obtained is about 35%. Figure 8 shows 
that the CO reductions obtained were about 8% and the NOx reduction was about 60%. 

 
Figure 8: CO and NOx emission levels at three measurement times in the asphalt plant 
 
 

Figure 9: SO2 and dust emission levels at three measurement times in the asphalt plant 
 
Figure 9 shows that SO2 and dust emissions levels are low, but still reductions in the order of 25 to 30% can be 
obtained. 
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3.3 Results and discussion on emissions in the asphalt plant 
 
A first emission study was carried out in an asphalt mixing plant in 2000 [2]. This recent study is a more extensive 
study in an asphalt mixing plant. The results are presented in Figure 10, in which MF indicates the mineral fraction, 
BSF the benzene soluble fraction and VF the volatile fraction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10:  Emissions in the asphalt plant 
 
� It appears that the pugmill discharge is the location where most fumes are emitted. 
� The mineral fraction (MF) was found similar. 
� The organic fraction (BSF) was found significantly higher for HMA (up to 200 times more). Organic aerosols 

represent a little part of the total emissions for WAM unlike HMA (up to 4% and 90% respectively). 
� The volatile fraction (VF) was found higher for HMA (up to 6 times more). Due to the very low level of emitted 

BSF with WAM, the volatile fractions can represent almost all the organic emissions (up to 99%). 
 
4. RESULTS AND DISCUSSION ON THE EXPOSURE MEASUREMENTS ON THE PAVING SITE 
 
The exposure values (corrected for field blank) are given in Table 1. There are 8-hour Time-Weighted Average values 
(TWA). The 8-hr TWA values correspond to average exposure over the course of an 8-hour work shift. This value is 
often preferred because it is more representative of a full workday. 
  

8 h TWA in mg/m3 WAM laying (day 2) 
 MF BSF SV 
Paver driver 0.22 0.05 3.45 
Screedman 1 0.19 0.08 2.40 
Screedman 2 0.19 0.07 1.18 
Raker 0.16 0.14 2.93 
Roller driver 0.13 0.03 0.79 
Static 1 0.97 0.02 0.32 
Static 2 0.14 0.01 0.23 

 
Table 1:  Results of exposure measurements in 8 h time-weighted average values 
 
The main part of the aerosols is inorganic (mineral dust). Relevant exposure data (BSF) have been compared with 
Italian OELs. On an 8-hr Time-Weighted Average basis, no measured values exceed these OELs. 
It must be understood that in all cases (hot and warm production) the values determined are well below any 
occupational exposure or environmental limit. This clearly demonstrates that both hot mixture and WAM-Foam 
production are fully acceptable from an occupational and environmental point of view. 

 
When compared with Shell’s previous exposure measurements conducted on paving HMA, these emissions are in the 
lower range (commonly 0.05-0.60 mg/m3 in BSF). The same level of magnitude (< 0.05) was previously recorded when 
using usual pen grade binders (e.g. 35/50) at around 150°C. 
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The BSF data are also consistent with exposure data from our earlier studies (up to 0.05 mg/m3). 
Static values were found rather high especially in terms of mineral dust. This is probably explained by the traffic on the 
other side of the motorway. 
 
5. PAH IN BENZENE SOLUBLE FRACTION 
 
The PAH concentrations are the summed values for both BSFs and VFs. The analysis results are presented in Figure 11 
and the values are expressed in ng/m3. The sum of the 4-6 ring compounds and the sum of 15 detected PAHs are 
displayed. 
The results are consistent with the BSF values: the higher the organic fraction, the higher the PAH content is. The 
values for the hot mixture presented in Figure 11 are typical values derived from previous exposure measurements 
carried out by Shell. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: PAH concentrations 
 
 
6. CONCLUDING REMARKS 
 
In the asphalt production, the WAM Foam technology is significantly more environmentally friendly in terms of 
emissions of CO2, NOx, dust and organic aerosol. 
The organic aerosols, expressed in benzene soluble fraction, emitted with WAM at around 125°C are in the lower range 
commonly found for hot asphalt laying when good product stewardship is used (e.g. the use of lowest recommended 
temperature). This is in accordance with a previous Shell Bitumen paper, which demonstrates that in the temperature 
range relevant for paving applications (about 140 to 190°C), the fume emission rate increases by a factor of 2 for about 
every 12°C increase in temperature [16]. 
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ABSTRACT 
 
Refineries are responsible for a substantial amount of the residues produced in the petroleum industry. A 
problematic residue is the asphalt binder oil accumulated in the bottom of asphalt tanks. The present research 
aims to evaluate the use such residue as a binder for surface layers of low traffic roads, comparing the results 
with conventional asphalt cements (ACs) used in hot asphalt mixes. A combination of both materials, pure AC 
plus the referred residue, is also investigated. Binder properties were evaluated as well as the mechanical 
behavior of the mixtures, using resilient modulus, indirect tensile strength and fatigue tests. The mechanical 
tests indicate differences between the binders analyzed because of the low viscosity of the residue. Although the 
asphalt binder oil residue is shown not to be appropriate for high traffic roads, it has great potential for low 
traffic roads, in addition of representing an environmentally correct use of the residue.  
 
Keywords: asphalt binder oil residue, asphalt mixtures, low cost pavements, low traffic roads 
 
1. INTRODUCTION 
 
All operations in the petroleum industry generate a great number of oily residues. They are oily silts, silts of the 
cooling towers, catalyses expenses, residues of the towers of heat exchange, fine of coke and residuary waters. 
Many of the referred residues can contain materials potentially dangerous for health and for the environment. 
The refineries are responsible for most of such residues. Some products are accumulated in the bottom of the oil 
tanks. The great variety of generated solid and semisolid residues in these units, allied to their toxic potential has 
demanded the involvement of professionals in managing the destination of the residues, reducing risk to the 
public health and the environment. For a long time a major concern of the industry with its residues was to 
recover those residues with commercial value. One major residue is known as the asphalt binder oil residue. 
This residue is basically composed of emulsions of heavy oil, water and solids. Its variable composition, which 
is associated with the production in a refinery, makes it difficult to reuse the material.  
 
Residues collected in several areas of refineries are directed for a central office, where they are segregated, 
weighed, packed and directed for temporary or final disposal. Magalhães [1] indicates that the asphalt residue is 
generated by the processes of the productive system, i.e., operational processes related to the entrance and 
storage of the raw material, storage and transportation of products, equipment maintenance, tanks and materials, 
cleanness of oily water narrow channels, procedures and problems of communication. The products used when 
cleaning the storage tanks, during removal of the asphalt binder oil residue, are solvents originated from the 
crude and do not modify the chemical composition of the residue.  
 
The residue studied in the present research was provided by the Refinery Lubnor/Petrobras, located in Fortaleza, 
capital of the state of the Ceara, northeast Brazil. An average of 56 tons of asphalt binder oil residue was 
generated in the year of 2004, whereas in 2006, the amount was 400 tons. The generation of this type of residue 
varies in time and it also depends on the production capacity and generation of asphalt binder in the refineries. It 
is further associated with the maintenance of the storage tanks. 
 
The refinery investigated processes 1,100 m³/day of crude oil. It responds for approximately 13% of the asphalt 
production in Brazil. Lubnor/Petrobras is the only refinery in the country in which asphalt represents over 60% 
of the total volume processed. It is one of the leading asphalt production companies in the country. The refinery 
produces 235,000 tons per year of asphalt and 170 m³ of lubricant daily. 
 
The search for efficient and cost-effective solutions for managing residues is a constant challenge faced by the 
petroleum industry. The method currently employed by Lubnor/Petrobras for treating the asphalt binder oil 
residue is co-processing, i.e., the process of combustion of the oil residue in ovens of cement industries, used to 



eliminate the organic content, incorporating leached ashes to the produced Portland cement. In the state of 
Ceará, this is currently done in a cement industry 233 km distant from the refinery, resulting in a cost of 
approximately U$300.00 per ton of generated residue, not including costs of generation (cleanness, transport for 
the central office of residues, workmanship) and storage (maintenance, energy). 
 
It should also be noted that the use of residues generated by the petroleum industry has barely been explored in 
Brazil. The experience accumulated with this type of material is restricted to techniques of environmental 
treatment and use as a material in systems of waterproofing of sanitary embankments. Casagrande et al. [2] 
investigated the use of the residue in asphalt mixtures, aiming at low cost pavements. The results of the 
volumetric parameters and mechanical tests had indicated the potential use of the residue. New results are 
presented in this paper. 
 
2. METODOLOGY AND MATERIALS 
 
The following steps were taken to investigate the applicability of the asphalt oil residue as a binder in a hot mix 
asphalt (HMA): (i) aggregate selection and characterization; (ii) determination of binder viscosity such as to 
determine compaction and mixture temperatures; (iii) definition of aggregate gradation; (iv) mixture design 
using either a pure asphalt cement (AC) or a mix of the AC and the asphalt residue; (v) mechanical 
characterization of the mixtures by means of resilient modulus, tensile strength and fatigue tests. 
 
The aggregates were selected to fit gradation C of the Brazilian Federal Department of Roads (DNER). A coarse 
aggregate of maximum size of ¾” was used along with material passing sieve # 200, with real densities of 2.651 
and 2.655, respectively. All aggregates are of granite origin, including the referred filler. Los Angeles Abrasion 
of the coarse aggregate was 49% [3]. Several studies [4, 5, 6, 7, 8] have indicated that mixtures perform well in 
the field conditions of the state of Ceará even with such high abrasion value. For the preparation of the 
laboratory mixture specimens, aggregates were sieved in all sieves between ¾” and #200 to assure the least 
variation of the target gradation curve. 
 
The binder used in the study is an AC 50/70 refined at Lubnor/Petrobras from a crude of the state of Espírito 
Santo. It meets all Brazilian specifications [9]. The residue known as asphalt binder oil residue results from the 
accumulation of material removed from the bottom of the storage tanks of conventional asphalt at the referred 
refinery. According to Magalhães [1], the residue is considered of Class I (dangerous). Penetration tests, 
according to [10], indicated that the residue’s penetration is approximately 35% greater than the penetration of 
AC 50/70. 
 
Environmental tests in the HMA such as solubilization and lixiviation were not performed at this time and are 
planned for in the future of the research effort. 
 
3. BINDER VISCOSITY 
 
Brookfield viscosity and the subsequent compaction and mixture temperatures were determined based on [11] 
and [12] at three different temperatures: 135, 150 and 175°C. The AC 50/70 presented higher viscosity than the 
oil residue (about 30-40% higher). The variation decreased with the increase in temperature. Viscosity did not 
vary with different shear rates. Mixing and compaction temperatures were approximately 10°C lower for the 
residue when compared to the conventional AC. No aging investigation was performed in the residue because it 
is an aged material, and therefore its aging continues in a much lower rate than the aging of the conventional 
binder. It should be note that mixture and compaction temperatures are not significantly different specially when 
considering the mix of pure AC and the residue. The temperatures used in this study when considering a mix of 
pure AC and residue as the binder were the those of the material of higher content in the mix, either the AC or 
the residue. 
 



4. AGGREGATE GRADATION 
 
As it was previously mentioned, aggregate gradation C according to Brazilian specifications [13] was used, 
since it is the most widely used gradation in the state of the Ceará. Gradation C along with the targeted gradation 
curve are presented in Figure 1. 
 

 
Figure 1: Mixture gradation 
 
 
5. MIXTURE DESIGN 
 
In Brazil, the AC optimum content in HMAs is typically determined using the Marshall Procedure [14] or local 
adaptations of the procedure. Five groups of three samples with different binder contents are prepared. A first 
content is based on the local design experience with the components used in the mixture. The other four contents 
are within , 0.5% and within , 1.0% of the first arbitrary content. The theoretical maximum density (TMD) was 
determined based on the Rice test [15]. The volumetric parameters used for selecting the binder content are: void 
in the mineral aggregate (VMA), volume of voids (Vv), bitumen-void ratio (BVR) and apparent density. The 
optimum binder content was determined from Vv and BVR, according to [17]. Table 1 presents the values of the 
volumetric parameters when considering (i) 100% of conventional binder (AC 50/70), (ii) 100% of asphalt 
binder oil residue and (iii) with mixes of AC 50/70 and residue as binder. In the latter case, two different binder 
mixes were considered: (a) 40% AC + 60% residue; and (b) 60% AC + 40% residue. Figure 2 shows the 
mixtures prepared with 100% of AC and with 100% residue. 
 

 

Mixture 100% 
AC 50/70 

100%  
Residue 

40% AC 50/70 
+ 60% Residue 

60% AC 50/70 
+ 40% Residue 

Binder content (%) 6.9 6.8 6.9 7.0 
VMA (%) 19.5 19.1 19.6 19.7 

Vv (%) 4.1 3.8 4.0 4.1 
BVR (%) 79.1 79.9 79.4 79.3 

Apparent density 2.29 2.30 2.29 2.29 
 
Table 1: Volumetric results of mixtures 
 



Borra CAP  
 
Figure 2: Specimens prepared with 100% of conventional binder and 100% of asphalt binder oil residue 

 
All of the samples presented volumetric parameters that satisfy the recommendations [13], with respect to 
desired intervals of volume of voids (3-5%) and for the bitumen-void ratio (75-82%). The optimum binder 
contents found were a little above typical contents for conventional mixtures using the same aggregates in the 
state of Ceará [18]. 
 
6. MECHANICAL RESULTS 
 
Tensile strength tests in diametral compression (TS), at 0.8 mm/s, 25ºC, were performed according to [19]. The 
stiffness parameter typically used in Brazil is the resilient modulus (RM) [20]. Most repeated load tests in 
pavement laboratories in the country are performed in pneumatic equipments. The tests performed in the present 
research followed [21]. RM was determined in lab samples (diameter of 10 ± 0.02 cm and height of 6.35 ± 0.20 
cm), at 25°C. Instantaneous and not total strain is considered in the determination of the RM.  
 
The RM/TS ratio is often used in Brazil as a reference for mixture fatigue life. Lower values in this ratio are 
associated with larger fatigue lives, given that the mixture will have lower stiffness (absorb less stress) and/or 
higher tensile strength. The results are presented in Table 2. 

 

Mixture (1) Tensile strength in 
diametral compression (MPa) (2) Resilient Modulus (MPa) (2)/(1) 

100% AC 50/70 0.85 3,073 3,615 
100% Residue 0.65 2,232 3,434 

40% AC + 60% Residue 0.78 2,520 3,231 
60% AC + 40% Residue 0.84 2,729 3,249 

 
Table 2: Tensile strength and Resilient modulus results 
 
The tensile strength results for the mixture with 100% residue as the binder presented lower values when 
compared to the conventional HMA investigated. The values are also lower when compared to other mixture 
studies in the state of Ceará [6, 7]. As for the resilient modulus, the results of the mixture with 100% residue are 
not far from results of conventional mixtures in the state [17]. Nevertheless, the RM value is approximately 27% 
lower when compared to the mixture with pure AC. The differences can be related to the lower viscosity of the 
residue when compared to the viscosity of the pure AC. In the binder formed by a mix of pure AC and residue, it 
is noted that the results are improved as the AC content increases in relation to the residue content, which is 
expected. The MR/TS ratios of all four situations analyzed are similar. They are also close to the value typically 
found in the state mixtures, i.e., 3,000 [22, 23]. 
 

Asphalt Binder Oil Residue Conventional Binder (AC 50/70) 



Fatigue is a process of structural deterioration that a material undergoes when submitted to a repeated stress 
state, even when such state is much lower than the material’s strength. Mixture fatigue lives in Brazil are 
typically obtained in the laboratory under diametral compression. The number of loads to failure is plotted 
against the stress state given by a difference between compression and tensile stresses in a cylinder diametrically 
loaded. Such parameter, /-, should vary in such a way to produce curves in log-log space that are sufficiently 
spread. Even though the test is not a good representation of reality given the fact that it is an accelerated test, 
with no consideration for the binder aging and no pause between loads, it is considered in the country 
appropriate to rank mixtures with respect to fatigue life, particularly within the same field conditions.  
 
Figure 3 presents the fatigue curves of the mixtures investigated. It is easy to note that the mixture with the 
residue as the binder presents the lower fatigue life, when considering the same stress state. The mixture with the 
pure AC and the one with 60% AC + 40% residue preformed very similarly, especially under lower stress states. 
The results indicate that a mixture with 100% residue should not be used under high traffic volumes but may be 
used for low traffic roads. Whereas a combination of AC and residue allows the use of a substantial amount of 
residue (40%) even for high traffic volume roads. Such percentage of residue represents an economy of 
approximately US$ 8,000/km 
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Figure 3: Fatigue results 
 
This research will continue testing other mixtures using different aggregates and gradations. Superpave mixture 
design is being planned, as well as permanent deformation tests using the recently developed Laboratorial 
Traffic Simulator at Universidade Federal do Ceará. Moreover, environmental tests will be performed. 
 
7. CONCLUSIONS 
 
The following conclusions are drawn with respect to the potential use of the asphalt binder oil residue in asphalt 
mixtures: 

� The asphalt residue investigated presents lower viscosity than the conventional AC 50/70 typically used 
in Northeast Brazil; the viscosity did not vary with shear rate, only with temperature; 

� Mechanical tests indicated worst performance for mixtures with 100% residue as the binder. 
Nevertheless with a combination of pure AC and residue, it was possible to produce a mixture with a 
mechanical behavior similar to a conventional HMA, specifically with 60% AC + 40% residue; 

� The residue investigated should not be used by itself in mixtures that will be used in high volume roads. 
Such cases should be considered only with a combination of the residue with the pure AC. However, 
the results indicate that a mixture with 100% residue as the binder can be used in low traffic volume 
roads. Either combined or by itself in low traffic roads, the use of the residue represents not only great 
cost economy, but also an environmentally friendly solution for a current problem of the petroleum 
industry. 

/-.
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ABSTRACT 
 
The shortage of natural aggregates in some regions of Brazil– particularly the Amazon region– constitutes a serious 
obstacle to highway engineering and, consequently, to regional development. In recent years, research has been 
directed to obtain lower cost aggregates by way of the calcination of selected clay soils and via the analysis of the 
performance of these aggregates as paving materials. Said technology has attained results whose mechanical behaviour 
characteristics are similar to rock aggregates, which has resulted in a financially vantageous alternative for highway 
infrastructure in the Amazon region, and the North of Brazil in general. 
 
To put into practice the conceived methodology, samples of aggregates of calcined clay originating from experimental 
production in a ceramic industry in the Amazon region were prepared. This paper presents the principal results 
obtained, as well as the quantification of the involved costs in this pioneering industrial production of calcined clay 
aggregates. 
 
Keywords: aggregate, environment, industrial application, mechanical properties 
 
1. INTRODUCTION 
 
The lack of natural aggregates in various regions of the country, particularly in the Amazon (Figure 1), constitutes a 
serious obstacle to highway construction. Summing together the geologic scarcity of mineral deposits, the severe (and 
correct) environmental restrictions regarding their exploration, serve to aggravate this need, thus making the search for 
artificial aggregates an attractive alternative. In Brazil, the principal studies about technologies related to the discovery 
of artificial aggregates had continued to advance due to the efforts of scientific and strategic research towards this end. 
 
Within this context, the Military Engineers of Brazilian Army have had to deal with this problem for some time, since 
several Engineering Battalions are located in this area, that, frequently are responsible for the construction and 
maintenance of the diverse highway corridors which are indispensable and aggregate value to regional development, 
national integration and help to maintain the strategic policies of the Amazon region. 
  

 
Figure 1: Shortage of rocks at Brazilian’s Amazonian area (north area of the country). Principal cities 
(including Santarém) and federal roads. 
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Area without rock 



 

Research regarding the production and use of ceramic aggregates in Brazil, had its beginning in the 1980’s, with studies 
being done at the Highway Research Institute (Instituto de Pesquisas Rodoviárias - IPR/DNER1), regarding the 
production viability of expanded clay aggregates in the northern region [1] [2]. The preliminary results indicated 
elevated production costs for this type of aggregate, which made further studies not viable. 
 
In the last 10 years, research done at the Military Institute of Engineering [3] [4] [5] (Instituto Militar de Engenharia – 
IME) and at the Federal University of Rio de Janeiro [6] (Universidade Federal do Rio de Janeiro – COPPE/UFRJ) has 
been directed towards, with success, obtaining aggregates at lower cost, by way of calcination of selected clay soils and 
the analysis of their behaviour in asphalt and soils mixtures. 
 
2. PROPOSED METHODOLOGY 
 
With the intuition of searching for an industrial process for the production of calcined clay, naturally, a great similarity 
was observed between the conventional ceramic industries. With this as a basis, the state of the art was researched, with 
emphasis placed on technical norms, laboratory tests, industrial equipment employed, fuel for furnaces, temperature and 
firing time of ceramic products. 
 
After concluding the literature search, it was possible to plan a methodology which could best represent and evaluate 
the characteristics of the raw material, the ceramic produced and at the same time, obtain the responses of the aggregate 
to be used in pavement. The proposed methodology is illustrated in Figure 2, which shows all the steps that involves the 
process: from the choice of raw materials, production and up to the use of the calcined clay aggregate. 

 

 
Figure 2: Flow diagram of methodology: steps of analysis of the raw material; choice of manufacturing model; 
employment. 

 
2.1. The ceramic industry alternative 
 
Parallel to the beginning of the experimental phase of the study, which contemplated a complete application of the 
presented methodology, the principal national ceramic production poles were visited in the States of Rio de Janeiro and 
Pará. 
 
Such knowledge was useful to conceive a plant design to manufacture the calcined clay aggregate, being proposed 
jointly with the methodology, similar in form to that elaborated by DNER, whose research was focused on an expanded 
clay aggregate [2] and that, due to motives of costs and low mechanical resistance, was deemed not viable for use in 
paving. 
 

                                                           
1 In Brazil, the DNER – Departamento Nacional de Estradas de Rodagem (currently the DNIT – Departamento 
Nacional de Infra-estrutura de Transportes) was the political organ responsible to execute transport policies as 
determined by the Federal Government. 
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During these visits, another possibility for production was envisioned, and, consequently, a novel alternative was to be 
considered: to produce the calcined clay aggregate in a conventional industrial unit used to manufacture ceramic pieces, 
such as bricks and roof tiles. 
 
This alternative was also included, due to peculiarities of the diverse municipalities located in the northern region of the 
country, affected by the scarcity of rock formations, and which do not possess the elevated financial resources required 
for the acquisition of a ready made plant factory. It was in light of these facts that the solution which was encountered 
was implemented and composed a line of action within the research. 
 
2.2. Experimental production 
 
As related previously, the possibility of evaluating an experimental production pilot run in a ceramic industry, seemed 
highly desirable. At this point, were then procured industries in the municipality of Santarém (located in the Amazon 
region) which had at their disposal a kiln with adequate control of firing temperature, to serve as a model within the 
framework of the proposed methodology. 
 
During the visit to ceramic industries of Santarém, the technology was presented to the respective businessmen (Figure 
3), and initially, was almost unanimously accepted, once it was demonstrated that the technology was not only a 
solution to a local engineering problem, but also represented a new alternative to the existing market of construction 
materials. The technical merits of the aggregates, their quality having been tested and established through subsequent 
research, combined with a lower cost to the final consumer in comparison to the acquisition of gravel based aggregates 
proved to be an attractive alternative. 
 

  
Figure 3: Sample of calcined clay produced in 
laboratory, disseminated to the ceramic 
manufacturers in Santarém. 

Figure 4: Calcined clay aggregate produced in a 
kiln in Santarém. 

 
Believing that a pilot production could only be viable in the mid-term, nonetheless in less than three weeks contact was 
made by the owner of a ceramic factory, informing that they had already manufactured approximately 400 kg of 
aggregate, already crushed, and ready to be sent for evaluation in laboratory. Thus, in this manner was registered the 
first industrial production (Figure 4) of the calcined clay aggregate, under technological control, in a production unit of 
ceramic pieces. 
 
3. THE AGGREGATES PRODUCTION 
 
To follow, are related the principal characteristics of the manufacture realized in the ceramic industry (in this work 
being denominated as the Production Unit or simply, PU) which was made available for experimental production. 
 
The clay is extracted and transported from the source (close to the Amazon River) to the deposit under a covered patio 
at the PU during which time, a short curing or seasoning occurs. The mass is then prepared with conventional 
equipment common to ceramic factories (laminators, disintegrators, crushers and humidifiers) and then is extruded into 
bars 25 cm long, with the thickness and height approximately equal to a solid brick. Drying of the bars was satisfactory 
being performed at ambient temperature although a drying unit does exist at the PU. 
 
The PU is equipped with tunnel type kilns for firing conventional ceramics. These pieces are piled in “wagons” which 
are moved over tracks into the kilns, which in turn, are closed and sealed for firing. The firing of the cylindrical bars 
was effected up to a threshold temperature of 950o C. These bars were piled in the upper part of the wagons, the same 
position as tiles, and were fired together with the pieces (bricks and tiles) of the conventional production at the PU. 
 
The PU effects temperature control by way of sensors placed at diverse points within the tunnel furnace. The firing time 
lasted, on the average, 36 hours, but this was due to the necessity to take advantage of the total firing time used for the 
production of bricks and tiles, which, at this PU, generally requires this firing time. The fuel used was a mixture of 
firewood and leftovers from logging and wood manufacturing operations. Both are acquired at low cost due to the large 



 

number of wood manufacturers in the region near the PU. On the occasion of the visit, new burners were being installed 
to use sawdust and natural gas as fuels. A burning of one mobile wagon produces between 13000 to 20000 pieces, 
consuming on the average, 20 m3 of firewood. 
 
By convention, this sample of aggregates produced in the PU at Santarém, received the denomination of “Industrial 
Calcined Clay”. Figures 5, 6 and 7, show the structure of the Production Unit chosen for manufacturing the 
experimental lot. 
 

Figure 5: Photo of the wagon 
outside of the oven with the pieces 
piled (bricks and roof tiles). 

Figure 6: General view of the 
tunnel furnaces at the PU and of 
the rail system for moving the 
wagons. 

Figure 7: Device for controlling 
the firing temperature installed at 
the tunnel furnace wall. 

 
4. RESULTS OBTAINED 
 
In the sequence of the research, there were realized diverse tests to verify the mechanical resistance of the “industrial 
calcined clay” aggregate, as well as its performance in soil aggregate and asphalt mixtures. To better understand the 
results obtained, Table 1 shows the operational sequence followed. 
 

Item Action taken 

1o Preliminary tests on raw material. 

Complementary tests on raw material: chemical and mineralogical analysis, differential thermal analysis 
2o 

and thermogravimetric analysis. 

3o Experimental production of 400 kg of calcined clay aggregates in a ceramic industry. 

4o Mechanical resistance evaluation of the calcined clay aggregates experimental lot. 

5o Costs analysis involved in the experimental production. 

6o Employment: soil-aggregate mixture; asphalt mixture; performance evaluation (laboratory). 
 

Table 1: Steps of the experimental stage 
 
4.1 Preliminary and Complementary Tests 
 
In addition to the two samples of clay soils provenient from Santarém (light and dark), there was a third sample which, 
in truth is a mixture of 50 weight % of each. This was performed to simulate the practice of Santarém ceramic 
industries. These raw material were called “without addition”, because other materials were in fact added in the test 
sequence to verify the absorption of the artificial aggregate. 
 

Sample 

Fine 
crushed 
gravel 

(%) 

Coarse 
sand 
(%) 

Medium 
sand 
(%) 

Fine 
sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Liquid 
Limit 
(%) 

Plastic 
Limit 
(%) 

Plasticity
Index 
(%) 

Dark sample 0 0 0.35 13.77 12.82 73.06 59.8 30.6 29.2 

Light sample 0.07 0.02 1.55 31.58 4.86 61.92 45.6 25.2 20.4 

Mixture w/out addition 0 0.04 1.39 27.45 8.30 62.82 44.7 22.7 22.0 
 

Table 2: Characterization of the raw material (clays) from Santarém 
 



 

Sample (method) I.L. 
(%) 

SiO2 
(%) 

Al2O3 
(%) 

Fe2O3 
(%) 

CaO 
(%) 

TiO2 
(%) 

MgO 
(%) 

Na2O 
(%) 

K2O 
(%) 

Lower limit of the methodology 0.10 15.00 11.90 0.08 0.01 0.01 0.10 0.01 0.01 

Mixture w/out addition (EDS) - 65.02 26.18 8.79 - - - - - 

Mixture w/out addition 
(Fluorescence) 9.92 57.26 25.96 3.60 0.19 1.08 - - 0.92 

Upper limit of the methodology 27.00 77.80 56.00 9.62 20.10 3.50 16.30 11.80 16.9 
I.L. = Ignition Loss 
Dash ( – ) = It was not identified a significant value of the chemical substance for the accomplished method 
Table 3: Chemical composition by EDS and Fluorescence methods 
 

Sample Present Clay minerals Predominant Clay mineral 

Light sample Kaolinite, Illite or Quartz Kaolinite 

Dark sample Kaolinite and Illite Illite 

Mixture w/out addition Kaolinite and Illite Kaolinite 
 

Table 4: Clay minerals present in raw material provenient from Santarém 
 
In addition to being in accord with the propositions of the methodology, whose limits are taken from the literature, a 
mixture of the two types of clays revealed chemical substances and clay minerals (Table 3 and Table 4) propense to the 
formation of a ceramic body in which the role of flux elements could diminish the porosity and absorption, and increase 
the mechanical resistance of the calcined clay aggregate. 
 

 
 

Figure 8: Curves of differential thermal analysis, thermogravimetric and derived thermogravimetric. 
 
Figure 8 shows the thermogravimetric (TG), derived thermogravimetric (DTG) and the differential thermal analysis 
(DTA) curves of the raw material. It should be pointed out what occurs on the TG and DTG after 500º C, or be it, the 
loss of mass is practically insignificant, and this fact may allow the firing process to be accelerated after passage 
through this critical temperature, once that would not be formed fissures, cracks or internal tension in the aggregate. 
 
4.2 Mechanical resistance of the industrial calcined clay (experimental lot) 
 
The following tests were realized: Los Angeles abrasion test (AASHTO T 96); Pressure slaking test of synthetic coarse 
aggregate (Texas DOT Method Tex-431-A); Aggregate crushing test (British Standards – BS 812–110); Specific 
gravity and absorption of coarse aggregate (AASHTO T 85); 10% Fines Aggregate Crushing Test (British Standards – 
BS 812–111); Aggregate impact test (British Standards – BS 812–112). Comparatively, the same tests (with five 
samples) were performed with rock gravel aggregates and calcined clay aggregates made in laboratory ovens. 
 



 

Test (Reference Method) 
Calcined clay 
(laboratory) 

(900oC) 

Industrial
Calcined 

clay 

Commercial 
gravel (Rio de 

Janeiro) 

Limits 
(suggested by methodology)

Los Angeles abrasion test 
(AASHTO T 96) 30 % 28 % 47% Less than 50% 

Pressure slaking test of synthetic 
coarse aggregate (Tex–431–A) 2.1% 1.2 % 2.4 % Less than 6% 

Aggregate crushing value – ACV 
(BS 812–110) 23.5% 21.4% 27% Less than 40% 

Specific gravity and absorption of 
coarse aggregate (AASHTO T 85) 16 % 11.3 % 0.90% Absorption Less than 15% 

Ten percent fines value – TFV 
(BS 812–111) 114 kN 106.1 kN 89 kN More than 60 kN 

Aggregate impact value – AIV 
(BS 812–112) 19 % 18.6 % 20 % Less than 60% 

 
Table 5: Results of mechanical resistance tests with laboratory prepared aggregates of calcined clay (900º C), 
industrial calcined clay and commercial gravel provenient from Rio de Janeiro. 
 
4.3 Cost analysis of experimental production 
 
In order to estimate a manufacturing cost of the industrial calcined clay aggregate, some data relative to the productive 
process were necessary, as well as a monthly planning schedule (Figure 9) relative to the PU costs, as well as 
information regarding overhead and material costs related to the production of solid brick manufactured in this ceramic 
industry. 
 

Em
pl

oy
ee

s'
 p

ay
m

en
t

C
la

y

C
la

y 
tra

ns
po

rta
tio

n

In
du

st
ry

 e
ne

rg
y

Fu
el

 w
ith

 tr
an

sp
or

ta
tio

n

M
ai

nt
en

an
ce

O
il,

 d
ie

se
l a

nd
 g

as
ol

in
e

So
ci

al
 ta

x

O
th

er
s

M
ar

ke
tin

g

Tr
an

sp
or

ta
tio

n

M
ec

ha
ni

ca
l p

ar
ts

Te
le

ph
on

e

O
ffi

ce
 s

up
pl

y

U
ni

fo
rm

As
so

ci
at

io
n 

/ U
ni

on

M
ed

ic
in

e

In
te

rn
et

W
at

er

$0,00

$500,00

$1.000,00

$1.500,00

$2.000,00

$2.500,00

 
Figure 9: Costs (monthly) for solid brick production at the Production Unit (PU) 

 
Knowing that these annotations refers (in terms of weight) to a production of 486 metric tons of solid brick during the 
period of analysis, and parting from some basic considerations with respect to the transformation of the volume to 
crushed aggregates, calculations are presented in Table 6: 
 



 

Cost/ton = R$ 60.78 (US$ 30.65) (€ 23.05) 
Specific apparent mass - � (ton/m3) = 1.05   

Conversion Factor (lower limit) = 0.25   
Conversion Factor (upper limit) = 0.60   

Cost/m3 (solid) = R$ 63.82 (US$ 32.19) (€ 24.20) 
Cost/m3 crushed (lower limit) = R$ 51.06 (US$ 25.75) (€ 19.37) 
Cost/m3 crushed (upper limit) = R$ 39.89 (US$ 20.12) (€ 15.13) 

 
Table 6: Estimated cost of the industrial calcined clay aggregate in Brazilian reais (R$), US dollars (US$) and 
Euros (€). 
 
4.4 Use as pavement material: soil-aggregate and asphalt mixture 
 
Tests were realized according to the following sequence: 
 
^ Soil-aggregate mixture: 
 
{ Compaction Test 
{ CBR Test 
{ Resilient Modulus Test (MR) 

^ Asphalt mixture: 
 
{ Marshall method design 
{ Indirect Traction Resistance test (RT), Resilient Modulus (MR) and Fatigue 
{ Degradation test after Marshall compaction 

 
A soil-aggregate mixture was planned (Figure 10) according to a composition of 50 wt. % of sub-grade soil (CBR = 
15%) in the study region (Federal Highway BR-163 in the State of Pará), and 50 wt. % of clay aggregates. 
Comparatively, the same mixture (with an identical granulometric curve) was tested using the Rio de Janeiro gravel, 
which in turn, was being used as the basis for tests of mechanical resistance. In addition to the gravel and the industrial 
calcined clay aggregate, two additional samples of aggregates were utilized, thus forming 4 distinct mixtures. These last 
two samples were aggregates of calcined clay prepared in laboratory ovens at temperatures of 900o C and 1.000o C. 
 

 

Figure 10: Results of CBR and MR of soil-aggregate mixtures. At right, photo of the soil-aggregate mixture and a 
test specimen for resilient modulus test (MR). 
 
The asphalt reached an optimum content with 8.7% of bitumen and a void content of 4.4%, according to Marshall 
specifications. The performance of the asphalt concrete designed only with bitumen (Penetration Grade 50/70) and 
100% of industrial calcined clay aggregates is presented in Table 7. 
 

Reference 
 
Parameter 

PINTO [7] 
Asphalt concrete with 
gravel 

BATISTA [4] 
Asphalt concrete with 
laboratory calcined clay 

Asphalt concrete with 100% 
of industrial calcined clay 
aggregates 

RT - 25ºC (MPa) 0.81 0.65 0.76 

RT - 30ºC (MPa) 0.63 0.33 0.47 

RT - 35ºC (MPa) 0.42 0.22 0.33 

MR -25ºC (MPa) 3520 2086 3225 
 
Table 7: Comparative performance of asphalt concretes. Results of indirect traction resistance (RT) and Resilient 
Modulus (MR). 
 

Mixture 01: Aggregate of 
industrial calcined clay 

Mixture 02: Aggregate of 
laboratory calcined clay at 
900oC 

Mixture 03: Aggregate of 
laboratory calcined clay at 
1.000oC 

Mixture 04: Commercial 
gravel from Rio de Janeiro 

Mixture: 50% soil 
 50% aggregate 

CBR = 86%

MR = 153.6 MPa

Mixture: 50% soil 
 50% aggregate 

Mixture: 50% soil 
 50% aggregate 

Mixture: 50% soil 
 50% aggregate 

CBR = 64%

MR = 144.9 MPa

CBR = 84%

MR = 192.3 MPa

CBR = 105%

MR = 228.9 MPa



 

Table 8 presents the last result regarding the asphalt mixture: the Degradation Index verified after compaction in 
Marshall equipment. Some authors [8] registered that the Marshall compactor results in a more severe impact than that 
experienced in field. As such, limits of 6% were already cited as the most appropriate for acceptance of degradation of 
the aggregate, after compaction in the Marshall apparatus with bitumen. 
 

Sieve Medium of specimens tested 
(% passing) 

Designed asphalt mixture 
(% passing) Difference 

1 1/2" 100% 100% 0% 

1" 100% 100% 0% 

3/4" 100% 100% 0% 

1/2" 85% 85% 0% 

3/8" 78% 75% 3% 

Nº 4 58% 52% 6% 

Nº10 34% 25% 9% 

Nº 40 17% 16% 1% 

Nº 80 13% 11% 2% 

MARSHALL 
DEGRADATION 

Nº 200 11% 8% 3% 

DEGRADATION INDEX ALL SIEVES: 4.00% 

 
Table 8: Degradation Index of industrial calcined clay aggregates after Marshall compaction. 
 
5. DISCUSSION AND CONCLUSIONS 
 
^ The knowledge obtained with the ceramic manufacturers ratified the need to evaluate: the chemical composition, the 
mineralogy and the thermal analysis of the raw material; 
 
^ The raw material which possesses a significant content of flux elements (or still alkaline oxides), as well as the clay 
minerals of the illite and kaolinite groups confers a satisfactory resistance upon the aggregate; 
 
^ Thermal analysis (differential and thermogravimetric) has proved to be a useful tool as how to thermally treat the 
aggregate, in other words, its “burning plan”; 
 
^ The hypothesis of the production of calcined clay in a ceramic industry, consolidated during the visits, proved to be 
technically viable and financially advantageous. This alternative was mainly planned, in order to attend the small 
demands of municipalities from Brazilian northern region, which encounters logistical difficulties peculiar to this 
region, and does not have conditions to dispose elevated financial resources to acquire pre-fabricated plants; 
 
^ The produced aggregate in ceramic industry presented mechanical resistance similar to those observed made with 
natural aggregates. In addition to this fact, the degradation test confirmed the capacity of the aggregate to support severe 
mechanical compaction even superior than what is observed in field; 
 
^ An estimate and simple accounting of the production costs performed in Santarém, demonstrated that one m3 of 
gravel in the region costs more than US$ 50,00 (€ 35,50) and it represents, more than 100% of the cost per m3 noted in 
the production of the industrial calcined clay aggregate whose median value was approximately US$ 23,00/m3 (€ 
17,00/m3); 
 
^ The bitumen content at the calcined clay aggregate asphalt (8% to 9%), may appear elevated when compared to the 
amount used in conventional asphalt concretes with natural aggregates (4% a 7%). It should be remembered that the 
proportion of mass and volume differs between these two mixtures in particular, and it should be understood that the 
thickness of the layer observed in the pavement, in principle, should be the same; 
 
^ Taking as an example a conventional Marshall specimen, which for gravel mixtures, a mass of 1.200g (thickness 
approx. = 6cm) is observed, for an asphalt concrete prepared with calcined clay, the mass corresponding to the same 
volume is approximately 900g, including the bitumen. In other words, a bitumen content of 8% in an asphalt concrete 
with calcined clay, corresponds by weight to a bitumen content of 6,7% in a specimen with 1.200g and same thickness; 
 
^ Supposing now a 6,7% bitumen content, it would be increased by 1% compared to a conventional asphalt concrete 
with gravel (5,7%). It should be remembered at this point, that the relation of costs between acquisition of gravel in 



 

region of study, and the cost attained with experimental production, is greater than 100%. Considering also that the 
aggregates correspond, by weight, to more than 90% of both asphalt mixtures in question, it is trivial to conclude the 
financial advantage to the adoption of asphalt concrete with calcined clay, remembering yet again that similar 
performances were observed in the two asphalt mixtures (indirect traction resistance and resilient modulus); 
 
^ Considerations made in the estimative calculation resulted in a median cost of US$ 23,00/m3 (€ 17,00/m3) for the 
calcined clay. According to data supplied by the owner of the industry responsible for the experimental production, 
there are various factors which are capable of causing an accentuated decrease in this value if a specific, dedicated 
production line were designed and constructed; 
 
^ The current objective to construct and evaluate two experimental tracks with this alternative material (through the 
PhD research of the first author), is being faced forcefully in order to propose this infrastructure transport solution to the 
diverse municipalities of the northern region of Brazil and, this way, qualify the construction of local roads which were 
previously not viable due to the “Amazon cost”. 
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ABSTRACT 
 

A service of the Electroic Toll Collection (ETC) system has been spreading all over Japan from December 2001. 

The aims of this system are: 

- to relief traffic congestion at tollgates on expressway; 

- to improve driver’s convenience; 

- to reduce the environmental pollution caused by exhausted gas. 

 As ETC is a system which does short-range communication using 5.8GHz radio wave between Road side unit and 

On-Board equipment, the leak of radio wave can not be avoided. 

 The direct wave is indispensable to communicate, but the wave after reflected on the walls or the pavements needs to 

be eliminated in order that ETC system could work correctly. 

 Although the radio wave absorption panels are equipped to restrain reflected wave, all the panels couldn’t be applied 

to several types of tollgates depending on its structural limitations. 

 In this case, it is necessary that the pavement should have a function which restrains reflected radio wave. 

 For these reasons, we have developed a radio wave absorption pavement with iron oxide dust, which is added at the 

process of asphalt mixture. 

 This paper shows the development process of a radio wave absorption pavement and the results of its application to 

sites. 
 
Keywords: ETC, Multiple Reflection, Iron oxide dust, Electric Wave Absorption, Received Power 
 
1.INTRODUCTION 
 
A service of ETC (nonstop automatic charge payment system) was nationally developed from December 2001 in 

JAPAN. It is purpose of traffic congestion relief of expressways tollboothes , improvement in driver’s convenience and 

reduction of the environmental pollution caused by exhausted gas. It was used about 50,000 sets/day in first time. But 

now ETC is used by about 5,200,000 sets /day in June 2007. The number of use is increasing more than 100 times 

during about six years.  ETC system is communicated from way side antenna to in-vehicle antenna. And it is using 

5.8GHz electric wave which performing short range communications (Table1: refer to the kind of electric wave). 



 ii

In this ETC, only the electric wave transmitted and received directly from a tollgate’s way side antenna to in-vehicle 

antenna is required. But sometimes the received wave after reflecting on the surface of a wall and a pavement road 

surface is product an unnecessary electric wave. It is desirable to absorb it (Figure1: refer to the mimetic diagram of an 

electric wave communication obstacle). In each highway, it is the purpose of controlling an electric wave obstacle and 

installation of electric wave absorption panels are promoted. However, at a place where installation of a panel is 

difficult depending on the structure of an ETC tollgate.  We need to give an electric wave reflex inhibition function by 

pavement[1]. 
 
 

Types of electric wave Sign Range Reference 

VLF wave VLF 3kHz - 30kHz  

Long wave LF 30kHz - 300kHz  

Inside wave MF 300kHz - 3MHz  

Shortwave HF 3MHz - 30MHz  

Ultrashort waves VHF 30MHz - 300MHz  

Ultrahigh frequency UHF 300MHz - 3GHz 2.4GHz:  for using microwave oven 

Cm wave SHF 3GHz - 30GHz 5.8GHz:ETC 

Millimeter wave 30GHz - 300GHz  

Submillimeter wave 
EHF 

300GHz - 3THz  

Table 1 :Types of electric wave 

�

 

 

 

 

 

 

 

 

We developed the pavement which has electric wave absorption performance by taking these conditions into 

consideration. The iron oxide dust is used for this pavement as a part of filler. This paper introduces the development 

outline and the on-site application result of using electric wave absorption pavement.  

2. Development of Electric Wave Absorption Pavement  

2.1 Structure of Electric Wave Absorption Pavement  

The following characteristics are required for Electric wave absorption pavement. 

(A) Dynamics quality equivalent to the conventional pavement.   

(B) Reduce reflection of the electric wave on the surface of pavement is lessened.  

(C) Absorb electric wave penetrated into the pavement.  

 Asphalt mixture layers (Surface course and Base course) are usually used for upper part of the reinforced concrete 

pavement in Japanese highway’s toll gates.  

Figure 1: Electric wave communication obstacle mimetic diagram by road surface reflection  

Non  Communication  Area

Canopy

Electric Wave  Absorption Pavement

Road Side Unit

Road Surface

Communication Area
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Since the steel rods of reinforced pavement were puffed up in reflection of an electric wave. In this reason, it gave the 

function of (B) to the surface part, and it gave the function of (C) to the basis.  

The principle of electric wave absorption is the same as the microwave oven which uses a 2.4GHz electric wave, and 

is changing an electric wave into heat. For this reason ,in base course part is easy to change an electric wave to heat, we 

decided to mix material with a high dielectric constant. 

2.2  Performance Measurement of Electric Wave Absorption Pavement  

�  Evaluation of the amount of electric wave absorption was performed in the amount of reflective attenuation. 

Measurement apparatus was performed using a rigid guide antenna (Figure2) and a network analyzer (performance 

range 1-18GHz)[2]. The electric wave absorption performance was evaluated using the amount of reflective attenuation 

of 5.8GHz sent from an ETC antenna. The amount of reflective attenuation made the amount of reflective attenuation 

when using aluminum plate the standard (0dB). And there is so little reflection of an electric wave as this value is large. 

Incidence of an electric wave and the degree of angle of reflection were 7.5 degrees in the early stage of mixing 

selection of material, the after 30 degrees, 45 degrees, and 60 degrees in the performance check test of the following 

stage.  In addition, the electric wave of ETC is evaluated by TE wave with severe conditions although it is a circular 

polarization and being examined by both vertical polarization (TE wave) and horizontal polarization (TM wave)[3].  

 

 

 

 

 

 

 

 

 

 

2.3  Electric Wave Absorption Performance by particle diameter and quality of the Material  

� Test pieces of a size of a size of 300x300x50mm were used for measurements of the electric wave absorption in a 

simple asphalt paving.  

(1) Examination of the aggregate particle diameter used for a surface layer  

In order that the particle diameter of aggregate might verify the influence which it has on the amount of reflective 

attenuation, the maximum particle diameter examined with the specimens of only one layer by selecting four kinds 

particle size are 10mm, 13mm, 15mm, and 20mm. In addition, since these specimens does not use fine aggregate, while 

particle diameter becomes large� then percentage of void becomes large. Furthermore, it examined also about the 

conventional dense graded asphalt mixture (13mm) as comparison.  

A result has the tendency for the amount of reflective attenuation to become large, so that the maximum particle 

diameter becomes large(Figure3). In this reason, reduction of the dielectric constant by dispersion of the electric wave 

by unevenness on the surface of pavement and the increase in percentage of void can be considered. It is said that 

electric waves are generally scattered about by 1/4 or more unevenness of the wavelength of an electric wave.  

(Unevenness of 13mm or more is required for a 5.8GHz case.) The result of the amount of reflective attenuation in case 

the surface is a conventional dense graded asphalt mixture was 4.5dB. From this result, large unevenness is 

Figure 2:  Measurement of reflective attenuation by electric wave absorption pavement  

Receiving Antenna 

Transmitting Antenna 

Test� Piece 
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shown in the pavement surface at the mixture of electric wave absorption pavement. So it turned out 
that it is suitable for the surface layer to use a mixture with unevenness like a porous mixture.   
 

 

 

 

 

 

 

 

 

 

(2) Examination of the additive used for a base-course mixture  

� The asphalt mixture used for a base-course took into consideration a general pavement structure in the tollgate part of 

Japan Highway Incorporated Company (here in after called, NEXCO). The NEXCO is standard using to stone mastic 

asphalt mixture  (here in after called, SMA) of base-course layer. We made to SMA include iron oxide dust within 

many magnetite or Carbonyl iron sands�which were added to the change of a filler. Then, the amount of reflective 

attenuation was measured. Carbonyl iron powder is used to high frequency domain, the former is a material of a GHz 

band which demonstrates absorption performance comparatively. But it is very expensive. The iron oxide dusts are the 

subfollowing output of an iron mill, and a material can be cheap and can be obtained. From this reasons, its attention 

was paid to iron oxide dust which changes to the Carbonyl iron powder.  

 Since reflection in the pavement back side was absorbed, the amount of reflective attenuation became large when it 
adds 5%(Figure4). As the Carbonyl iron powder and iron oxide dust show the same tendency as the amount of mixing 

increased them.  

� Furthermore, As a result of increasing the amount of addition, reflection with a pavement object became large and the 

amount of reflective attenuation became small. From this reasons, we thought that iron oxide dust had the almost same 

effect as the Carbonyl iron powders, and decided to use iron oxide dusts as mixing materials.  

 

 

 

 

 

 

 

 

 

 

2.4 The electric wave absorption effect of the specimens used as the complex  

We produced the specimens used for base-course SMA with iron oxide dust 10% 15% 20%, and used the porous 

�Figure 3: Particle diameter comparison of coarse aggregate  

�Figure 4: Influence of mixing material  
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mixture for the surface. It was placed on the reinforce-concrete plate and the amount of reflective attenuation was 

measured. In addition, adhesion of a basis and a surface is omitted(Table2).  

 

 No.1  No.2  No.3  

Surface  
Porous asphalt mixture 

 (void: 17%)  

Basis [SMA (13)]  
10% of iron 

oxide dust 

15% of iron 

oxide dust  

20% of iron 

oxide dust  

The amount of reflective 

attenuation (dB)  
10.3  10.4  10.1  

 

In the case of 10% of the amount of iron oxide dust mixing, it was 6.3dB when examining only by a base-course.�  

The amount of reflective attenuation at the time of putting the mixture for surfaces on the upper part was set to 10.3dB. 

This reason, an electric wave goes into a base-course easily when unevenness porous mixture using on upper layers. 

 

3. Examination in On-site Construction  

3.1  The example of construction in Shikoku Oodan National Expressway Takamatsu East Tollgate  

(1) A combination examination and a quality examination  

� Electric wave absorption pavements were constructed in the Shikoku Oodan National Expressway Takamatsu east 

tollgate based [4]. As a pavement composition proposal, the base-course was SMA mixed with iron oxide dust and 

surface was the porous asphalt pavement of 17% percentage of voids and 13mm of the maximum particle diameter. 

This reason , porous mixture for a NEXCO tollgates is usually using this percentage of void and particle diameter size.   

In addition, the amount of reflective attenuation of an electric wave and the test result of the dynamics quality of a 

mixture determined the amount of mixing iron oxide dust. Measurement of the amount of reflective attenuation 

produced separately 500x500x40mm x two layers�surface(porous mixture), basecourse(SMA)�. It was put on the 

reinforced concrete pavement upper part, and was carried out.  

� The combination examination of the SMA made the amount of iron oxide dust mixing first 6 and 9 or 12%. And it 

was presupposed that excellent dynamics quality and the amount of reflective attenuation from the inside determination 

combination. Each mixture quality is shown on Table3.The amount of mixing of iron oxide dust increases then asphalt 

quantity is down. Moreover, as a result of measuring the amount of reflective attenuation, the amount of mixing of 6% 

and 9% is resembled maximum value. We already known that iron oxide dust was the amount of optimal mixing then it 

turned out that the maximum reflective attenuation. The combination examination at the time of making the amount of 

mixing of iron oxide dust into 7.5% which is the middle amount of mixing was re-carried out, and the amount of 

electric wave absorption was measured after that. 

 The relation between amount of iron oxide dust mixing and the amount of reflective attenuation is shown in Figure5. 

The amount of reflective attenuation became the maximum by addition 7.5%, and this mixture was selected from this 

result as a mixture for base-courses in this construction. 

 

  

Table2: Pavement composition and the amount of reflective attenuation  
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The amount of iron oxide mixing (%)                    TYPE  

Item  
Standard 

6.0  7.5  9.0  12.0  

NEXCO  

SMA fiducial point  

The amount of design asphalt content  

(%) 
6.4  6.0  5.9  5.7  5.5   

Percentage of void  (%) 2.4  2.4  2.5  2.6  2.5  2.0-3.0  

Aggregate degree of porosity (%) 17.3  16.9  16.8  16.5  16.3  
17 or more  

(Desirable value)   

Standard Marshall stability (kN) 7.2  7.2  7.1  7.1  7.8  6.0 or more  

Rutting stability          

(passes/mm) 
1190 1710 2260 2820 3610 

1000 or more 

(Desired value) 

 

 

 

 

 

 

 

 

 

 

 

 

(2) Construction outline  

1) Pavement thickness  

 Pavement composition was considered as the two-layer type shown on Figure6.  

 

 

 

2) On-site construction  

� The iron oxide dust was supplied the quantity which corresponds per one batch of a plant at the time of mixture.  

Moreover, the construction organization in the spot is the same as that of usual.  A construction situation is shown in 

Figure7. The iron oxide dust at anbiant temperature was added into the mixture and the remarkable fall of mixture 

temperature was assumed as an important factor at the time of construction. Test construction was performed at a target 

temperature determined by examination in advance. Temperature management was put into practice so that it might 

become the target temperature [Table-4].  

 

          

Table 3:  Fomulation test result of a basecourse material  

Figure 5: Relation between the mixture ratio and the reflective attenuation  

Figure6:Cross-Section of the pavement  
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  Target temperature (degree $)  

Aggregate heating  210  
AP  

Delivery 180  

Arrival  175  

Spreading  (TV type asphalt finisher)    170  

Primary compaction   (macadam roller)    165  

Secondary compaction  (15t tire roller)    140  

Spot  

Finally and compaction  (25t tire roller)    120  
 
 

(3) Verification of the electric wave absorption performance on site  

1) Measurement of reflective attenuation  

The reflective attenuation was measured on the site just after construction by the method shown on Figure8 [5]. This 

measurement result was shown on Figure9.This value is almost same as the value verified by the fomulation 

examination. Then, this electric wave absorption pavement is performed on site as same as indoor examination.  
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Figure 8 : Measurement of  

                      reflective attenuation  

Figure 9: Reflective  

                          Attenuation on site  

Figure7:  Paving on site��
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3.2  Example in Metropolitan Highway Meguro Exit and Takara-cho Exit  

(1) A combination examination and a performance check  

At the metropolitan highway’s Meguro exit and Takara-cho exit ,where are impossible installation of an electric wave 

absorption panels. Both sites were constructed electric wave absorption pavement by construction in another one night. 

In order to secure the role of a surface and each basecourse as above-mentioned.  The surface was used porous asphalt 

pavement (maximum particle size13mm) . The basecourse used SMA (maximum particle size13mm)within iron oxide 

dust.  

The combination examination was the same procedure as the case of Takamatsu Expressway of the preceding clause. 

We carried out the combination examination by changing three kinds of amounts of iron oxide dust addition. It was 

presupposed that it that the amount of the last addition is determined in consideration of electric wave absorption 

performance and construction nature from the inside. I In this examination, It was used additional iron oxide dust 

quantity 5.0% ,7.5%and 10.0%.  

This amount measurement result of reflective attenuation is shown on Figure12. From this result, although the 

electric wave absorption performance is good result at 10.0%. But if the iron oxide dust addition is increased, the 

mixture will become heavy and construction quality will become difficult. Temperature management is very difficult, 

considering that this pavement is realized during night time.  

Therefore ,we decided the iron oxide dust’s quantity at 7.5%.  

 

  

 

 

 

 

 

 

 

 

 

(2) Construction outline  

� The pavement section carried out them as the surface presupposed the porous asphalt mixture (13) and the basecourse 

that electric wave absorption material is entered SMA (13). Both site’s structure were shown in Figure13. Since iron 

oxide dust was supplied to the mixer in an asphalt plant in normal temperature, temperature management at the time of 

mixture manufacture was performed carefully. Moreover, since construction was constructed at night. It also fully 

performed the measure against keeping warm so that there might be no remarkable temperature dropping.  

 

 

 

Figure 12: The amount of reflective attenuation  

Figure 13:  Cross-Section of the pavement for MEGURO and TAKARA-CHO EXIT 
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 (3) The check of the electric wave absorption performance in the sites  

� It was measured the received power from an actual ETC antenna was measured after construction. Figure-14 shows 

the received power of the Meguro exit which installation of an electric wave absorption panel has restrictions with 

constructed electric wave absorption pavement auxiliary. And the Meguro entrance in which the electric wave 

absorption panel was installed completely [6].  

At the metropolitan highway company is required that received power is less than -60.5 dBm. It is received power in 

the outside of a communication domain follows ARIB standards. Figure14 shows that both the received power outside a 

communication domain is less than -60 dBm. Also at the place which received restriction in installation of electric wave 

absorption panel from this� results. It can be said by constructing electric wave absorption pavement with installation 

of panels that electric wave absorption performance can be secured.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusion  

The electric wave absorption pavement could decrease the received power from an antenna out of the communication 

domain of ETC. We think that proof of the effect was made. It is considered that development would like to go 

continuously and it performs further deployment of this pavement from now on.  
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Figure 14:  Received power measurement result  
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ABSTRACT 
 
Hot mix asphalt is used worldwide due to its robustness during production, handling properties, and mechanical 
performance. Nevertheless, given the large temperature difference between aggregates initial and process temperatures, 
it is worthwhile to demand if it can be reduced. A decrease in the process temperature would yield a substantial 
reduction on the consumed energy, the cutting down of the related atmospheric emissions, and a quick opening to 
traffic. Since the aggregates represent more than 90% of the total mass to be heated in the asphalt process, it is their 
process temperature that needs to be reduced in order to decrease the energy consumption in a significant way. 
 
Here we present a novel approach to address this issue by using Cecabase RT 5 chemical additives with the bitumen (at 
a rate of 2 to 5 kg/ton bitumen) that enable a reduction in the aggregates process temperature from typically 160-170°C 
to 110-120°C. This reduction in the process temperature takes place without any process modification, with laying, 
compacting and mechanical performances compatible with those existing standards, and with an improvement in 
productivity. 
 
Field test results obtained in Europe are presented and porosity, roughness, cohesion and atmospheric emissions levels 
between standard hot asphalt mixtures and warm asphalt mixtures prepared with various additives under the same 
laying and compaction conditions are compared. The results of standard laboratory tests carried out to prepare these 
field tests including compaction, cohesion, sensitivity to water and rutting are also presented. 
 
Unconventional analytical tests were also carried in our laboratory on the warm asphalt mixtures to study the 
differences with standard hot asphalt mixtures. Simple mechanical test showed the presence of the additives, enhancing 
the force to fracture of asphalts produced at lower temperatures. The microstructure of compacted cored samples was 
studied by electron microscopy, showing no apparent differences between the hot and the warm additivated samples. 
Further studies on cryofracture electron microscopy and rheology indicated that ability of these additives to maintain an 
asphalt mixture fluid even at lower temperatures is not due to foaming or a reduction of the bitumen viscosity. 
 
Keywords:  Additives, Energy saving, Warm asphalt, Electron microscopy, Field test. 
 
 
1. INTRODUCTION 
 
On the last years, energy expenditure, use of fossil fuels and CO2 emissions have become a main concern to industries, 
societies and governments. As has been already pointed out before, this concern applies heavily to the road industry 
since the production and application of hot asphalt mixtures consumes an important amount of energy. [1-4] For this 
industry, even a small reduction in energy can translate into a significant reduction in fuel consumption and gas 
emissions. 
 
The typical temperature for hot asphalt mixture preparation in France is around 160°C (320°F) for a 35/50 penetration 
grade bitumen. Even a reduction on the process temperature to 120°C (248°F) would result into a saving of 25% of the 
expended energy. For a typical hot mix production plant, running at about 100 ton/h, this savings would translate into a 
conservation of about 130m3 of natural gas (or about 130 kg of fuel) per hour. [5] A reduction in temperature will also 
result in substantial reduction of gas emissions to the atmosphere during the production.[6] 
 
This is why there have been several approaches to the production of the now coined warm asphalt mixtures. Several 
technologies have been developed for the production of warm asphalt mixtures such as: the foaming procedure 
associated with two bitumen injections (Shell), the use of hydrated zeolites (Aspha-min5), the addition of synthetic 
waxes to the bitumen (Sasobit5), the mixing with emulsified bitumen  (Evotherm5) and the use of wet sand (LEACO). 
Some of this procedures rely on the solvation of the bitumen at high temperatures to reduce its viscosity during the 
process, while others rely on foaming the bitumen by the evaporation of water to increase its fluidity. Although these 
have proven to be practical approaches to the production of warm asphalt mixtures, many of them may not be necessary 
adaptable to different grades of bitumen, may require a modification to the production plant and, in some cases, the use 
of additives to match the properties of hot mixed asphalts. 
 



Here, we present a novel approach to the production of warm asphalt mixtures, without any process modification except 
the simple use of the chemical additives Cecabase RT5 in the bitumen. The warm asphalt production with the new 
CECA additives is carried out in identical manner as in the hot asphalt mixture, save for the lower temperature of the 
aggregates (~120°C) and the possible productivity improvement. In this paper, results from field tests using this 
technology will be presented showing the successful production and application of warm asphalt mixtures. In addition, 
its ability to effectively reduce gas emissions to the atmosphere, as a lower temperature is utilized, is also demonstrated. 
Further analyses were carried out in our laboratory on field and laboratory samples. The microscopic structure of the 
warm asphalt mixtures by the use of additives is revealed and analysed by electron microscopy. The combined effect of 
the additives with a wet sand method is also surveyed. The effect of the additives on the bitumen binder viscosity is also 
presented as well as simple mechanical tests, which show the effectiveness of the novel technique. 
 
 
 
2. FIELD TESTS 
 
2.1 Warm Asphalt Mixtures with Cecabase RT5: standarized tests 
 
As early as 2004 we tested the additives at the industrial scale. However, for that to be made, we checked first the warm 
asphalt mix performance through the French standardized tests. These tests included the use of a gyratory compactor 
(NF P 98-252), the Duriez test (NF P98-251-1) and the rutting test (NF P98-253-1) with some modifications on 
temperatures to fit with warm asphalt mixture. In the following example, one Cecabase RT5 additive was poured into 
the 35/50 penetration grade bitumen at 160°C (320°F) at a dosage of 4 kg per ton of bitumen (0.4%), and mixed for 15 
min with a mechanical stirrer. The additivated bitumen was then stored overnight. 
 
The aggregates used are a limestone filler fraction and the 3 fractions: 0/2mm, 2mm/6mm and 6mm/10mm with the 
following formula (Béton Bitumineux Semi-Grenu de classe III Table 1): 
 
Table 1. Agregate fractions used on standarized tests 

Aggregates fraction Weight percentage (%) 
Filler 2,5 
0/2 33,5 
2/6 20 

6/10 44 
 
The amount of bitumen used is 5,8g for 100g of aggregates. The mixing was carried out with an aggregate temperature 
of 115°C (239°F) and a bitumen temperature of 160°C (320°F). Compaction took place at 100°C (212°F).  
 
The porosity of the warm asphalt mixture obtained with the gyratory compactor is shown below (Table 2) and 
compared with the results obtained from the standard hot asphalt mixture (160°C, 320°F) using the same aggregate and 
bitumen contents. It can be observed that the abilities for compaction seen through this test are the same for both 
mixtures and within the limits of the standard. 
 
Table 2. Porosity measurements of hot asphalt and warm asphalt mixtures by NF P 98-252 

NF P 98-252 Hot asphalt mix. Warm asphalt mix. Limits 
Porosity after 10 gyrations 
(%) 

15,7 15,5 >11 

Porosity after 60 gyr. (%) 8,6 8,1 5<P<10 
Porosity after 200 gyr. (%) 4,4 3,8  
 
After compaction at 100°C (212°F), the cohesion of the warm asphalt mixtures was measured by the maximum stress 
upon compression at 1 mm/s and 18°C.  Table 3 shows the results obtained compared with the standard hot asphalt 
mixture compacted at 160°C (320°F) using the same aggregate and bitumen contents. 
 
Table 3. Dry and wet cohesion measurements of hot asphalt and warm asphalt mixtures by NF P 98-251-1 

NF P98-251-1 Hot asphalt mix. Warm asphalt mix. Limits 
Porosity (%) 7,9 6,3  
Dry cohesion R (Mpa) 12 12,7  
Wet cohesion r (Mpa) 10,5 11  
Ratio r/R 0,87 0,87 > 0,75 
 
These measurements showed that the warm asphalt mixture has a lower porosity and higher levels of cohesion than the 
hot asphalt, while keeping the cohesion ratio unchanged above the required limit. 



 
Rutting was measured on warm and hot asphalts prepared in a similar manner as for the porosity and cohesion tests. The 
obtained results (Table 4) show no significant difference in rutting remain well below the required limit. 
 
Table 4. Rutting measurements of hot asphalt and warm asphalt mixtures by NF P 98-253-1 

NF P98-253-1 Hot asphalt mix Warm asphalt mix. Limits 
Rutting (%) after 30.000 
cycles 

4,11 4,19 <5 

Porosity (%) 6,7 6,7 5<P<8 
 
 
2.2 Field test example N°1 (2005)  
 
Here below are the characteristics of the hot asphalt mixture that was the reference wearing course for this field test. 
The aggregates were comprised of a limestone filler, and the 3 rhyolite fractions: 0/2mm, 2mm/6mm and 6mm/10mm 
with the following formula (Béton Bitumineux Semi-Grenu de classe III, Table 5): 
 
Table 5. Aggregate fractions used on example field test No 1. 

Aggregates fraction Weight percentage (%) 
Filler 5 
0/2 34 
2/6 12 

6/10 49 
The amount of 35/50 penetration grade paraffinic bitumen used is 6,1g for 100g of aggregates. Its ring and ball 
temperature is 50°C. 
 
The goal of this field test was to identify the impact of temperature reduction with and without additives in the porosity 
and roughness of a wearing course having a thickness of 5cm. The test was done using the same equipment and 
identical application method for the hot and warm asphalt, on the same day with a total asphalt production of 300 tons, 
laid down on an untreated aggregates layer covered with a single layer surface dressing. To be able to significantly 
compare the results obtained with the different hot and warm asphalt mixtures, a homogeneous base course was needed. 
In order to be sure of that, the deflexions of the base course under a load of 65kN were measured following the NF P 
98-200-2 standard. The results are given in Table 6. 
 
Table 6.  Deflexion measurements of the base course for example field test No1 by NF P 98-200-2 
NF P 98-200-2  Lane 1 Lane 2 Lane 3 Lane 4 Limit 
Deflexion 
averaged (unit : 
1/100 mm) 

47 (Standard 
deviation : 8) 

69 (Sd : 8) 73 (Sd : 10) 74 (Sd :  10) < 150 

 
The first lane was significantly more rigid than the 3 other lanes. The first lane was used for the standard hot asphalt 
mixture with a Taggregates at production of 160°C (320°F), laying down at 160°C and start of compaction at 135°C 
(275°F). The second lane was used for the warm asphalt mixture without additive with a Taggregates at production at 
115°C (239°F), laying down at Tmix of 120°C (248°F), and a start of compaction temperature of 90°C (194°F). The third 
lane was used for the warm asphalt mixture with a Cecabase RT5 additive at 5kg (11 lb) per ton of asphalt (0.5%) with 
identical production, laying and compaction conditions as those used for the second lane. The fourth lane was used for 
the warm asphalt mixture produced with a paraffin at 25 kg per ton of asphalt (2,5%) at the same production, laying and 
compaction conditions of the second and third layers. The first lane enabled the paver and compactor team to tune the 
operations for the standard equipment with the hot asphalt mixture. These parameters (temperature, amplitude and 
frequency of vibration of the screed, number of passes, amplitude and frequency of vibration of the compactor) were 
then fixed for the other three lanes. Figure 1a shows the measured temperature of the warm asphalt mixture using the 
Cecabase RT5 in the truck (120°C), while Figure 1b shows the paver during the deposition of the warm asphalt 
mixture. 
 
For this field test, we have a weather temperature between 15°C (59F) and 30°C (86°F) and an averaged wind speed of 
35 km per hour. Although the air temperature evolves through the day, it has no bearing on the laying temperature 
because the transportation time was too short to cool down the mixture. It had no impact either on the compaction 
temperatures because we started compacting once 90°C (194°F) was reached. However, it may affect the cooling of the 
deposed asphalt layer as different surface temperatures for the different lanes with the same measured compaction 
temperature may occur. 
 



The production plant was an Ermont Roadmaster continuous drier – mixer drum with an aggregates flow rate of 135 
tons per hour for the hot asphalt mixture production (maximum capacity 160 t per hour). The paver was a Marini 
MF905 and 10 compaction passes were done with a Dynapac CC422 steel roller working at 3km per hour, with an 
amplitude of 0,8mm and a frequency of 51Hz. The Cecabase RT5 additive was simply added manually into the 
bitumen tank two hours before it was injected into the mixer. Once added, the bitumen was circulated for one half hour 
for homogeneity. The paraffin used has a solidification temperature range that begins at about 100°C, and was added 
the day before the test as prills into the bitumen, which was at 160°C (320°F). It is to be kept in mind that the use of 
paraffins is restricted in certain countries following a given specification, such as the NF EN 12591, limiting the 
paraffins content of bitumen to 2,2 or 4,5% depending on the method (for example in Austria, Denmark, Germany, 
Great Britain and France). Not knowing the actual paraffins content of the bitumen, we decided for the field test to limit 
the paraffins addition to 2,5%. 
 
The porosity was measured with a portable gamma rays set-up following the French standard NF P98-241-1. 20 
measurements per lane were done and 10 measurements resulted practically useful per lane. The error bars associated to 
the averaged values of porosity in Figure 2 indicates the statistical probability of errors associated with each 
measurements population, with a confidence of 95%. Meaning that if two averaged values don’t intersect their error 
bars, the averaged values are different from each other within a 95% confidence.  For each column, the first digit 
indicates the aggregates temperature during mixing and the second digit the asphalt mixture temperature at the 
beginning of the compaction. 
 
It can be seen from Figure 2 that the reduction of mixing and compaction temperature without additive leads to a 
significant increase of porosity. In the presence of Cecabase RT5, the porosity of the warm asphalt mix is only slightly 
higher than that of the hot asphalt mixture. The presence of the paraffin is shown to be detrimental to the porosity for 
the warm asphalt mixture in this case. We think this negative impact is due to the crystallization of the paraffins around 
100°C in the bitumen, leading to a bitumen viscosity increase. It has to be kept in mind that for this type of wearing 
course the legislation imposes an averaged porosity between 4 and 8%. 
 
The roughness was measured following the French standard NF EN 13036-1 with 5 measurements for each production, 
and is shown in Table 7 as averaged values. The obtained averaged values were not significantly different. 
 
Table 7. Roughness measurements of hot asphalt and warm asphalt mixtures with Cecabase RT5 and paraffins 
by NF EN 13036-1 
NF EN 13036-1 Roughness (mm) Limit (mm) 
Hot Asphalt mixture 0,66 
Warm Asphalt Mixt. Pure bitumen 0,76 
Warm Asphalt Mixt. Cecabase RT 0,5% 0,78 
Warm Asphalt Mixt. Paraffins 2,5% 0,64 

> 0,4 

 
An additional effect of the use of Cecabase RT5 for warm asphalt mixtures is the reduction of fuel consumption and 
the concomitant increase of aggregates flow rate (145 tons per hour for warm asphalt compared to 135 tons per hour for 
the hot asphalt). In the following field test example we focus on the emissions reduction associated with warm asphalt 
mixture production. 
 
2.3 Field test example N°2 (2006) 
 
The characteristics of the wearing course asphalt mixture for this field test are shown below. The aggregates used are 
limestone filler and the 2 fractions 0/4mm and 6mm/10mm with the following formula (Béton Bitumineux Semi-Grenu 
de classe III, Table 8): 
 
Table 8. Aggregate fractions used on example field test No 2. 

Aggregates fraction Weight percentage (%) 
Filler 3 
0/4 58 

6/10 42 
 
The amount of 50/70 penetration grade paraffinic bitumen used is 5,6 g for 100g of aggregates. We produced 100 tons 
of hot asphalt mixture and 100 tons of warm asphalt mixture, with the same flow rate for the mixing plant: 74 tons per 
hour. For this test, the plant was a Benninghoven MBA 200 drying drum associated with a batch mixer. For the warm 
asphalt mixture, the Cecabase RT5 additive was injected in line into the bitumen at the dosage of 5 kg per ton of 
asphalt (0.5%), using the plants standard injection system for adhesion agents. 
 



To simplify the emissions measurements at the mixing plant, we kept the aggregates flow rate constant for both 
productions. The hot asphalt mixture was produced with aggregates at 160–175°C (320–347°F). To reduce the 
temperature, we only reduced the gas consumption of the burner and injected the Cecabase RT5 into the bitumen. The 
warm asphalt mixture was produced with aggregates at 110 – 120°C (230–248F) resulting in a mixture of 115–125°C 
(239–257F). The emissions results, obtained by an independent contractor following the French standards NF EN 13-
284, NF X43-018, NF X43-012, are given in Table 9. 
 
Table 9. Emission measurements of hot asphalt and warm asphalt mixtures. 
 Hot Asphalt Mixture 

Tmix=160-175°C 
Warm Asphalt Mixture 

Cecabse RT5 
Tmix=110-120°C 

Relative difference 

Drum electrical intensity A 120,9 125,5 +3,8% 
Effluents temperature °C (F) 65,6 (151) 50,3 (122)  
CO2 (%) 2,12 1,59 -25% 
CO (ppm) 217 151,6 -30% 
CO (mg/m3)* 271 189,5 -30% 
NOx (mg/m3 eq NO2)* 26,8 21,5 -25% 
Dust (mg/m3)* 168 21 -88% 
Dust (kg/h)* 4,8 0,6 -88% 
* on dry gas without correction 
 
It is shown that the reduction by 50°C has a very small impact on the mixture fluidity seen through the drum electrical 
intensity thanks to the use of the Cecabase RT5 additive. The emissions are reduced by 25 to 90% having the greatest 
impact on the dust. Another result also gathered from this filed test was that the gas consumption is reduced by 25% 
during the production of the warm asphalt. 
 
3. LABORATORY STUDIES 
 
Further studies to those presented above were carried in our laboratory to better characterize and understand the effect 
of the Cecabase RT5 additives in the production and application of warm asphalt mixtures. 
 
Simple compression tests were carried out on field test samples to see if any difference in the mechanical properties 
could be observed by the use of the additives. The samples, with a cylindrical shape of 10 cm in diameter and 7 cm in 
length were compressed laterally at room temperature in a 4422 Instron machine at 2 mm/s until fracture. Figure 3a 
shows the maximal force registered until fracture of two samples with different additives compared with a standard hot 
asphalt mix reference and a non-additivated asphalt mix, produced and compacted at the same conditions than the 
additivated ones. A substantial difference between the non-additivated hot and warm samples can be observed. The two 
additivated samples show an increase in force with respect with the non-additivated sample. Similar results were still 
observed after subjecting similar samples to water for 4 days at room temperature to the same test (Figure 3b). Although 
in this tests the additivated samples do not reach to the same level of the hot mix asphalt it is clear that there is an effect 
to the properties of the warm mixture by the use of additives. 
 
An analysis of the microscopic structure in the warm asphalt mixture was carried out using scanning electron 
microscopy (SEM). A LEO 1455 VP SEM operated at 20 kV and under a pressure of 35 Pa was used for these 
observations. The asphalt samples observed were taken from field test in the usual manner by coring. These cylindrical 
samples where sliced into discs of approximately 10cm in diameter with a thickness of 1cm. The surface closer to the 
middle of the sample was chosen for observation since it should represent more closely the undisturbed nature of the 
mixture. The surface was prepared for observation by polishing, taking care to avoid heat build up by friction that may 
damage the sample surface. No further surface treatment was done to the sample surface. Figure 4a shows a 
representative image of a sample from one of the field test mentioned above where the asphalt mixture was produced at 
120°C and the compaction took place at 90°C. As can be seen, the aggregates are well dispersed in the binder matrix. It 
shows how the smaller aggregates accommodate on the gaps between the larger ones, indicating that a good fluidity of 
the materials during the mixing and compacting step took place. Figure 4b shows a higher magnification over one area. 
Here it can be observed how the bitumen was able to disperse and cover even the smaller size aggregates during the 
warm asphalt production. It is interesting to point out that at this magnification (400X), the grains and layers of the 
aggregates exposed at the surfaces can be clearly seen. These features add to the complex surface roughness of the 
aggregate that might render it difficult to cover if the bitumen doesn’t have enough fluidity. Nevertheless, as can be 
observed in this image, the bitumen matrix is fluid enough during the warm process to cover every region of the 
surface. 
 
These same microscopic characteristics were also observed in a reference sample that was processed in the standard 
manner at 160°C. Figure 5a and 5b show the images of a standard hot mixture asphalt sample from a filed test. The 



sample, treated in identical manner as the warm asphalt ones, revealed a similar dispersion and covering of large and 
smaller aggregates.   
 
Another type of electron microscopy studies gave us some information about how do the additives work. We studied 
samples from the use of our additives in conjunction with another technology to produce warm asphalts at the 
laboratory scale: the LEACO wet sand process.  In one of the LEACO process, the finer portion of the aggregates 
(below 2mm) is completely added apart from the rest of the materials. This finer portion is humidified (~3 w/w% water) 
and added after the larger aggregates have been dried and mixed with all the bitumen. The presence of water causes a 
sudden drop of the temperature to about 100°C yielding a warm asphalt mixture that can be applied and compacted at 
lower temperatures. Bitumen with our additives was used to make an asphalt mixture by this process and the 
uncompacted samples were observed. The mastic samples were taken and cryofractured after quenching in liquid 
nitrogen just after the mixing, and the exposed surfaces were observed by SEM. The sample preparation, which 
consisted of the cryofracture, took place under vacuum inside the sample preparation chamber of a Philips XL40FEG 
SEM just before observation. It was expected to see traces of the moisture from the fines in the form of foam that would 
give rise to the enhanced fluidity at lower temperature. What was found, were only a few spherical water droplets inside 
the bitumen film (Figure 6b). The confirmation of the aqueous nature of the droplets was obtained through the 
observation of droplets sublimation close to the thermodynamic transition temperature for water as shown in Figure 6a 
and 6b. These cavities were not seen in enough quantity to produce a foaming effect in the bitumen and make it more 
fluid. The hypothesis of water still being present in the mixture after the process, due to possible recondensation, was 
also discarded after an analysis on a differential scanning calorimeter (DSC) didn’t show any trace of any trapped water. 
Although not exhaustively conclusive, this test shows that the fluidity observed in this process does not come from the 
water itself. It also shows that the additives must have an important role in this process where there is no foam or 
emulsion present in the mixture to increase the fluidity 
 
Another possible explanation to the enhanced fluidity during the production and application of the warm asphalts made 
with the Cecabase RT5 additives was that the properties of the bitumen itself were affected. The effect of the additive 
to the bitumen binder was studied by rheology measurements on an Anton Paar Physica MSR301 rheometer. Viscosity 
was traced as a function of temperature at a constant shear rate of 100s-1 for pure 35/50 penetration grade bitumen and 2 
mixtures of bitumen with Cecabase RT5 additives. The two mixtures had 0.3% and 0.5% of additive, as typically used 
for this application. The additives were added to the bitumen at 160°C and mixed with a mechanical stirrer for 10min. 
As can be seen on Figure 7, the viscosities of the pure bitumen and the two additivated ones are almost identical. The 
slight differences found between the pure and additivated bitumen at 120°C (~ 5% lower) would never compensate for 
the difference in viscosity when compared with the standard production temperature of 160°C (more than 600% 
higher). [7,8] This observation suggests that the additive acts specifically on the interactions between the bitumen and 
the aggregate at the time of production without changing the inherent properties of the bitumen. This is an important 
result since it demonstrates that there is no apparent modification of the bitumen rheological properties (no change in 
grade or penetration). Furthermore it might prove important where local legislations are stringent on the properties of 
the pure bitumen or the total content of paraffins. 
 
 
 4. CONCLUSIONS 
 
Warm asphalt mixtures were produced with the use of the Cecabase RT5 additives at a dosage of 2-5 kg per ton of 
bitumen and at temperatures as low as 115°C and compacted at 90°C. The measured values of porosity, dry and wet 
cohesion, rutting and roughness of the applied and compacted warm asphalt mixture using Cecabase RT5 chemical 
additives are within the required standard limits and are comparable to those of a hot asphalt mixture. It is also shown 
that the paraffins added into the bitumen lead to unacceptably high field porosity at 90°C. The advantages of using such 
a solution to lower processing and application temperature on the energy savings, on the reduction of gas and dust 
emissions and to improve the plant productivity are also demonstrated on the field tests described here. Successful field 
tests over several aggregates sources, pure or modified bitumen grades, illustrate the robustness of this warm asphalt 
mix process. 
 
Electron microscopy analysis indicated no apparent difference between the warm and hot mixtures, showing good 
distribution and covering of even the smaller aggregates. Analysis on the use of Cecabase RT5 additives in 
combination with one of the LEACO processes for warm asphalt production suggest that the origin of the enhanced 
fluidity by the additives is not related to the formation of foams or emulsions. In addition, rheological measurements 
demonstrated that the additives do not modify the inherent viscosity of the bitumen.  
 
The use of the Cecabase RT5 additives as a practical and simple approach to produce warm asphalt mixtures is 
demonstrated. The capability of these additives to enhance the fluidity of the asphalt mixtures at lower temperatures 
could also allow their use to extend the transportation distance that a hot asphalt mix can endure due to cooling. Other 



advantages thanks to the reduction in temperature are shorter opening time to traffic after the application and higher 
asphalt production rates at the plants due to shorter aggregates heating times.  
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Figure 1. Warm asphalt mixture with Cecabase RT5 in the truck showing its transportation temperature (a) 
and as it leaves the paver (b) 
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Figure 2. Porosity measurements of the hot and warm asphalts from field test No 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Force to break measurements on the hot, warm and warm additivated asphalts under dry (a) and wet 
(b) conditions. 
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Figure 4. SEM micrograph of a warm asphalt mix at the indicated magnifications 
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Figure 5. SEM micrograph of a hot asphalt mix at the indicated magnifications. 
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Figure 6. SEM images from a cryofracture warm asphalt mixture by the LEACO process using CECABASE 
RT5 additives, showing the sublimation of water droplets (water droplet indicated by arrow). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Viscosity curve as a function of temperature for a pure, and additivated bitumes at a constant shear 
rate of 100/s. 
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ABSTRACT 
 
Different proprietary low-energy asphalt techniques at 90°C, labelled LEA, have been recently developed by LEA-CO 
(low energy asphalt company) on standard asphalt plants as a real alternative to HMA (hot mix asphalt) which is 
usually produced above 150°C. LEA can be used as a relatively cheap way to minimize impacts during the 
manufacturing, transport, paving and compacting stages. In plant, this innovative eco-process enables a reduced 
binder ageing and a reduction of both energy consumption and greenhouse gases ranging from 30 to 50%. At the job 
site, fumes are reduced and the release to traffic is immediate after compaction. This illustrative article proposes 
practical examples and case studies that deal with how building owners, prime contractors, asphalt producers and 
even equipment manufacturers can seek to realise sustainable environmental, economic and social policies and 
solutions for roads by turning to fostering and using low-energy asphalts for roadway construction and maintenance. 
After a brief reminder of the objectives and the anticipated energy-related and environmental impacts, the innovative 
nature of the LEA process is described in relation to the state-of-the-art of classical HMA, the energy-related balance 
being specified. The performantial assessment established from French classical mechanical characterization tests of 
hot-mix asphalts [test of ability to be compacted using a gyratory shearing press (PCG), water stability test (Duriez 
test), wheel tracking test, modulus measurement, fatigue test] is comparable to traditional HMAs. A specific study 
focused on the evaluation of the possible moisture damage susceptibility of such half-warm mix asphalts (<100°C) 
using water-sensitive aggregates is presented, according to three main factors: i)the initial aggregate humidity, ii)the 
RAP content and iii)the binder penetration. 
 
Keywords : low energy asphalt, half-warm mix asphalt, energy saving, CO2 emissions, greenhouse gases emissions 
 
1. INTRODUCTION 
 
In connection with the environmental and sustainable development policy of the EIFFAGE Travaux Publics and the 
FAIRCO groups, different low-temperature and low-energy coating patented techniques were developed –mainly in 
France, Spain and New-York State (USA)– over the past few years. Since 2006, EIFFAGE Travaux Publics and 
FAIRCO have been sharing their respective patents within a joint subsidiary company named LEA-CO (Low Energy 
Asphalt COmpany). LEA makes it possible, thanks to its specific manufacturing process, to lower asphalt 
manufacturing temperature on standard HMA plants by approximately 70°C (according to the considered asphalt 
formula and plant configuration). The LEA process lies in the ability of hot bitumen to foam or to emulsify directly at 
the wet surface of warm aggregates just below the water vaporization point at around 100°C, thus allowing aggregate 
coating at lower temperatures.  
 
2. BACKGROUND 
 
2.1 Key figure 
 
Energy consumption levels involved in heating asphalt mixtures directly depend upon the manufacturing temperature 
and the initial water content of materials. It is worth keeping in mind the two following statements: 

•  Energy required for the heating of dry aggregate to a given temperature is almost 5 times lower than that used to 
raise to the same temperature an equivalent mass of water, 

•  Latent heat of evaporation represents 5 times the energy required to raise the water from 0 to 100°C. Exceeding 
the 100°C threshold greatly increases the energy expenditures. 

 
2.2 Terminology 

Figure 1 illustrates the different types of asphalt mixes in relation with their coating temperature and corresponding 
consumed heating energy, as described in the literature [1] [2]: 

•  Cold mix asphalt (CMA), usually manufactured at ambient temperature from asphalt emulsions or foams, 
•  Half-warm mix asphalt (HWMA), produced at temperatures below water vaporization, 
•  Warm mix asphalt (WMA), manufactured at approximately130°C, 
•  Hot mix asphalt (HMA), usually produced at 150-180°C in relation with the used binders. 
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Figure 1:  Fuel consumption and CO2 emission for the heating of one ton of wet aggregates. 
 
2.3 Energetic and environmental stakes 

Both HWMA (90°C) and WMA (130°C) make it possible to save fossil energy in plants but in different proportions.  
WMA enables temperature gains of 20°C generally with an excess cost of production due to the use of additives or to a 
more complex manufacture and/or a somewhat lower rhythm. Energy savings are of the order of 15%. HWMAs lead 
to as much as 50% energy savings. When employing either an emulsion-type binder or a foam-type one, the saving is 
slight. Indeed, the emulsion and the foam respectively contain about 35% and 5% of water, which implies a stronger 
heating of the aggregate, hence the use of anhydric bitumen in the LEA process for simplicity and economic reasons. 
Regarding emissions of volatile organic compounds (VOCs), they come from bitumen fumes. Among these, 
polycyclic aromatic hydrocarbons (PAHs) present in small quantities have an impact on health. Reducing by 50% the 
asphalt temperature reduces in considerable proportions the health risks involved. Laboratory estimation of the fume 
emission potential during the coating and mixing stages can be carried out for instance according to the method used at 
the French Laboratoire Central des Ponts et Chaussées: a lab mixer equipped with a stack for gas emission sampling in 
normalized conditions and a continuous total organic compounds (TOCs) analyzer for characterizing fumes [3] [4]. 
Lower coating temperatures also mean that greenhouse gas emissions (GGEs) will also be reduced. As the reduction in 
CO2 emission is about 9 kgCO2/ton through the LEA process, in Europe (resp. in the USA), the CO2 emissions could 
decrease by almost 3 million tons/year (resp. 5 million tons/year). 
 
3. SHORT REVIEW OF THE EXISTING WARM AND HALF-WARM TECHNOLOGIES 
 
These technologies are based on at least one of the four following possible principles: 

•  Modification of the asphalt mixing process (without changing the mix components) 
•  Addition of substances which decrease the viscosity of bitumen 
•  Introduction of water causing in-situ foaming of the bitumen 
•  Use of low-viscosity vegetable binder 

 
3.1 Modification of process technology 
 
Modifications of the plant equipment instead of the mix components can allow a decrease in the mixing temperature: 

•  KGO or “addition sequence” process: only the hot coarse aggregates are first blended with the bitumen. The 
increased bitumen-aggregates ratio allows the mixing with slightly cooler, i.e. higher viscous bitumen. The hot 
fine aggregates are then added and can be very well dispersed into the pre-coated coarse mix. 

•  Two-phase mixing process: the aggregates are mixed with a soft bitumen grade (Penetration in the range of 160 to 
400) whose low viscosity allows reducing the process temperature. A harder bitumen grade (Penetration in the 
range of 35 to 100) is then added and can be homogenized with the pre-coated aggregates at reduced temperature. 

However, plant modifications are necessary for both technologies and the available time for transportation and paving 
is reduced since the rolling has to be completed at similar temperatures as with conventional asphalt. 

3.2 Viscosity reducing organic additives 

Montan wax, amide wax and Fischer-Tropsch (FT) wax are used [5]. Some million tons of hot mix have been 
modified by the latter over the last decade. When blended with bitumen, the FT wax melts around 100°C. Therefore, 
the asphalt has to be paved and compacted above 100°C, soon after the production [6]. During the cooling time of the 
paved asphalt the molten additives solidify to microscopically small, uniformly distributed particles. The additives are 
either added as solids into the mixer or as pre-blended low-viscosity binder; the latter assures homogeneous 
distribution without lengthening the mixing time especially on batch plants (no impact on the production rate). 



3.3 Water-based Technologies 

Some WMA and HWMA technologies are based on the introduction of water into the process. The common principle 
is the generation of water steam which increases the volume of the binder and decreases its apparent viscosity. 
Two main classes of water-based warm technologies (>100°C) are currently used: 

•  The WAM (Warm Asphalt Mix)-Foam process uses a two-component binder system which needs a modification 
of the plant [7]. First, the aggregates are coated with a soft binder (penetration from 160 to 400) and then foamed, 
harder bitumen (penetration from 35 to 100) is added. The dry aggregates are coated with the hot anhydric soft 
bitumen before the water is introduced; this is supposed to ensure a good adhesion of the binder on the aggregate. 
Trials and applications are mainly located in Norway where the process has been developed.  

•  Zeolites substitute a part of the filler and are added into the plant which has to be equipped with an additional 
storage silo and a feeding system. The structure of this synthetic sodium aluminium silicate mineral contains 
21wt. % water in small pores which is released upon heating within 2-3 hours. The evolving water steam causes 
an in-situ foaming of the bitumen. Zeolite is in use in Europe and in the USA [8]. 

Three main classes of water-based half-warm technologies (<100°C) are currently used: 
•  Emulsion technology: in-situ bitumen foaming can also be obtained by mixing bitumen emulsion with hot 

aggregate. This technology applies a special emulsion with 30% water content which is delivered and fed into the 
mixer at around 90°C [9] [10] [11] [12] [13]. The 30% water content in the emulsion is partially liberated in the 
form of steam when it is mixed with hot aggregates, which makes the mix temperature swiftly decrease below 
100°C. The heating and drying of aggregates above 100°C somewhat limit the in-plant energy savings. Trials and 
applications are mainly located in North America where the process has been developed. 

•  Foam technology: despite energy savings of 30-50% obtained by mixing foamed bitumen with half-warm or 
warm aggregates, the quality of this mixes appeared in the literature as lower than that of traditional HMAs [14].  

•  LEA process [2] [4] [15] [16] [17] [18] [19] [20] [21] [23]: its originality lies in the ability of hot anhydric binder 
to foam or to emulsify when in contact with the residual water of warm aggregates just below the water 
vaporization point at 100°C, thus allowing aggregate coating at lower temperatures. The spontaneous volume 
expansion of bitumen leads to a thicker binder film around aggregate, which fosters good mixture workability 
even at the processing temperatures of about 70 to 95°C. More details of this process are given hereafter. 

3.4 Low-viscosity vegetable binders 

Such vegetable binders have already been developed in France. They allow mixing, paving and compacting 
temperatures at about 130°C. Few field trials have been realised until now. 
 
4. THE BASIC PRINCIPLE OF THE LEA PROCESS 
 
This process is based on the ability of hot bitumen to foam/emulsify when in contact with the residual humidity of 
aggregates just below the water vaporization point, thus allowing aggregate coating at lower temperatures. The volume 
expansion of bitumen (Figure 2) leads to a thicker binder film around aggregate and thus fosters good mix workability. 

Figure 2:  a) Bitumen auto-expansion (foaming) during the LEA® process at the Eiffage Travaux Publics central 
laboratory, b) & c) Microscopic evidence about the dispersion state of water (liquid or steam) inside bitumen [11]. 
Craters correspond to water already evaporated or to fine droplets, the diameter of which being between 2 and 50�m. 

a) b)

 c) 



 
Different possible sequential drying and coating processes can be used in relation to the asphalt plant configuration:  

•  LEA method 1: the drying stage only affects a first part of the aggregates, then coated by the whole bitumen. The 
remaining cold and wet part is then added. All the constitutive elements of the mix are then mixed (Figure 3a), or 

•  LEA method 2: the drying stage only affects a first part of the aggregates, which is then mixed, before the coating 
stage, to the remaining moist part (Figure 3.b), or 

•  LEA method 3: the whole aggregate skeleton is partially dried, then coating by the hot bitumen (Figure 4). 
 

 
Figure 3:  a) LEA® process diagram with pre-coating (method 1); b & c) LEA® without pre-coating: methods 2 & 3. 

a)

b)

c)



5 PRINCIPLES OF LEA PRODUCTION IN PLANTS 

Any drum or batch plant, either mobile or stationary can produce low-energy asphalts. Some adjustments are however 
required: plants are equipped with in-line water and additive dosage systems and automation system is modified, 
which necessitates training of the plant crew for this new know-how. Until now, 25 plants were fitted in Europe and in 
the USA.  Storage in plants is possible during a few hours. No fume emissions during the discharge of mix in trucks. 
For simplicity reasons, only the LEA n°2 production on a drum plant with counterflow drying, is given in Figure 4. 
 

 
Figure 4: LEA® n°2 process on a continuous counterflow dryer mixer with introduction of cold and wet sand or RAP 
into the conventional recycling ring. Extra water addition system for controlling the initial moisture of cold aggregates. 

6 USE OF THE COMPARATIVE HEAT BALANCE OF HOT-MIX AND LEA HALF-WARM-MIX ASPHALT 
FOR DEMONSTRATING THE POSSIBLE ENERGY SAVINGS 

Only the energy required to heat the components is taken into account in what follows.  
Assumptions are: gradation of aggregate skeleton comprising 65% of 2/D and 35% of 0/2; wetness (field moisture 
before mixing) of stone fraction (>2mm) (resp. sand): 1 (resp. 4) %; ambient temperature: 10°C. 
Data are: specific heat of the aggregate caggregate=850J/kg/°C, of water cwater=4.2kJ/kg/°C, latent heat of evaporation 
Lvaporization=2250kJ/kg, specific heat of steam csteam=1.85kJ/kg/°C. 
 
6.1 HMA heat balance (Heating of aggregates to 160°C) 

Calculations for 1000 kg of dry chippings: 
- Chipping heating energy: caggregate x 1000 kg x (160° - 10°) = 127 500.00 kJ 
- Water heating energy: cwater x (1000/990- 1) 1 000 x (100° - 10°) = 3804.55 kJ 
- Vaporization energy: Lvaporization x (1000/990- 1) 1 000 = 22 785.60 kJ 
- Water vapor heating energy: csteam x (1000/990- 1) 1 000 x (160° - 100°) = 934.34 kJ 
Total= 155 024.49 kJ 
Calculations for 1000 kg of dry sand: 
- Sand heating energy: caggregate x 1000 kg x (160° - 10°) = 127 500.00 kJ 
- Water heating energy: cwater x (1000/960- 1) 1 000 x (100°- 10°) = 15 693.75 kJ 
- Vaporization energy: Lvaporization x (1000/960- 1) 1 000 = 94 000.00 kJ 
- Water vapor heating energy: csteam x (1000/960- 1) 1 000 x (160° - 100°) = 3 854.17 kJ 
Total= 241 047.92 kJ 
For 1000 kg of dry mix according to following formula: 
Total of calorific energy for HMA = (chippings) 65% x 155 024.49 kJ + (sand): 35% x 241 047.92 kJ = 185.13 MJ 



6.2 LEA heat balance (Heating of chippings alone to 140°C according to Fig. 3a or 3b) 

For 1000 kg of dry chippings: 
- Chipping heating energy: caggregate x 1000 kg x (140° - 10°) = 110 500.00 kJ 
- Water heating energy: cwater x (1000/990 - 1) 1 000 x (100° - 10°) = 3804.55 kJ 
- Water evaporation energy: Lvaporization x (1000/990 - 1) 1 000 = 22 785.60 kJ 
- Water vapor heating energy: csteam x (1000/990- 1) 1 000 x (140° - 100°) = 747.47 kJ 
Total= 137 837.62 kJ. For 1000 kg of dry mix according to the following formula: 
- Chippings: 65% x 137 837.62 kJ =  89 594.45 kJ 
Total of calorific energy for this method = 89.59MJ. The heating energy requirement is thus reduced by 51.6%. 
 
6.3 LEA heat balance (All the aggregates are heated up to 100°C according to Fig. 3c) 

Energy requirement of 1000 kg of dry aggregates: 
- Heating of aggregate = caggregate x 1000kg x (100°C – 10°C) = 76 500 kJ  
- Heating of water = cwater x (1000/979.5-1)1000 x (100 – 10) = 7 911.18 kJ 
- Partial vaporization in the dryer = 0.5Lvaporization x (1000/979.5-1)1000 = 23 545.18kJ 
Total of calorific energy for this method = 107.95MJ/T. The energy is thus reduced by 41.2%. 
 

 

Figure 5: Theoretical energy consumption of traditional HMA Vs LEAs (without losses). 
 
The follow-up of the in-plant consumption confirms this order of magnitude of theoretical energy savings thanks to the 
proposed process. The resulting drop of CO2 emission is of the same order as the energy saving. 
 
7. WORKSITE VALIDATION 
 
7.1 Improved working conditions 

Coating, mixing, laying and compaction temperatures are almost halved. This brings about enhanced working 
conditions for plant workers and the paving crew as well: comfort of placement, large decrease of emissions and odors 
in the plant and at the worksite. Worth noting, an accidental cool rain on the half-warm asphalt may cause far less 
water evaporation and a strong reduction in thick fog, which can then be a notable safety factor. 
The residual moisture of 0.5% in the final mix is not only favorable for compacting, but also for cleaning of 
equipment. Indeed, less soiling is observed due to the presence of fine water droplets condensed on equipment surfaces 
(drying/mixing drum, paver-finisher, lorry tipper) thus facilitating cleaning and reducing the use of solvents. 
 
7.2 References of the Years 2005-2007 
 
100,000 tons of LEA were manufactured to date on 25 plants, which enabled to check the adequacy of LEA with many 
kinds of plants (both continuous drum plants and batch plants) and with any kind of bitumen (pure bitumens and 
PMB’s) and aggregate nature and formula (dense or open-graded formulas). Pure 15/25, 20/30, 35/50 or 50/70 pen 
grade bitumens are often used. The process feasibility was also checked with pure 10/20 and 70/100 binders, and with 
SBS modified binders. In most cases, some specific multifunctional additives were used to improve the foamability 
and the coating ability of the binder, along with the workability of the mixture at temperatures below 100°C. The use 
of reclaimed asphalt pavement (RAP) aggregates is common. The field trials and reference roadworks have been 



conducted very successfully mainly in France and in the USA and to a least extent in Spain. With the right additives 
and with compaction effort equal to that required for HMA, similar void contents were achieved in the LEA layer. 
As the difference with the ambient temperature is smaller for the low energy asphalts than for their high-temperature 
counterparts, the drop in temperature with time is less significant. If the LEA mix in trucks is maintained at a 
temperature above 70°C a time of 5 or 6 hours between production and laying/compaction has turned out not to be a 
problem at all. LEAs were applied by the paver-finisher and compacted by double-roll vibrating compactors and 
sometimes with pneumatic tyre rollers in accordance with usual application procedures on road worksites. LEAs had a 
surface appearance comparable to that of HMAs, including at joint locations.  
After several months, these different sites were revisited to assess the condition of pavement and/or to take cores to 
assess density and complex or secant modulus of these field cores in IDT mode. As the first inspections on low-, 
intermediate-, and high-volume roads are very encouraging, many new reference projects are being undertaken for the 
next few years on high-volume roads. 
 

 

Figure 7: Example of application of a high-modulus LEA® mixture (with 50% RAP aggregates and with a neat 20 pen 
grade binder) at 95°C on the French A26 high-volume highway near Arras. 

Figure 8:  Example of a 3100-ton LEA® roadwork for an aerodrome near Béziers (France).



8. CASE STUDIES OF LEA MIX DESIGN IN LABORATORY 
 
8.1 Proposed methodology for characterizing the mechanical performances of half-warm mix asphalts 
 
The following mechanical performances are usually determined in lab:  

� Workability, measured from the Nynas workability tester (often used for the design of cold mix asphalts in 
Europe [22]). The units are in Newtons. A high value implies a stiff mix difficult to pave. Conducted ahead of 
the other tests, the Nynas workability tester is used to make a preliminary selection of mixes and additives. 

� Compacting ability, measured from the French gyratory shear compacting press PCG (“Presse à Cisaillement 
Giratoire”, NF P 98 252). The test simulates the effect of job-site compactors, gives a good idea of the density 
values observed on the job site, according to course thickness, for HMAs. Yet, in the case of the LEA mix 
design in laboratory, the results obtained are somewhat optimistic compared to the in-situ density values. 

� Water resistance, measured from the Duriez test (NF P 98-251-1) which consists of unconfined direct 
compression test on two sets of cylindrical samples, one set after conditioning in water. If the ratio of the 
results after and before conditioning is above a certain value, the material is acceptable. This ratio is the 
French counterpart of the ITSR (Indirect Tensile Strength Ratio) value with Marshall samples. 

� Resistance to rutting at 60°C, characterized with the French wheel tracking test in accordance with NF P 98-
253-1. Note that the compacting capability of LEAs is well evaluated during the compaction of the mix slabs. 

� Optionally, stiffness modulus and fatigue resistance at 10°C-25Hz, following NF P 98-261-1 (controlled 
strain fatigue test on trapezoidal specimens). Stiffness and fatigue resistance of LEA mixes are a little bit 
beyond the scope of this paper, but are nevertheless investigated in reference [23]. 

  
8.2 Example of a typical formulation study on a dense graded LEA mixture used as wearing course 

A typical French BBSG 0/10 mixture with diorite aggregates and with a 35/50 pen grade binder, was studied. The 
results given in Table 1 on the control HMA and on the LEA are of the same order and judged to be satisfactory. 
Besides, LEA feasibility has also been set in lab, using a large variety of other pure or elastomeric binders and of 
dense or open-graded formulations. More than seventy formulation studies have been carried out to date, all 
demonstrating the equivalence between the mechanical performance of LEA and that of HMA. 
In Table 1, the water resistance of the BBSG 0/10 formula, measured with the (severe) Duriez test, appears 
nonetheless as slightly lower than the HMA. Indeed, even if the water content of the LEA mix is very low after 
compaction (<0,5%), one can imagine that the residual water trapped in the coated aggregate may cause moisture 
damage. Therefore, many other lab studies have been from then on realised, all following the requirements of the 
current HMA standards. Especially for LEA mixtures with water-sensitive aggregate types, the Duriez test is simply 
run first to make a preliminary selection or screening of mixes instead of the Nynas workability test. The following 
section specifically presents a parametric study with water-sensitive aggregates. 
 
Table 1: Mix design of a LEA® diorite BBSG 0/10 (Research Centre of EIFFAGE Travaux Publics, Lyon) 
 

BBSG 0/10 diorite, binder 35/50 Material Control HMA (160 °C) LEA® (90 °C)  
Standard values  
Class 2 (NF P 98-130) 

Nynas Maniabilimeter (workability at 
the supposed paving temperature) 55N at 110°C 60N at 75°C 150N is the maximum 

acceptable value 
PCG Test at 60 gyrations (workability) 9.1 % 7.1 % 9 % �  � 4 % 
Duriez Test (Direct Compression Test  
and water resistance) 

R = 11.7 MPa 
r/R = 0.98 

R = 10.8 MPa 
r/R = 0.84 

R � 7 MPa 
r/R � 0.75 

Wheel Tracking Test (resistance to 
rutting at 60°C & 30000 cycles) 6.4 % 6.5% � 7.5 % 

 
8.3 Parametric study with water-sensitive aggregates 

The effects of the initial moisture content (before partial vaporization during foaming), of the RAP (reclaimed asphalt 
pavement) content and of the penetration of the neat binder were specifically investigated in order to mitigate the 
potential for moisture damage of two poorly water resistant mix formulas. The first one is a dense BBSG 0/10 formula 
with ryolite aggregates –generally used as wearing course–, whereas the second one is a dense GB 0/14 formula with 
limestone aggregates –commonly used as base course. The bitumens used were naphtenic. 
A factorial experimental design (3 factors and 3 levels for each factor) was then investigated in the EIFFAGE Travaux 
Publics central laboratory for each mix formula. This specific reduced factorial experimental design (11 or 12 tests 
instead of 27), and the results obtained for each material, are given in Tables 2 & 3 and illustrated in Figures 9 & 10.  



The results of these studies (without any use of bitumen additive, which is the most defavorable case) pointed out the 
values for the initial aggregate humidity, the RAP content and the penetration of the neat binder to be targeted in plant 
so that the LEA moisture resistance meet the current HMA specifications.  
Insofar the BBSG 0/10 formula with ryolite aggregates is concerned, the optimum r/R value is obtained for a water 
content from about 0,9 to 1,3% and for a RAP content of 30% whatever the penetration of the neat bitumen. 
Regarding the GB 0/14 formula with limestone aggregates, the optimum r/R value highly depends upon the three 
considered studied factors: 

• In the case of the 45 pen grade bitumen, the maximal r/R value is obtained for an initial humidity of 1,6% and a 
RAP content close to 0%, 

• For the 65 pen bitumen, the maximal r/R value is obtained for an initial humidity of 1,5% and a 15% RAP 
content, 

• For the 85 pen bitumen, the maximal r/R value is obtained for an initial wetness of 1,4% and a 30% RAP content. 
From the results obtained in the framework of these two reduced factorial experimental designs, the optimized LEA 
mix design in lab thus seems as much important as that of any hot mix asphalt (HMA). From now on, should we still 
compare HMA and LEA with exactly the same aggregate formula or should we try to optimize our LEA formulas 
according to parameters such as the initial wetness, the RAP content or the nature or characteristics of the binder used? 
Indeed, in the case of the two studies with water sensitive aggregates, the use of a traditional 35/50 or 50/70 pen grade 
bitumen, the introduction of 20% RAP and the control of the initial water content of aggregates in a range from 0,9 to 
1.6%, maximize the resistance to moisture. Eventually, the great influence of the different additives that can be used in 
the proposed process (increase of the capacity of the binder to foam and to coat the aggregate) is beyond the scope of 
this paper, the details are kept confidential since some of the additives are still in development. 
 
Table 2: Factorial experimental design to optimize the moisture resistance of a LEA® (ryolite) BBSG 0/10. 
 

 Factor A (%) 
Initial water content 

Factor B (1/10mm) 
Binder penetration 

Factor C (%) 
RAP content 

r/R Duriez ratio 
Standard value�0.70 

Test 1 0,9 45 0 0.62 
Test 2 0,9 65 20 0.70 
Test 3 0,9 85 40 0.75 
Test 4 1,4 45 20 0.74 
Test 5 1,4 65 40 0.69 
Test 6 1,4 85 0 0.65 
Test 7 1,9 45 40 0.64 
Test 8 1,9 65 0 0.58 
Test 9 1,9 85 20 0.71 
Test 10 1,4 85 20 0.69 
Test 11 1,4 85 40 0.70 
Test 12 1,4 65 20 0.77 

 
Table 3: Factorial experimental design for optimising the moisture resistance of a LEA® (limestone) GB 0/14. 
 

 Factor A (%) 
Initial water content 

Factor B (1/10mm) 
Binder penetration 

Factor C (%) 
RAP content 

r/R Duriez ratio 
Standard value�0.70 

Test 1 0,9 45 0 0.71 
Test 2 0,9 65 20 0.70 
Test 3 0,9 85 40 0.72 
Test 4 1,4 45 20 0.71 
Test 5 1,4 65 40 0.70 
Test 6 1,4 85 0 0.69 
Test 7 1,4 65 20 0.75 
Test 8 1,9 45 40 0.66 
Test 9 1,9 65 0 0.71 
Test 10 1,9 85 20 0.73 
Test 11 1,9 85 40 0.71 

 



 

Figure 9: Example of optimisation of the moisture resistance (r/R ratio) of a LEA ryolite BBSG 0/10 according to the 
initial humidity (before partial vaporization during foaming), the RAP content and the penetration of the neat binder. 
 

 

 

Figure 10: Example of optimization of the moisture resistance (r/R ratio) of a LEA limestone GB 0/14 according to 
the initial humidity, the RAP content and the penetration of the neat binder. 
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9. CONCLUSIONS 
 
The following conclusions can be drawn: 

• The LEA® process is universal since different proprietary “partial” drying and coating methods enable us to adapt 
to drum plants as well as batch plants– as they exist nowadays, 

• Residual water and some specific additives are the main catalyst for the volume increase in bitumen, which allows 
the binder to more easily mix with aggregate and be compacted at temperatures much lower than usual, 

• Unlike cold mix asphalts, LEAs have a performance tantamount to that of HMAs, but owing to the residual water 
(<0,5%) in the mix under 100°C, attention is to be paid to the evaluation of potential for moisture damage in lab. 
This checking is especially necessary for each water-based warm or half-warm technology now used in the world,  

• A new methodology for the performantial characterization of half-warm mix asphalts is proposed: as the fluidity 
just after production and the resistance to humidity are considered as essential, both the Nynas workability test 
and the Duriez test are run ahead of the other tests in order to make a preliminary selection of mixes and additives, 

• In the case of water-sensitive aggregates, the method of fractional experimental design was successfully applied 
so that studied LEAs meet the current European specifications used for the moisture resistance of HMAs. Three 
main factors were identified as very influent regarding the moisture resistance of half-warm mix asphalts: i)the 
initial aggregate humidity, ii)the RAP content and iii)the binder penetration, 

• Finally, implementation in other countries still needs to be realized to check the validity of the proposed low-
energy asphalt process with other materials, climates and mix design methods. 
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ABSTRACT 

With the protocol of Kyoto appearing, companies must encourage to obtain the fulfilment requirements requested in it 
regarding the gas emission reduction of greenhouse effect. Inside these companies it is included the bituminous 
mixtures manufacture plants which due to their characteristics, with the fossil fuels utilisation used for the warming of 
prime matters, they contribute strongly, to the reduction of these gases.  

On this aspect, to obtain a fossil fuels consume decreasing and therefore, a reduction of the gas emission of greenhouse 
effect, the sector has begun to work on it with the development of technologies at cold, with the cold mixtures already 
known and confirmed, and more recently with the development and investigation of the called semi-warm asphalt and 
low-energy asphalt.  

In this presentation it is going to be exposed the initial steps that Group Eiffage Infraestructuras in Spain is doing in the 
development phase and putting in work of low-energy asphalt.

Keywords: Agreggate, compaction, emissions, gyratory, rheology 

1. INTRODUCTION 

Since in February, 2005 it took effect the protocol of Kyoto, supported by the ONU on its agreement on climatic 
change, with the aim that the industrialized countries reduce their emission, is important and necessary the adoption by 
all the industrialized sectors, to proceed to adopt measurements that satisfy this fulfilment.  

Within the different industrial sectors, the asphalt mixtures manufacturing in warm is one of the industrial activities that 
is affected by Kyoto's protocol. For this reason, is arising the necesity, to proceed to take measurements that allows the 
development of new alternatives of products or the improvement of the existing ones. On this way, it is possible to 
accomplish with the demanded requirements but without implications in the product feature, each time more required 
on the market. 

One of the aspects to develop, on which different studies already published have begun to discuss with life cycle 
studies, has consisted to know the influence of all the elements intervening in the bituminous mixtures manufacturing, 
depending on the requirements of the Kyoto Protocol. It will include:  

- Fuel consumption.  
- Moisture of the aggregate  
- Gases emission

All of them related with a common factor: THE TEMPERATURE.  

In the manufacture of hot bituminous mixtures, it is necessary to consume energy through the use of fuel, due to two 
reasons: the evaporation of moisture natural aggregates and a binder of global warming and to reach the ideal 
temperature used . Therefore, the energy consumption depends on the temperature end of the process. 

You have to get a mixture of bitumen and aggregates to a temperature that allows it to be used. In the case of 
conventional blends that are made today, the needs of manufacturing temperatures in the range of 150-180 ° C to be 
reached in the dryer drum set, using high-power burners. The reaction produced in the combustion burners is the main 
source of emissions directly associated with the production of bituminous mixtures in warmly. 



Burning more fuel, it is increased the temperature in the same way that CO2 emission to the  atmosphere.  Therefore, it
must be necessary to have in mind these factors to investigate and to develop new alternatives of bituminous mixtures
manufacturing.

Tª CO2 CH4 N2O CO2eq �/REF
MIXTURE Kg/t of  bituminous mixture in warm 

Reference 155 0.347 0.00181 0.000706 34.97 0.00 %

Example 1 175 0.363 0.00185 0.000749 36.57 4.56 % 

Example 2 165 0.355 0.00183 0.000727 35.77 2.28 % 

Example 3 150 0.343 0.00180 0.000695 34.57 -1.14 % 

Example 4 140 0.335 0.00178 0.000673 33.77 -3.42 % 

Example 5 130 0.327 0.00176 0.000652 32.98 -5.71 % 

Example 6 120 0.319 0.00174 0.000630 32.18 -7.99 % 

Table 1: Issues of greenhouse gases depending on the temperature of manufacture 

An increase in temperature in the production of bituminous mixtures hot implies a higher fuel consumption, with a ratio
of approximately one litre of fuel for every 20 ° C temperature increases manufacturing per tonne mixing warmly. The
fuel consumption is 5 to 8 kg per tonne of bituminous mixture manufactured. This variation shows the interest of both
economic and environment to reduce, as far as is possible. Temperatures manufacturing, while working conditions and
entry into service in the behaviour of bituminous mixtures are not affected.

In Figure 1 you can calculate fuel consumption, expressed in kg / Tn bituminous mix in the warming, as well as the
amount of CO2 generated, noting that in both cases there is a reduction with respect to a conventional mix.

Figure 1: Temperature of manufacture, consumption of fuel and quantity of issues of greenhouse gases
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2. CURRENT SITUATION: NEW CHALLENGES 

 In recent years a large number of companies in the sector, which concerned by the situation needed to meet the 
requirements of Kyoto, new alternatives are being developed in two main lines of research: on the one hand, the 
reduction of temperatures manufacturing mixes hot and on the other hand, the mechanical behavior of mixtures 
temperate compared to conventional blends.  

In the first alternative that have developed what is known as a hot mixtures. With this, an attempt was made to reach a 
significant reduction in temperature from 20 to 30 ° C. Within this line are mixtures made through:  

-- Addition of hydrocarbons in the bitumen in order to reduce its viscosity reduction of manufacturing temperatures and 
commissioning work.  
-- The addition to the mixture of using synthetic zeolites, drawing water containing lead for the expansion of bitumen. 
In this way one obtains a bituminous mixture at a lower temperature.  
-- Use of products that act as foam bitumen.  
-- Using two folders of different viscosities, or carefully selecting the order of entry and the time of mixed to improve 
the conditions of the mixture.  

Other lines of development are the low energy consumption of asphalt that are manufactured bituminous mixtures at 
100 ° C.  

These options are useful for reducing the temperature of manufacturing, the demand for lower fuel consumption and 
reduced emissions of gases. 

3. LOW ENERGY ASPHALT 

3.1 Formulation and manufacture

The low power consumption of asphalt is an alternative more in the manufacture of products at temperatures lower than 
those of a conventional mix. In this case, the main feature of this type of mixture is rooted in the possibility of being 
made to the low temperature of 100 ° C with a performance similar to a mixture of conventional and obtained from a 
lower fuel consumption, as well as a reduction of gas emissions, as indicated in the diagram of Figure 1.  

In the manufacture of a conventional bituminous mixture, a large portion of the energy is used for drying aggregates 
from 100 ° C, a temperature from which starts the process of vaporization, where most of the energy spent far as 170 ° 
C. In the case of the warm mixture occurs in the fuel savings by eliminating the phase of vaporization.  

Not all the dry arid to tap moisture.  

To carry the manufacture of energy under the asphalt the procedure consists of:  

-- Heat the thickness added to the temperature commonly used  
-- Add the bitumen to cover the arid thick  
-- Add the sand that contains the elements of fine ore with the skeleton that holds moisture.  
-- Add a quantity of water sufficient to obtain the extension of the bitumen generate an increase of the specific surface 
area of bitumen and the decline in the apparent viscosity of obtaining this way perfectly mixed aggregates.  
-- The permanent heat exchange that takes place at different stages of the mixing operation, which produces 
condensation from wastewater, which is dispersed in the mass of bitumen and secure handling end of the mix  
-- The last lowest temperature is obtained in the mixture to 100 ° C  
-- The mixture obtained shows the same aspect that blends conventional, but with a lower emission of fumes  

The result of all this leads us to obtain a mixture that has the appearance and characteristics of the hot mixture from:  

-- The manufacturing can be done both as a continuous batch plants  
-- It is possible to use bitumen with the same degree and the same dosage that blends conventional  
-- It is possible to perform a whole range of blends in warmly  
-- The percentage of bitumen is not limited  
-- Completed work when using the low energy asphalt, there is a mechanical behavior similar to conventional mixtures 
after ripening.  
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-- The residual moisture from the mixture is the lowest and close to 0.5% 

3.2 Putting in work

 Putting in the work of a low energy asphalt presented as characteristics:  

-- The same transportation equipment can be used, as well as compaction and widespread than for a conventional mix.  
-- The cleanup of both transportation equipment and spread from assistants do not need a cleaning later with the use of 
solvent.  
-- The operation of the mixture is similar to the conventional, especially with emphasis on this aspect at the time of the 
meetings  
-- The application of temperature of the mixture at temperatures below 100 ° C, reduces the risk of burns and severe 
heat, especially during the summer works. Moreover, the near disappearance of snuff and produce less odor problems to 
the wearer to complete the works and for people around them.  
-- The compaction is similar to a conventional mix for the same formulation.  
-- The energy compaction can be slightly higher aspect that only translates into an increase in the number of passes of 
the compactor. 

4. EXPERIMENTAL TEST

 In order to verify the performance of the low energy asphalt both in the manufacturing and putting in the work, the 
group Eiffage, in his PANASFALTO subsidiaries in Madrid, and RUS in Seville, which has led to initiate development 
Such mixtures in order to assess Its viability.  

At the time of raising the development of these works many doubts and questions as:  

-- Is it possible the manufacture of mixtures to a temperature of 100 ° C?  
-- Will this kind of mixture manageable at this temperature?  
-- Are we going to get the necessary cohesion to the mix, once widespread and enduring is compacted?  

All these questions led to the development of the works which are outlined below verifying that all of them could have 
responded adequately.  

Obviously, this work does not end here, but it is the beginning of a process that requires effort from everyone to get this 
kind of blends to sen accepted in all areas of activity. 

4.1 Manufacture 

In the jobs here exposed it showed the results of two types of mixtures who habitually are made in Spain: 

- A small aggregate mixes with an upper designating sieve size D < 16 mm 
- A large agreggate mixes with an upper designating sieve size D > 16 mm 

In both cases the used formulation is the same that the used in a conventional mixture.  

Small agregate mixes  

Composition with aggregates siliceous and a percentage of the 1.5 % of calcareous filler with the following 
characteristics:  

Sieve 12.5 10 8 4 2 0.5 0.250 0.125 0.063 

% Percentage passing 100 91 77 50 33 17 14 10 6.6 



The used bitumen was a binder 40/50 with a percentage added on mixture of 5.2 %.

The temperature of the mixture made of plant and measured on truck is close to 95 ºC.

Large agreggate mixes  

Composition of aggregate calcareous with the following characteristics:

Sieve 25 20 12.5 8 4 2 0.5 0.250 0.125 0.063

% Percentage passing 100 91 72 58 42 29 13 9 7 5.3

The used bitumen was a binder 60/70 with a percentage added on mixture of 4.1 %

The temperature of the mixture made of plant and measured on truck is close to 95 ºC.

4.2 Load of the mixture and putting in work

Only small aggregate it was extended in work. Once made the mixture the process of loading, transporting and
extending has been similar to the conventional mixture.

Load and exhaust of truck

Almost absence of smoking was verified during the load of the trucks (photo 1) after exiting of the mixer.

The temperature of the mixture once made and take from the truck was about 95 ºC (photo 2).

The aspect of the mixture as shows photo 3 is similar to a conventional mixture.

Photo 1: It loads of the truck in plant Photo 2: Temperature taken in the truck to its 
exit of plant

                                                                                                           
                                                                                                          Photo 3: Aspect of low energy asphalt 
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 In the unload of the mixture can be seen cleaning the traileras it shows  photo 4.

Photo 4: Aspect of the tow after the unload of the mixture in  
                                                                                  Work 

Putting in work

The equipments used during the work have been the same that used for a conventional mixture, the exhaust was done on
the equip of extended and the temperature of the mixture at the arrival was about to 84 ºC (photo 5 and 6).

Photo 5: Aspect of the mixture in the unload to the 
equipment(team) of extended

Photo 6: Temperature measured in the equipment of 
extended 

The work was carried out smoothly (picture 7). It should be noted that by combining two layers longitudinal, the low 
energy asphalt allows overlay still having spent a considerable amount of time. This situation seems to be possible in
view of the elastic visco-character of the sample to the temperatures of managing.

Photo 7: Extended of the mixture 
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It was also verified that the auxiliary material used is cleaned easily affixed not staying the mixture. (photo 8)

Photo 8: Aspect of the auxiliary material used in the extended

The temperature taken in the work was about 51 ºC (photo 9) and it is possible to verify the heat sensation and the
possible risk of burns does not exist since it is possible to touch the mixture just after being extended.

                                                                                      Photo 9: Aspect of the widespread

The compaction carried out using the same equipment that for a conventional mixture with two types of compaction, an
initial with a vibratory compactor (tandem HAMM HD 110 with an operative mass of 10 Tn followed by a compaction
for tires, (Corinsa CCR 14.21 B) with a mass of 21 equivalent Tn to 3.000 Kg for wheel.

There is thought that the compaction with wheel is preponderant with this type of mixtures for the elastic visco-
behavior of the mixtures to the temperature of compaction (51 ºC) where this type of compaction what it provides is that
the mixture acquires the necessary cohesion.

The opening to the traffic was done just finished the compaction and the aspect is satisfactory.

4.3 Testing of the low energy asphalt

The control of the low energy asphalt in the laboratory was made by applying the methods of test standards Spanish
NLT-159 and NLT-168. Applying these standards is determined by the density of the sample and its cohesion. Those
standards require compaction of the test pieces on impact.

It was found that the impact compaction does not provide adequate value to evaluate cohesion.

The cause may be due to a rebound effect that prevents the cohesion of the mix due to the presence of water and
compaction temperatures <100 ° C.

We chose a gyratory compaction process to verify the cohesion of the mix and get consistent values to the extent of the
cohesion of the characteristics of the mixture according to the table 2.

With compaction rotating reproduces the type of compaction when there is work.
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Mixture Density  
(g/cm3)

Stability
(kN) 

Deformation (mm) Void content 
(%) 

Small agreggate 2.357 12 4.4 4
Large agreggate 2.4 13 3.2 7.4 

According to the obtained results it is verified that for this type of mixtures it is necessary that tests of characterization 
are applied using a gyratory compaction.  

This method makes behaviour evaluation more efficiently because this is the most similar situation to work in putting.

5. CONCLUSIONS

The production of hot mix asphalt requires significant energy consumption. The development of low energy asphalt  
aims to reduce this consumption, and hence reduce CO2 emission of VOCs and other gases harmful to health and the 
environment.  

It finds in this work is possible manufacturing low energy asphalt at low temperatures up to 100 ° C with some similar 
characteristics to conventional mix and formulations for the same.  

The presence of moisture in these mixtures, in addition to saving energy, amending rheology in a way that can extend 
up to temperatures close to 50 ° C.  

It also finds that the characteristics of these mixtures, compaction methods must be adapted.  

Emphasize that the low energy asphalt not only improves safety and working conditions of staff who is doing the work, 
but also the safety of road users circulating in the vicinity of the works. 

 With encouraging results, we will continue to investigate the behavior in the short and long term both in the studies in 
the laboratory and in plant and, of course, work to track and verify its permanence. 
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ABSTRACT: 
 
In response to global climate changes, C-Fix has been developed as a new type of bituminous binder for the 
production of Carbon Concretes. These mixes have – after cooling – concrete properties and are extremely 
suitable for the production of strong industrial surface applications. C-Fix applications have proven their quality 
in many projects in the Netherlands and Germany and have prevented substantial CO2 emissions. 
As strong as concrete, but cheaper, quicker ready in use and environmentally friendly. 
The past years a number of areas, consisting of several construction advancements in C-Fix Carbon Concrete, 
are realised, life span  In all cases, the construction can be realised liquid tight.  
 
Keywords: durability, environment, industrial application, infrastructure, recycling 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1. The C-Fix binder 

Background and history 
Since many years, Royal Dutch/Shell has conducted detailed research with respect to the qualities of heavy 
mineral oil fractions and CO2-reduction. During the refining of crude oil, a very hard, carbonaceous material 
remains. At this moment, this material is added as a component to heavy fuels, particularly for electricity power 
plants and seaships.  
Due to the fact that the material is carbon-rich, the burning of it leads to a huge amount of CO2-emission. It 
would be better for the environment to use it for another purpose, and to use a lighter, less carbon-rich fuel or 
natural gas. 
 
C-Fix is, contrary to bitumen, not specifically developed for road building. The binding agent is currently used 
on a large scale as a component in heavy fuel crude oil. In 1998 scientists of Shell Global Solutions (one of the 
research businesses of the Royal Dutch/Shell Group) invented a way to utilize this good adhesion performance in 
a positive way. The heavy, carbon-rich fraction was used as a binding agent to produce a durable building 
material based on the particular adhesion performance. After four years of intensive research and development, 
in corporation with a number of parties from the building and construction industry and with support of the 
Dutch government, in the middle of 2004, C-Fix was ready for market introduction. 
 
The name C-Fix is derived from Carbon Fixation. The binder has excellent technical qualities that make the 
material very suitable for typical concrete and asphalt applications. The binder is hard and strong and attaches to 
all kinds of materials. The binder is the ‘third generation’ Construction material that – in regards to mechanical 
qualities – is comparable to concrete, but combines these qualities with the advantages of asphalt.  
 
Characteristics of the binder 
In a civil technical way the binder can be best  described as a very hard, special bitumen with good performance, 

a  
low penetration (pen) and a high PI (less influence of the temperature). The characteristics of the binder 
distinguish itself on a number of aspects to conventional bitumen, especially in regards to the viscous  properties 
and the adhesion performance.  
 
An overview of the most important characteristics of the binder: 

 
 Specification Typical 

value 
Method 

Penetration at 25°C                        dmm 1-10 5 DIN EN 1426 
Penetration at 40°C                       dmm 15-20 18 DIN EN 1426 
Softening point Ring & Ball          °C 83-90 87 DIN EN 1427 
Ash content                                     m, %  0,1 DIN 52 005 
Flashpoint                                       °C  Min. 300 315 DIN EN 22592 
Density at 25°C                              kg/m³  
 

1000-1200 1090 DIN 52 004 

Dynamic viscosity  180 °C mPa.s 
 

 300-330 
 

(Haake Rotoviscometer) 

Dynamic viscosity 200 °C mPa.s  130-160 
 

(Haake Rotoviscometer) 

Dynamic viscosity 220 °C mPa.s 
 

 50-80 
 

(Haake Rotoviscometer) 

Zero Shear Viscosity at 40 °C mPa.s 
 

 33.5 (Haake Rotoviscometer) 

Rolling Thin Film Oven Test (RTFOT)      
                                                                                                      before                 after 
Penetration at 40 °C  dmm 
 

18 13 -28 % 

Penetration at 50 °C  dmm 
 

35 24 -31 % 

Softening point Ring & Ball          °C 
 

88.3 95.4 + 8% 



 
Mixes of Carbon Concrete and fields of applications 
At this moment, C-Fix mixes are being applied in The Netherlands, Germany and Belgium. Besides the name C-
Fix there are mixes offered in different countries  different brand names. In The Netherlands and Belgium under 
the name Carbon Concrete and High Torsion, in Germany under the name StabiCO2. Both the DAC as the SMA 
mixes can be applied as liquid tight mixes.  

Mixes of Carbon Concrete/StabiCO2 
Carbon Concrete is the brand name for the composite materials that are produced (in an asphalt mixing plant) 
based on the C-Fix-binding agent and typical mineral aggregates, such as gravel and sand. The EVT of the 
binder with a pen 6 is 195°C. Addition of 25 % reclaimed asphalt is permitted with a Carbon Concrete mix 
0/11. 
 
 
Composition Carbon Concret mix 0/11 [Carbon Concrete 0/11] 
 

Passing  sieve Maximum % (m/m) Minimum % (m/m) 
   
C11.2 100 79 
C8.0 90 70 
C5.6 75 56 
2 mm 47 37 

0.063 mm 9 5 
Binder content  5,6 6,6 

 
Performance of Carbon Concrete mix 0/11 
 

Test method requirement 
 High stable, liquid tight Extreme high stable 
Marshall stability Pm (test 57) 20.000 – 30.000             30.000 - 50.000 N 
Indirect tensife ratio (NEN-EN 12697-12) > 85%                      > 85%   
Tensife strength at 25°C 2 -3  MPa 3-4 MPa 
Point load 40°C tested on lab scale 4 – 6 N/mm2   5 – 8 N/mm2 
Triaxial deformation (prEN 12697-25 B) at 
50°C and 10.000 axle load 

< 2 %    
viscosity about 40.000 Mpa.s 

Air voids  < 3 % (V/V) < 4 % (V/V) 
Filling degree 85 82 
Compaction degree on the job > 98 % >98 % 

 
 
Carbon Concrete SMA (Stone Mastic Asphalt)  
 
SMA Carbon Concrete is a hot  prepared mix, consisting of aggregate, sand, filler materials and a bituminous 
binder. De EVT, of the mix with a pen 6, is 195°C.  
 
The composition 0/11 is  specified in the next table: 
 

Passing Sieve Maximum % (m/m) Minimum % (m/m) 
   

C11.2 100 84 
C8.0 56 42 
C5.6 37 23 
2 mm 26 16 

0.063 mm 11 6 
anti binder drainage  agent 0,3 

Binder content  6,1 – 7,0 
 
 
 



  
 
Performance  SMA Carbon concrete 0/11  
 

Test method requirements 
Indirect tensife ratio (NEN-EN 12697-12) > 85% 
Tensife strength at 25°C 3,5  – 4 MPa 
Point load 40°C tested on lab scale 4 – 8 N/mm2 
Air voids < 4 % (V/V) 
Degree of compaction  >= 97% 
Triaxial deformation (prEN 12697-25 B) at 50°C and 10.000 axle 
load 

< 1 % 
viscosity about40.000 Mpa.s 

 
*The mix will be mixture will be devised depending on the application. With a liquid tight and highly stable 
floor, the design void contains 3 % (V/V). 
An SMA Carbon Concrete 0/16 and 0/22 will be applied as binder layer, as a result of which a stable 
construction is being made. 
 

 
Carbon concrete mixes can show some “shrinkage”. Therefore, it is highly recommended to follow 
recommended aspects of processing and application. Incising of seams (on the side or transversely) depends on 
the mixture type and implementation circumstances and will be indicated by the producer of the mixture.  
The saw cut, approximately 10 mm, will be filled with a flexible bituminous filling of the joint.  
 
Application fields Carbon Concrete mixes 
 
Advantages of Carbon Concrete in regards to conventional materials 
Carbon Concrete offers a lot of advantages with respect to conventional materials such as asphalt and concrete. 
This makes Carbon Concrete particularly interesting when requirements mentioned below must be met: 
� In the case where a high mechanical stability is required, such as , container terminals, etc. ; 
� In the case where a high dynamic stability is required, which is the case with bus laned, industrial supply 

and demand roads, etc.; 
� In the case where (moreover) a combination of fluid tightness and high stability is required, which is the 

case with recycling waste area’s (in Dutch they are called environmental streets). 
� In the case where resistance against infestation to sours, bases and salts is required, such as waste 

recycling floors, etc; 
� In the case a large resistance to mechanical infestation (scraping, torsion, etc) is required; 
� In the case a high strength in combination with a short implementation period is important (cold = 

concrete strength!);  
� In the case the environment and especially CO2-savings are an important reason.  
 
Service life of the surface layers 
 
During the Service life of a Carbon Concrete is less sensitive for distortion and (mechanical/chemical) 
infestation then similar asphalt. Properly made and processed, the life span of a Carbon Concrete  will be 
comparable to those of a normal asphalt and cement concrete hardening, therefore about twenty to twenty five 
years. In comparison: 

� Asphalt road: periodical replacing of parts in cover and the filling of cracks, complete replacement 
every fifteen years.  

� Cement concrete: periodical maintenance, only filling of cracks, complete replacement every thirty 
years.  

� Carbon Concrete: periodical maintenance, only filling of cracks, possibly replace sporadically of 
small(er) parts in top layer, complete replacement every twenty five years (estimation).  

 
Besides this, Carbon Concrete is also fully recyclable at the end of the service life.  
 
 
 
 
 



 
3 Realized [industrial] projects   
 
Examples of several realized projects 
 
 
Project Westerbroek Container Storage 
 
Construction 2005 
Surface 3,5 ha 
Total construction  
6 cm upper layer Carbon 
Concrete 0/11 
7 cm STAB 
Foundation  
 
 
 
Some light impressions are visible after two 
years. At the places of the impressions there are 
no cracks or distortion. The Carbon Concrete 
mixture has been adapted by the contractor,.. 
During the Construction two paving  machines 
have been used, as a result of which an 
implementation of warm in warm became 
possible. No thermal ‘cracks’ have been 
observed.  
 
 
 
 
Project Harbour Stein 
Industrial application 
 
Construction 2007                                                                                                                 
Surface 1,5 ha 
Total construction 
6 cm top layer SMA 0/11 
7 cm modified Aggregate Concrete 
30 cm crushed concrete gravel 
 
The area will be used for, amongst other purposes, 
transhipment, container storage, etc. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 
 
Project Essen [Germany] 
 
Waste disposal processing 
 
Construction 2007                                             
Surface 70 ha 
Total Construction 
6 cm top layer StabiCO2  
7 cm base layer 
30 cm base materials 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
Project  B75 Bremen [Germany] 
 
Heavy (loaded) traffic 
 
Construction 2007                                          
Total surface 5000 m2 (several inlay’s) 
Total construction 
6 cm top layer  StabiC02  0/11 
7 cm base layer 

 
 
 
 
 
 



Project heavy tracking traffic 
 
Heavily loaded, tracking traffic 
 
Bus lane  
Construction 2003                                         
Surface area total 4000 m2 
Total construction 
6 cm top layer carbon concrete0/11 
 
After all these years of heavy use, the  
bus lanes show no damage. The 
transversely saw seams, that were 
applied back in 2003 every 15 meters, 
also show no damage. 
 
 
Heavy duty road to industrial area 
 
Construction 2005 
Surface 5600 m2 
Total construction 
6 cm top layer Carbon Concrete 0/11 
7 cm “SMA 0/16” 
 
The main road with heavy (shape) tracking 
traffic looks good and shows only at some places 
light crack shapes, which occurs from the under 
lying construction.  
 
 
 
 

4 Risks  
  

Carbon Concretemix

increase quality level for :
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5  The future of hard binders 
 
From experience it has become clear that the application of very hard binders in [road] construction generally 
leads to the desired result. The mixture design is different than with normal asphalt.  



The fillings degree of the top layer with C-Fix inside lies within a percentage of 85 and 89. This is for a heavy 
duty top layer with a design with a normal pen-bitumen too high, but with the application of a very hard binder, 
this - after cooling – gives a very stable result. 
With the application there are a few attention points that need to be mentioned.  Among other things, with a 
DAC  alternative, the rolling of the road is carried out with a small light roller [2 to 3 tons], directly behind the 
beam of the spreading machine. It deserves recommendation to make a test surface, when a contractor starts 
working with a very hard binder. 
Also, it has appeared that the low temperature behavior, in a positive sense, can be changed by adjusting the type 
of filler material and by applying a modification. Both alternatives also have a positive influence during the 
processing of the mixtures. The mixtures seem "more robust" and less sensitive for application circumstances. 
Study into the influence of the low temperature behavior is – during the writing of this paper - still in progress at 
the prestigious Technical University in Delft, The Netherlands. The results of this study are also submitted as a 
paper during the congress in Copenhagen. 
The further development of C-Fix mixtures for road construction is continued in close cooperation with well 
known institutes and innovative contractors. In the Netherlands the development is continued with organizations 
like the AKC and TUD (Technical University Delft) and in Germany with IFTA in Essen. 
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ABSTRACT 
 
A reduction in CO2 emissions combined with the added benefit of saved energy were the reasons for developing low-
temperature asphalt. Furthermore, the maximum permissible value for vapours and aerosols was newly specified. 
Numerous workspace measurements performed during the processing of asphalt showed that this lowered value was 
exceeded notably in the case of mastic asphalt due to the higher processing temperatures involved.  
One consequence is that temperature reduction is advisable for saving energy in the case of rolled asphalt, and 
necessary for ensuring work safety in the case of mastic asphalt. 
The use of bitumen liquefier is one possibility of lowering the manufacturing and processing temperatures of hot 
asphalt. 
Bitumen liquefiers are additives which are transformed very rapidly from the solid to the liquid state at approximately 
80°C, mix easily with bitumen, and lower the bituminous binder viscosity at the processing temperature. 
The results of several laboratory investigations verified the additives' basic suitability for manufacturing low-
temperature asphalt. 
Having been demonstrated successfully in the laboratory, this suitability was to be verified subsequently in the 
construction of test road sections under real conditions. 
This presentation is intended to provide a more detailed description of the laboratory experiments, selected test routes 
and results of the field tests in germany. 
 
Keywords : Additives, Emissions, Low-Temperature, Mastic Asphalt, Workability 
 
1. INTRODUCTION 
 
The term low-temperature asphalts describes asphalts that are produced and processed at temperatures that are 20°C to 
30°C below the currently common temperatures. The starting point for the development of low-temperature asphalts 
was the desire to reduce the emissions of carbon dioxide generated during the energy-intensive production of asphalt 
and to reduce the energy consumption. Furthermore, in October 2000, the committee for hazardous substances set a 
limit of 10 mg/m³ for fumes and aerosols during the hot processing of bitumen. Numerous measurements during the 
processing of asphalts showed that this limit is usually being adhered to with rolled asphalts. Measurements with mastic 
asphalts, which are widely used in road construction as well as in building, showed that the limit of 10 mg/m³ for fumes 
and aerosols is significantly exceeded in most cases. Measurements of the Employers’ Liability Insurance Association 
(BG Bau) for machine-aided laying of conventional mastic asphalt show exposures of more than 50mg/m³ for mastic 
asphalt workers [1]. 

The limit was temporarily suspended for the processing of mastic asphalts with the provision that emission-reducing 
measures must be developed to be ready for use. Lowering the temperature for rolled asphalts is beneficial, as it saves 
energy. Lowering the temperature for mastic asphalts is further required for worker safety. 
If no solutions for the reduction of the processing temperatures for mastic asphalt are developed, this construction 
method will no longer be applicable for worker safety and health protection reasons. 
 
2. CHARACTERISTIC OF MASTIC ASPHALT 
 
Mastic asphalt is a dense mass of gravel, sand, filler and bitumen. The mix of minerals is composed so that only small 
voids remain and the amount of binder added is adjusted to the voids, so that a small amount of excess binder is present 
at the processing temperature, which ensures that the mastic asphalt mixture has flow properties. In addition to its use as 
a protective and sealing layer in civil engineering and as floor pavement in building construction, mastic asphalt is also 
used in road construction for certain, highly stressed areas and for bridge surfacing. Building with mastic asphalt was 
particularly successful with regard to the requirements for durability and grip of wearing courses in road construction. 
Wearing courses that are still functional have usage times of up to 30 years. To achieve the necessary durability at high 
usage temperatures and crack resistance at low usage temperatures, the amount of binder has to be reduced to a 
minimum. However, to achieve good processing characteristics with a low binder content, the usual temperature range 
for machine-aided laying of mastic asphalt has to be between 240°C to 250°C. The high processing temperatures cause 
high emissions. For conventional mastic asphalt with sufficient durability, the characteristics "easy to process" and "low 
emissions" exclude each other. 
The first positive experiences with additives aimed at improving the processing characteristics of mastic asphalt were 
made in the field of mastic asphalt floor pavement. The mastic asphalts are usually handled manually and within rooms, 
so that sufficient ventilation cannot always be ensured.  



The positive experiences in this area suggested testing these viscosity-changing additives with mastic asphalts used in 
road construction. 
 
3. VISCOSITY-CHANGING ADDITIVES 
 
Viscosity-changing additives very rapidly change at approx. 80°C to 140°C from a solid to a liquid state, mix easily 
with bitumen and reduce the viscosity of the binder at processing temperature. When cooling the asphalt from 
processing temperature to usage temperature, these substances crystallise, are finely distributed in the bitumen and 
strengthen the binder and thus the asphalt. The viscosity-changing additives usually take the form of granulates, 
powders or tablets and can be added to the asphalt mixer during the mixing process. If required, the mixing times must 
be adapted to achieve a homogeneous distribution of the additive. If large amounts of asphalt mixture are to be 
produced, it is recommended to use viscosity-changed binder, with the viscosity-changing agent already integrated. 
Usually, an addition of 2.5 to 3.0 percent of additive relative to the binder mass is recommended. 
 
4. LABORATORY TEST 
 
Different test methods that relate to the usage property were applied to compare a conventional mastic asphalt and 
modified mastic asphalts that were produced at lower temperatures in order to investigate the effects of viscosity-
changing additives and viscosity-changed binders on mastic asphalts. The investigations each involved four additives 
and four modified binders [2]. 

A production temperature of 250°C was specified for the conventional mastic asphalt. The modified mastic asphalts 
were produced at temperatures of 220°C and 240°C. 
The conventional mastic asphalt and the modified versions were investigated using the following test methods. 

For evaluating the resistance against deformation: 
� Indentation test according to DIN 1996-13 
� Wheel tracking test according to EN 12697-22 

For evaluating the layer adhesion/bonding: 
� Test of  the layer adhesion according to Leutner 

For evaluating the crack resistance: 
� Bending test at prism-like test bodies 

For evaluating the grip (chip adhesion): 
� Test of plates sprinkled with chips in a circular test setup 

The results of these tests were compared to establish whether the additives and binders tested were in principle suitable 
for producing useable mastic asphalt at lower temperatures. The tests established that the additives and ready binders 
are basically suitable for producing mastic asphalt at lower temperatures without affecting the usage characteristics. All 
the products tested facilitate the production of mastic asphalt at a lowered temperature of 220°C in the laboratory. The 
modified mastic asphalts showed partially improved deformation resistance in heat. Higher brittleness of the modified, 
mastic asphalts could not be proven. The concentration of the additives and ready binders at the boundary to the 
supporting layer and on the surface could not be detected. The adhesion of the layers was not affected in a way that 
would justify advising against the use of additives and ready binders. The test of some modified mastic asphalts in a 
circular test setup showed that the use of additives and ready binders does not affect the chip adhesion capabilities of 
mastic asphalts. 
 
5. IN-SITU TEST 
 
After successful testing under laboratory conditions, the suitability of the additives and ready binders had to be proven 
under practical road construction conditions by constructing a test track.  
In October 2002, a test track was established at the German Freeway No. 1 near Euskirchen. The asphalt course was 
renewed along a stretch of 3600m. The wearing course was made of mastic asphalt. Four test fields of 500 metres each 
were built. In addition to a reference field with conventional mastic asphalt, three test fields were built with additives 
and viscosity-changing binders that had before been successfully tested in the laboratory. A fatty acid amide, a Fischer-
Tropsch wax and a Montan wax were used [3]. 

The test programme of the Federal Highway Research Institute included temperature measurement, sampling, 
production of sample bodies for subsequent tests and the creation of measuring profiles for further observation of the 
mastic asphalt wearing course. The laying temperatures were measured with infrared thermometers, which have 
advantages with regard to the response time of the measuring device and handling. However, before they can be 
applied, the appropriate emission level must be set on the infrared thermometer. The emission level must be adjusted for 
the material or surface of the tested material. Setting the emission level for measuring the processing temperature of the 
mastic asphalt was done by calibrating with a penetration thermometer. 



 
Figure 1 : mechanical paving of mastic asphalt 

 

At a distance of 10m and for each new truck, the 
temperature of the mastic asphalt delivered was 
measured at the boiler outlet. This temperature 
measurements were supplemented by measurements of 
the fumes and aerosols during the laying of the mastic 
asphalt by the Employers’ Liability Insurance 
Association. 
Figure 2 shows the emission and temperature 
measurements for a test field. Each cross indicates a 
temperature measuring value. The appropriate scale is 
shown on the left axis. The two lines indicate the mean 
from temperature and emission measurements over a 
period of two hours.  

Figure 2 : values of emissions/temperature 
 

The test track at the German Freeway No. 1 showed that the processing temperatures can be lowered to 195°C. The 
modified mastic asphalts were laid at a temperature that is on average 25°C lower than the laying temperature for 
conventional asphalt. The modified mastic asphalts were easy to process. The reduction of temperature led to a 
reduction of the fumes and aerosols. The emissions measured during laying showed very low values for all test fields.  
 

Trial section Type of modification processing temperature [°C] fumes and aerosols [mg/m³] 
1 Fischer-Tropsch wax 219 1,3 
2 - 244 2,1 
3 Montan wax 216 1,5 
4 fatty acide amide 225 4,7 

Table 1 : mean values of emissions/temperature  
 
In each test field, two measuring profiles were established at a distance of approx. 200-300m. These measuring profiles 
were intended for observing the asphalt layers over several years. For this purpose, a reflective foil was glued onto the 
asphalt layer over the whole width of the lane (Fig. 3). The observation over several years includes electromagnetic 
measurement of the layer thicknesses as well as measuring the cross profile of evenness at the road surface (Fig. 4). 
These layer thicknesses and cross-profile measurements can be used to attribute deformations found on the surface of 



the road to different causes and layers such as deformation of the asphalt binder layer, wearing of the asphalt wearing 
course or deformation of the asphalt wearing course. 
 

 
Figure 3 : measuring profiles 

 
Figure 4 : cross profile of evenness

 
The type and scope of the investigations carried out on the mixed-material samples obtained at the building site and the 
test bodies produced correspond to the investigations made in the laboratory. The results give no indication that the 
modification of mastic asphalts has a negative effect on their usage properties.  
 
 

BAB 1 Euskirchen 
Trial section 1 2 3 4 

Type of modification Fischer-
Tropsch wax -- Montan wax Fatty acide 

amide 
Year of investigation 2002 2007 2002 2007 2002 2007 2002 2007 
Softening 

Point R&B [°C] 79,5 84,0 58,8 61,2 60,4 58,5 73,6 73,2 

Resistance against deformation 
Indentation 

static 30 min. [mm] 1,3 } 1,8 } 2,5 } 2,1 } 

Indentation 
static 60 min. [mm] 1,5 } 2,0 } 2,9 } 2,4 } 

Indentation 
dynamic [mm] } 2,10 } 2,24 } 2,85 } 1,88 

Evaluation of crack resistance 
Bending 

capacity 22°C [N/mm²] 6,88 7,00 6,07 6,66 7,61 7,53 4,86 5,18 

Bending 
capacity 0°C [N/mm²] 11,76 11,95 11,29 12,50 11,75 11,13 12,51 12,48 

Ratio 
22°C/0°C [-] 0,59 0,59 0,54 0,53 0,65 0,68 0,39 0,42 

Table 2 : results of the laboratory tests  
 

 
The provision of measuring profiles allows further observation of the deformation resistance of the mastic asphalts laid. 
After a usage time of 5 years under traffic load, follow-up measurements were performed on the profiles in May 2007. 
The results of the layer thickness measurement and cross-profiles show that the deformation resistance of modified 
mastic asphalts must be rated as very good. Also the field performance concerning the characteristics cracking and 
surface condition in total of all trial sections have to be rated equal and very good as well after a usage time of 5 years. 
In subsequent years, additional test tracks were established. 
 
6. SUMMARY AND OUTLOOK 
 
The use of viscosity-changing additives and viscosity-changed binders to lower the temperature during the production 
and processing of mastic asphalt were successfully tested in previous years. The use of viscosity-changing organic 
additives showed a great potential for lowering the production and processing temperatures as well as a high level of 
process reliability during the application. 



The current state of technology is described in the "Bulletin for temperature subsidence of asphalt" (Merkblatt für 
Temperaturabsenkung von Asphalt - M TA) that is issued by the Research Association for Road and Transportation [4]. 
This bulletin provides information and explanations concerning the particularities of the production and the processing 
of low-temperature asphalts. The scope of application of the information sheet in principle includes all asphalts used for 
hot laying. The recommended values for mixed-material temperatures provided in the information sheet show the 
potential for temperature reduction during the production and processing of these asphalts. 

The current findings are published by the Federal Highway Research Institute in a "Compilation of positive experiences 
concerning the use of ready products and additives for lowering the temperature of asphalts"[5]. The bulletin of the 
Research Association for Roads and Transportation refers to this compilation of experiences by the Federal Highway 
Research Institute. 

The compilation of experiences will be updated and adapted to new findings and experiences. A final evaluation of the 
technical properties of asphalts that are produced and processed at lower temperatures by using viscosity-changing 
additives can only be provided after an expected usage time of at least 15 years. This is not yet possible for the products 
currently available on the market. 
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ABSTRACT 
 
Homogeneity and separation are some of the greatest difficulties in producing and in quality assurance of asphalt 
concrete. This has to be taken into account already at the start of the mixing process in the plant and it is important to 
minimize the risk of separation during transport and laying processes. A flow mixing procedure gives rise to decrease 
mixing temperature by 30 degree Celsius and decrease bitumen content by 0.5% in surface mixes without loosing 
quality in the pavement performance. The flow mixing technology has been used in surface layer in many roads in the 
middle part of Sweden in the last years. The long-term performance evaluation of three roads with 5 test sections has 
been examined from time of compaction during the last 3 years of traffic. The evaluation is based on laboratory test on 
cored samples as well as pavement performance measured on the road. The field tests include surface measurements 
(rut depth, noise, friction and texture). The laboratory tests are including a condition test for Nordic climate including 
salt water and freeze-thaw cycles and wear test. This study verify earlier study by Wendel [5] showing that the asphalt 
concrete manufactured by flow mix technique, KGO-III, with less amount of bitumen and compacted at a lower 
compaction temperature, work as good as ordinary manufactured mixes. Environmental as well as both economical and 
quality benefits are key interest for the Road Administration.  
 
Keywords: durability, mechanical properties, mixture design, segregation (coarse-fine aggregates), stiffness 

1 INTRODUCTION 
 
A new mixing technique called KGO-III is implemented in five test sections on three different roads. One of the test 
section is a reference section. The KGO-III technique, which is a patented technique [1], consists of mixing binder and 
coarse aggregate fractions at first. The second step is addition of filler fractions in a controlled way so that the filler is 
well distributed in the mix. The addition of fine fractions (0.064 – 4 mm) comes last. The idea is to get a thicker mastic 
(binder + fine aggregate) film around coarse aggregate in spite of using 0.5 per cent less binder content in comparison 
with conventional mix. It has also shown that the mixing temperature has to be decreased by 30 °C during mixing 
process. High mixing temperature gives rise to binder separation in mix. Thus there are environmental and economical 
benefits in using this technique. Since 1998 have a total amount of 500 000 ton KGO-III asphalt mixes been produced, 
by different asphalt plants and contactors mainly at region “district” Mälardalen. TOD is a laboratory test to verify the 
mix as a KGO-III mix [1]. If reclaimed asphalt is used it will be added in the beginning of the process together with the 
course aggregate. 
 
 
 

 

Figure 1: Asphalt plant with capacity of 180 ton per hour using KGO-III method. 



2 CONSTRUCTION OF THE TEST SECTIONS 
 
A total of three roads were newly reconstructed with a surface layer consisting of the KGO-III asphalt concrete, two in 
the autumn 2002 and one in the summer 2003. The test sections are located on three different roads, road C545 near a 
place called Bålsta and road U537 near the city Västerås and road T815 close to the city Arboga in the middle of 
Sweden (about 100-150 km west from Stockholm in the region Mälardalen). The road sections are almost similar in 
structure with the exception of the wearing course.  
The road C545, with about AADT 3000 vehicles per day, is laid with wearing course consisted of a dense asphalt 
concrete type KGO-III, ABT16 70/100, with 5.7 % bitumen content. A test section with a length of 900 meters was 
incorporated in this road as a reference section. The wearing course of the reference section is consisted of a 
conventional dense asphalt concrete according to the Swedish specifications (ATB VÄG 2003). The mix type is ABT16 
70/100 with binder content of 6.2 %. The aggregate and the binder for the KGO-III and reference mixes are from the 
same origin, and the asphalt is produced in the same asphalt plant. The aggregate type is crushed rock of granite with 
Nordic Abrasion Value, AN=5.4, according to EN 1097-9.  
The road U537, with about AADT 6000 vehicles per day, is laid with a wearing course consisting of a stone mastic 
asphalt mixed according to KGO-III method. The mix type is ABS16 70/100, with 6 % bitumen content. Another 
section of road U537, with about AADT 2000 vehicles per day, is laid with wearing course consisting of a dense asphalt 
concrete according to KGO-III. The mix type is ABT16 160/220, with 5.5 % bitumen content. The aggregate type is 
crushed natural gravel of porphyry, granite and gneiss with Nordic Abrasion Value, AN=6.7.   
The road T815, with about AADT 900 vehicles per day, is laid with wearing course consisted of a dense asphalt 
concrete  according to KGO-III, ABT16 160/220, with 5.5 % bitumen content including 20 % reclaimed asphalt. The 
aggregate has an abrasion value of AN=9  

3 FIELD OBSERVATIONS AND MEASUREMENTS 
 
Road surface measurement has been performed, during a 3 years period after reconstruction of the surface layers on 
actual roads, according to noise, friction, texture and rut depth. The result show comparable results between asphalt 
layer mixed in ordinary manner and mixed with flowing mix technique used in the KGO-III method. Noise 
measurements have been performed on roads in the area around Stockholm including roads C545, U537 and T815.  
Measurements of rut depth, friction, texture and laboratory tests are concentrated to these three roads. 
 

         

Figure 2: Picture of the surface of a new and a 3 year old KGO-III asphalt concrete 

         

Figure 3: Road U537 KGO-III. (Notice the stiff edge of the layer and the typical shiny surface for KGO-III) 
 



Noice: Result from noise measurements on road C5455, U537 and T815 2-3 years after reconstruction shows no 
negative effect on KGO III roads in the aspect of noise level. It gives rather a noise reduction, but based on few 
measurements it is not in a significant level (Figure 4-5). Normal levels for ABS are 97-98 dB(A) and for ABT 96-97 
dB (A). 
 
Friction: All friction values measured on road C545 and T815, both 6 month and 1 year after reconstruction of surface 
layers, are over 0.70. Friction values rise during the winter period when using studded tyres and decrease during the 
summer period (Figure 6). KGO-III gives a homogenous surface with good texture which reduce problem with friction. 
No cyclic transversal zones, caused by truck changes during paving work, can be observed. That indicates low 
segregation. No negative effect on friction has been noticed for KGO-III mixes rather some advantages. 
 
Texture: Texture, expressed as MPD, measured 3 years after reconstruction of surface layers on road C545, U537 and 
T815., shown values around 0.6 mm for both KGO-III and reference sections (Figure 7). One year after reconstruction 
it was a difference between left and right track, but after 3 years traffic there is almost the same value on both tracks. 
 
Rut deph: Figure 8-10 describe development of rut depth during a period before and after reconstruction of the surface 
layers on road C545, U537 and T815. About 17 mm are maximum allowed rut depth in Sweden. After reconstruction of 
the surface layers the rut depth increase with about 0.5 mm/year both for KGO-III and reference sections which indicate 
a life-time of more than 30 years depending on wear resistance for the asphalt layers from all three measured roads. 
 

              

Figure 4: Equipment for noise measurements, outside and inside the hood 
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Figure 5: Result from noise measurements on 2 - 3 year old road surface layers. Normal levels for ABS are 97-
98 dB(A) and for ABT 96-97 dB(A).  
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Figure 6: Result from friction measurements after 1 month and 1 year of reconstructed surface layers on road 
T815 and C545. Friction coefficient over 0.5 is Swedish requirements. 
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Figure 7: Result from texture measurements on five road sections on 3 year old surface layer. 
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Figure 8: Rut depth during a period after reconstruction 2002 of the surface layer, both KGO-III and 
reference sections, on road C545.  
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Figure 9: Rut depth during a period after reconstruction 2002 of the surface layer, both KGO-III and 
reference sections, on road U537. 
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Figure 10: Rut depth during a period after reconstruction 2003 of the surface layer on road T815. Asphalt 
concrete including 20 % reclaimed asphalt.  

 

4 LABORATORY TESTS 
 
The purpose of the laboratory tests on cores from the wearing course layer is to examine the mechanical properties and 
the variation in the results within the mixes. Because of the mixing technique it is considered that the KGO-III mix has 
a better water sensitivity due to the thick bitumen film. A number of cores were taken from the pavement surfacings 
soon after compaction (2002 and 2003) to test stiffness modulus, abrasion by studded tyres (Prall) and water sensitivity. 
The result from these tests has been presented by Viman [2]. New samples have been cored from the same test sections 
in 2005 about 3 years after compaction. Void content (EN 12697-8), stiffness modulus (EN 12697-26 Annex C) before 
and after winter conditioning procedure that has been developed at VTI by Höbeda [3] and wear resistance according to 
Prall (EN 12697-16, Method A) during 3 years traffic are presented in this paper 
 
Void content: All five mixes had a void content within the limits of the Swedish specifications for wearing courses 
(Figure 11). Reference mix shows larger variation in void content than the KGO-III, which are belonging to the same 
road (Road C545). It should keep in mind that they have the same aggregate gradation and the material origin for both 
sections is from the same quarry. The KGO-III sections on road U537 and T815 have noticeable lower void content 
after 3 years traffic compaction.  
 
Wear resistance: Lower results in Prall test indicate better durability against wear caused by studded tyre, which is an 
advantage. Wear is not negatively affected by the fact that the mixes have lower binder content. It is known as reported 
earlier by among other Jacobson [4] that differences in aggregate type affect the durability against wear. Sections from 
road C545 are of same aggregate type (granite), sections from road U537 of another aggregate type (porphyry, granite 
and gneiss). The asphalt layer on road T815 has 20 % reclaimed asphalt with unknown aggregate type but an abrasion 
value of AN= 9 which explain the higher Prall value on this section (Figure 12). It is obvious that KGO-III mix do not 
have unfavourable influence on wearing resistance against studded tyres based on testing aggregates.  
 
Stiffness modulus: The Indirect Tensile Test (ITT) has been used to evaluate the stiffness modulus (resilient modulus) 
of cores from wearing courses according to the European Standard EN 12697-26, Annex C. Road sections with softer 
binder have become stiffer after 3 years traffic. There is no significant difference between reference and KGO-III 
sections on road 545 (Figure 13). All five mixes are within the limits of the Swedish specifications for wearing courses. 
The only difference between section 1 and 2 on road C545 is mixing technique. Using lower mixing temperature by 
30°C was considered to give rise to less binder ageing and thus lower stiffness modulus for KGO-III mix. This is not 
approved according to this study. However the higher modulus for KGO-III on section 2 could be due to lower binder 
content. 
 
Durability: Durability of asphalt concrete mixture against severe winter condition in Sweden is very important. 
Recently a winter conditioning procedure has been developed at VTI by Höbeda [3] which is believed realistic for 



simulating the winter condition in Sweden. The winter conditioning implies that the test cores are stored alternately in 
salt solution and in distilled water in order to create osmotic effect. After this the test cores are exposed to a number of 
freeze-thaw cycles. Stiffness modulus, which is tested by non-destructive testing methods, is established in different 
phases of the conditioning and shows how the test cores do manage this kind of treatment. 
The treatment is supposed to imitate winter conditions of roads where salt will be used. In addition to stiffness modulus 
even water absorption and swelling are measured in order to study how the mix is affected. These results and detail of 
this work are reported by Viman et al [2]. The results show stiffness modulus for wearing courses (Figure 13). Stiffness 
modulus is, however, reduced after the different phases of conditioning, but all the test cores still have high water 
sensitivity expressed as an index of stiffness modulus and according to Swedish practice. 
 
The reference mix is reduced noticeably more than the KGO-III mix (ca 15 % compared to 4–8 %) but after 3 year both 
mix have index over 90 %. If the results are presented in a corresponding manner as indirect tensile strength index, then 
all these mixtures show good results according to practice in Sweden, which means good manufacturing and laying. 
Mix from road T815 with 20% reclaimed asphalt has significant lower index (about 75 %) on samples cored 3 years 
after reconstruction of the surface layer (Figure 14). The increased durability index after 3 years traffic can be explained 
of lower void content after traffic compaction (Figure 11).  
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Figure 11:  Void content, mean value and standard deviation on cored samples from newly reconstructed 
surface layer and 3 year after. 
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Figure 12: Abrasion values on cored samples from 5 test sections on newly reconstructed surface layer and 3 
year after. The high abrasion values on road T815 depend on lower requirements on aggregates 
on low traffic roads. 
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Figure 13: Stiffness modulus 6 month and 3 years after compaction of reconstructed surface layers from 5 
test sections. 
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Figure 14:  Reduction of stiffness modulus after winter conditioning in relation to dry test cores from newly 

reconstructed surface layer and 3 year old surface layer.  
 

5 CONCLUSIONS 
 
Serveral effects for KGO-III mix can be observed at the asphalt plant and on the road. There is almost no blue smoke 
when producing KGO-III mix depending on lower mix temperature. A KGO-III mix is characterized by shine colour, 
indicating good cover of aggregate by mastic and mix show lower separation and it is more sticky (high viscous) than 
reference mix. No cyclic transversal zones, caused by truck changes during paving work, can be observed. That 
indicates low segregation for this type of mix. 
 
As a result of this limited laboratory study the KGO-III mix shows at least as good results for water sensitivity as the 
references mix. Indeed the KGO-III mix shows a better durability, that is, a lesser reduction of stiffness modulus after 
storage in water and after freeze/thaw cycles. However, it should be mentioned that the durability is very good for all 
tested mixes (stiffness ratio >85%). The lower binder content and the lower manufacturing temperature do not 
noticeably reduce the water sensitivity index when the mixing technique according to KGO-III is used. No observations 
of aggregate loss or durability problems have been noticed on these test roads. In a study of thin and plane sections, it is 
not possible to see any noticeable difference between the different test cores in spite of using lower binder content (less 
by 0.5 %) and lower mixing temperature (less by about 30°C). There are as good distribution of aggregate and filler 
(homogeneity) and bitumen thickness film as in the reference mix.  
 
Road measurements, up to 3 years after compaction, show a good agreement between laboratory tests and field 
measurements which indicate that it is possible to predict road performance through laboratory test according to EN 
standards and it is also give good results for the flow mix technology performed by the KGO-III method.  
 
Further studies of KGO-III pavements, are needed in order to verify that other properties of asphalt concrete will not be 
affected in a negative way by flow mixing technique, such as ageing, fatigue and stability.  
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ABSTRACT 
 
The increasing use of recycled materials in asphalt pavements calls for environmental assessment of such key impacts 
as the energy and CO2 footprint. Life cycle assessment (LCA) is being accepted by the road industry for such purpose. 
This paper reviews relevant LCA resources worldwide; identifies the knowledge gap for the road industry; and 
describes the development of a LCA model for pavement construction and maintenance that accommodates recycling 
and up-to-date research findings. Details are provided of both the methodology and data acquisition. This is followed 
by a discussion of the challenges of applying LCA to the road practice, and recommendations for further work. The 
model is applied to an asphalt paving project at London Heathrow Terminal-5, in which natural aggregates were 
replaced with waste glass, incinerator bottom ash (IBA) and recycled asphalt pavements (RAP). Production of hot mix 
asphalt and bitumen were found to represent the energy intensive processes. This is followed by data analysis and 
sensitivity check. The LCA model can be further tested and calibrated as a decision supporting tool for sustainable 
construction in the road industry. 
 
Keywords: asphalt pavements; life cycle assessment; recycling; sustainable construction 
 
1. INTRODUCTION 
 
Recycled and secondary materials are increasingly used in asphalt pavements, in terms of tonnage and the variety 
(Greeman 2007). The dual benefits of saving landfill space and reducing quarry demand however, have not come 
without a cost. Simply diverting the waste from other industries to aggregates supply has already been questioned for its 
energy and CO2 footprint, waste glass for example. The skepticism comes from a mixture of academia, commercial 
consultancy and government organisation (Dacombe, Krivtsov et al. 2004; Grant Thornton and Oakdene Hollins 2006; 
WRAP 2006). Recycling or reuse of asphalt materials needs up-to-date studies on the associated environmental impacts 
including energy use, emissions and leaching, etc. A life cycle approach is gaining ground in meeting the needs of 
sustainable construction (WSSD 2002). Accredited by a number of industries already, life cycle assessment (LCA) is 
being accepted and applied by the road industry, to measure and compare the key life-time environmental impacts of 
asphalt products and laying processes (Bird, Clarke et al. 2004). 
 
The life cycle assessment starts with a definition of the aim and scope of the study. Its main work resides in the 
development of an inventory (LCI), in which all the significant environmental burdens from the life time of the product 
or process will be quantified and compiled. This is followed by an impact assessment (LCIA) calculating and presenting 
results in a predefined way that supports comparison or further analysis. The concept and working phases of LCA are 
described in the ISO14040 (ISO14040 2006). 
 
Application of LCA in civil engineering, initially as a tool for assessing waste management options, has started only in 
the last decade. Relevant practice in roads and asphalt pavements, notably where recycled and secondary materials are 
involved, is limited. Besides giving the knowledge of products’ environmental performance, LCA results are also able 
to support marketing or environmental labelling. For instance, the ISO14025 Type III Environmental Product 
Declaration (EPD), which enables the informed comparison between products that fulfil the same function, requires 
quantified environmental information based on independently verified LCA results (ISO14025 2006). 
 
2. LCA RESOURCES FOR THE ASPHALT INDUSTRY 
 
The balance between new roads and rehabilitation that highway authorities in the UK are dealing with has moved 
towards the latter in recent years. The concept by UK Transport Research Laboratory (TRL) of design for long-life 
pavements in light of resource efficiency (materials, energy, etc.) and the requirement for speed repair would confine a 
roadwork in the future to the top few layers of the pavement only (TRL 2005). A working LCA model shall therefore 

                                                 
6 Corresponding author;  
Email address: Yue.Huang@scottwilson.com; Tel: +44 (0)115 907 7000; Fax: +44 (0)115 907 7001 



duly reflect the maintenance and recycling in roadwork; and data specific to UK road industry are preferred. In details, 
it should be: 
 
� Internationally recognised, including the methodology and supporting database; 
� Populated with current and relevant data; 
� Having as many as possible variables represented in the road practice; 
� Easy to use and understand by the industry 
� Forward compatible for data update or formulas revision. 
 
2.1. Existing and Developing LCA Tools 
 
US Environmental Protection Agency (EPA) is hosting an index of LCA resources worldwide including books and 
journals, conference proceedings, websites, software and databases, and case studies since 1998 (EPA 2007). European 
LCA Hub contains similar resources of LCA tools, services and data (EUROPA 2007). EPA’s pilot study in the late 
1990’s demonstrated that LCA can help select the environmentally preferable method for asphalt pavement treatment 
(Schenck 2000). A hybrid I-O (input-output) model was used in Japan looking at the life cycle emissions of CO2 from a 
motorway covering both the construction and operation stage (Inamura 1999). According to the World Business 
Council for Sustainable Development (WBCSD), the potential values of ‘generic data sets’, ‘technology assessment’ 
and ‘marketing’ are viewed by the cement industry as ‘high’ or ‘mid-high’ in using LCA (WBCSD 2002). Relevant 
work as above paved the way for introducing and applying LCA to the asphalt sector. 
 
In 1993-1995, Swedish Environmental Research Institute (IVL) developed the first of its kind life cycle inventory (LCI) 
model of road construction and maintenance for Swedish National Road Administration. The 2nd version was released 
in 2001 (Stripple 2001). A LCI study focused on the asphalt including the use of RAP was initiated in 1998 by the 
European Asphalt Pavement Association (EAPA) and Eurobitume. IVL was commissioned to carry out the project. The 
3rd draft was released in 2005 (Stripple 2005). Meanwhile, Eurobitume did in 1997-1999 a partial LCI study on bitumen 
(straight run, paving grade 50/70), covering the life cycle from crude oil extraction to refinery deposit (Eurobitume 
1999). Technical Research Centre of Finland (VTT) published in 1996 a comparative LCA study on environmental 
impacts of asphalt and concrete pavements (Hakkinen and Makela 1996). Later in 2001, a LCA model was developed 
by VTT for Finnish National Road Administration addressing the use of industrial by-products (coal fly ash, blast 
furnace slag, etc.) in roads (Mroueh, Eskola et al. 2001). In 2005, a LCA model of road construction using municipal 
solid waste incineration (MSWI) bottom ash was developed by the Technical University of Denmark (DTU) 
(Birgisdottir 2005). In the UK, the Built Research Establishment (BRE) published the ‘Environmental Profiles’ in 1998 
providing a database on environmental performance of building materials and products, as well as the methodology for 
applying LCA to the construction sector (Howard, Edwards et al. 1999). 
 
2.2. Need for a New LCA Model 
 
There are important findings from previous LCA studies, which can be taken as a starting point for further applying 
LCA to the road and asphalt industry. Nevertheless, the problems of simply applying one of those LCA models 
described above to the UK road sector are stated below (Huang, Bird et al. 2006). The fact that there is nothing quite 
right available on the market has generated the need for developing a new LCA model on top of existing resources that 
can enhance the level of acceptance of the results in the UK. 
 
� Data from non-UK sources may not represent the UK’s industry average. This is of particularly a concern when 

applying the model to real case studies; 
� Some data are quite old, or the underlying assumptions and calculating formulas not clearly stated; 
� Some data are drawn on a fixed material recipe, production process or machinery that can not be generalised for 

use in other studies; 
� Model or database developed before the ISO14040 was issued (in 1997) and revised (in 2006) may not be able to 

fully comply with it; 
� The models above are generally focused on one or a few environmental impacts, such as energy and air emissions 

in the VTT’s model, and leaching in the DTU’s model; 
� The inclusion of recycled materials varies, but generally is limited, such as RAP in the IVL’s model, MSWI bottom 

ash in the DTU’s model; 
� Practical models are not accessible, due to commercial restriction. 
 
3. UNIT PROCESS DEFINITION AND INVENTORY DEVELOPMENT 
 
A flowchart of the unit processes in asphalt pavement construction is illustrated in Figure1, outlining the main phases of 
the construction process. 
 



 
Figure1. Unit Processes in Asphalt Pavement Construction 

 
Based on the guidelines in ISO14044 (ISO 14044 2006), the construction process needs to be defined on a level that 
data on unit processes can be: 1) specific to a pavement object therefore the hypothesis can be minimal and, 2) easy to 
collect and aggregate. This model, during its development, has been applied to, and tested by, real case studies that in 
return build up the scope and robustness of the computing tool. The experiences of obtaining data and establishing the 
inventory with development of this LCA model include: 
 
� Identify the appropriate data source; data should be up-to-date, recognised and the reference accessible; 
� The boundary of data and any assumptions made should be unambiguously stated. Pay extra attention when data 

required in a process come from more than one place, as the data boundary and underlying assumptions in there 
may be different; 

� In the case that alternative data exist, state which one will be used in the model and justify the selection. It is 
advisable to keep the ‘defeated’ active in the model (linked to following calculation by formulas) as are those 
selected, for sensitivity check and data review; 

� Present the data alongside their sources in both the manuscript and computing tool. 
 
4. LCA MODEL DESCRIPTION 
 
Microsoft’s spreadsheet, Excel, is selected for calculation and graphic presentation of inventory results in this LCA 
model. The model consists of 5 worksheets: process parameters, pavement parameters, unit inventory, project inventory 
and characterisation results. The structure of the LCA model and relations between worksheets in it are illustrated in 
Table1 and Figure2. 
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Table1. Structure of the LCA Model 
Worksheet Description Sub-worksheet 

Process Parameters 
Data on transport distance and fuel efficiency, 
energy consumption of unit processes in a 
pavement project 

‘Energy in transport’ 
‘Energy in materials production’ 
‘Energy in pavement construction’ 

Pavement Parameters 
Data on pavement dimension and materials 
recipe, determine the materials tonnage in a 
pavement project 

‘Pavement dimension’ 
‘Materials recipe’ 
‘Pavement life time’ 

Unit Inventory 
Inventory figures for unit operation of 
transport, materials production and pavement 
construction 

‘Energy production’ 
‘Combustion of fossil fuel’ 
‘Transport vehicle operation’ 
‘Construction vehicle operation’ 

Project Inventory Unit inventory data are aggregated into the unit 
of the pavement project 

‘Production process’ 
‘Transport process’ 
‘Construction process’ 

Characterisation Results 
Inventory results are assigned to defined impact 
categories, characterised by selected models 
and presented by category indicators 

‘Global warming’ 
‘Acidification’ 
‘Photo-oxidant formation’ 
‘Human toxicity’ 
‘Eco-toxicity’ 
‘Eutrophication’ 

 

 
Figure2. Structure of LCA Model and Procedures for Inventory Analysis 

 
4.1. Process Parameters 
 
The ‘process parameters’ worksheet includes data on transport distance (km), fuel efficiency of transport vehicles 
(litre/km or litre/km*tonne) and energy consumption per unit of materials production (MJ/tonne) and pavement 
construction (MJ/m2) in a pavement project. Data on energy consumption include both the amount and energy type. The 
calorific value (see Table2) defined by UK Department of Trade and Industry (DTI) is used in this model to convert the 
volume of combusted fossil fuels into the universal energy unit (MJ). Parameters can be grouped into ‘energy in 
materials production’, ‘energy in transport’ and ‘energy in pavement construction’. 
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Table2. Calorific Values of Fossil Fuels (DTI 2006) 
 Electricity Diesel Burning oil LPG (liquefied petroleum gas) Natural gas Coal 
Unit MJ/kWh MJ/kg MJ/kg MJ/kg MJ/m3 MJ/kg 
Value 3.6 45.7 46.2 49.5 39.6 25.6 

 
This model uses data from UK plants and contractors, as well as other European studies reviewed above. Details can be 
found in PhD thesis at Newcastle University, UK (Huang 2007). Data on energy consumption are also available from 
other sources including US Department of Energy, National Crushed Stone Association (NCSA) and Canadian National 
Research Council (NRC), etc (Zapata and Gambatese 2005). One of the essences of LCA is the transparency. That is, a 
user or reviewer of the model will be able to tell where the data in the model come from, and what assumptions have 
been made. This is duly followed in the development of this model. Data analysis including sensitivity check on data 
sources can be carried out, as shown later in the case study. 
 
The mileage and vehicles for transport depend on the construction process and materials in use (see Figure3), so does 
the fuel efficiency. When calculating the diesel consumption, transport vehicles are normally assumed to run at ‘full 
load’ and ‘empty on return’. Fuel consumption in these conditions needs to be differentiated. Cargo ship and rail 
locomotive may be employed for long-distance heavy-load haulage. 
 

 
Figure3. Transport in Asphalt Pavement Construction 

 
In asphalt laying assembly, the roller will pass up and down over the freshly paved material for a certain number of 
passes as specified for that material. It must roll before the temperature drops too much, so it can never get too far 
behind the paver, or too close where the material is still too soft. Therefore the working speed of paver and roller in a 
pavement project is restrained by each other; the selected figure for LCA calculation must refer to the management of 
that laying assembly (Lavin 2003). 
 
4.2. Pavement Parameters 
 
The ‘pavement parameters’ worksheet includes data on pavement dimension (surface area, layer thickness) and 
materials recipe (ratio of coarse and fine aggregates, filler, bitumen, etc). The information it has on materials tonnage, 
together with data in ‘process parameters’, will determine the workloads in a pavement project for inventory calculation. 
Parameters can be grouped into ‘pavement dimension’, ‘materials recipe’ and ‘pavement life time’. 
 
Data on asphalt tonnage in a project are normally available from materials supplier. This spreadsheet is using 
‘conditional formatting’ which is able to warn the user of any illogical data input, for example, the sum of components 
tonnage (or percentage) does not equal the total weight (or 100%). Bitumen emulsion is seen in tack coat, chip seal 
(surface dressing) or cold mix asphalt. Both the bitumen and emulsifier content are different between these applications. 
Emulsion usage in tack coat and chip seal is measured in the unit of ‘kg/m2’, whilst in cold mix asphalt, by weight ratio. 
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Different service life should be applied to the asphalt layers in the pavement structure, for example, 12 years for surface 
course, 15 years for binder course, etc. Pavement life expectancy is a key factor affecting the inventory results, for it 
effectively influences the definition of system boundary and functional unit in the LCA study. 
 
4.3. Unit Inventory 
 
In the ‘unit inventory’ worksheet, an environmental input and output inventory is built up for the unit processes in a 
pavement project. Such inventory data that are available for some ‘primary’ processes (e.g. energy production, vehicle 
engine operation) are presented first, followed by progressive calculations to get the inventory data on other processes 
in the pavement project. Emissions from a process have two origins. One is the process itself (e.g. diesel engine 
operation, gas oil combustion); the other is the production of energy consumed in that process. Figures on energy 
consumption of vehicles and equipments come from the ‘process parameters’ worksheet. This worksheet can be 
grouped into ‘energy production’, ‘combustion of fossil fuel’, ‘transport vehicle operation’ and ‘construction vehicle 
operation’. 
 
4.3.1. Energy Production 
 
Data on production of electric power come from the Union of the Electricity Industry (EURELECTRIC), using the 
industry average of 15 European countries (EURPROG 1998). A later version of 2005 is available, only to 
EURELECTRIC members. Data on production of diesel come from the IVL’s study covering the life stage of crude oil 
extraction, refining and transport to the consumer (Stripple 2005). The inventory loadings for production of burning oil 
and LPG are assumed to be the same as diesel. Alternative sources of inventory data on energy production (electric 
power, natural gas, petroleum oil) may include the National Atmospheric Emissions Inventory (NAEI) report (NAEI 
2005), and the BUWAL250 (database in SimaPro7). 
 
4.3.2. Combustion of Fossil Fuel 
 
Natural gas and petroleum oil (burning oil, LPG, etc) are combusted in plants (asphalt, emulsion, etc) and construction 
vehicles (paver, remixer, etc) for heating purpose. Diesel is consumed by engines in transport vehicles (truck, 
locomotive, etc) and construction vehicles (paver, roller, etc). Emission limits on these fossil fuel combustion processes 
are specified in the European Environment Agency’s (EEA’s) EMEP/CORINAIR Emission Inventory Guidebook (EEA 
2005). It has 11 categories in it addressing the combustion process in different industries. Those relevant to this LCA 
study are shown in Table3. 
 

Table3. Emission Standards on Combustion of Fossil Fuels 
Machinery in pavement 
project Reporting detail Name of CORINAIR activity Chapter 

Materials plant Combustion of LPG/burning oil for 
asphalt/cement production Cement/Asphalt concrete plant Group3a:  

B331 

Transport vehicles Heavy-duty (>3.5t) diesel engines Road transport Group7b:  
B710 

Construction vehicles Diesel engines in crushing equipment, 
paver, roller, etc. 

Other mobile sources and 
machinery 

Group8c:  
B810 

a Group3 – ‘combustion in manufacturing industry’; b Group7 – ‘road transport’; c Group8: ‘other mobile sources and 
machinery’. 
 
To avoid confidentiality restriction and the difference between machine manufacturers, these emission limits, if 
available, are used in this LCA model as the inventory loadings of fossil fuel consumption. Alternative emission limits 
on diesel engines (including CO2, CO, HC, NOx and particulates) are defined by European Automobile Manufacturers 
Association (ACEA) and United Nations Economic Commissions for Europe (UNECE), in the unit of ‘g/km’ (UNECE 
1999; ACEA 2007). 
 
4.3.3. Transport/Construction Vehicle Operation 
 
A number of vehicle features (fuel type, age, mileage, etc), operational condition (load, road layout, speed, acceleration, 
traffic flow, etc) as well as environmental factors (altitude, ambient temperature, etc) have an effect on the vehicle’s 
exhaust emissions level; there is a lack of relevant model or database that measure such emissions from heavy-duty 
trucks (TRL 2000). EU emission limits (see Table4, effective from October 2005) on heavy-duty diesel engines are 
used in this LCA model as the inventory for diesel engine operation of transport vehicles (European Union 2005). The 
limits (see Table5, effective from January 2006) on stage III controlled diesel engines are used as the inventory for 
diesel engine operation of construction vehicles (EEA 2005). Missing data (e.g. SO2) are supplemented by the figures in 
the IVL’s study (Stripple 2005). 
 



Table4. EU Emission Standard (Euro IV) for Heavy-Duty Diesel Engines 
Tier Unit Test Emission 

CO HC NOx PM Smoke (m-1) Euro IV g/kWh ESC&ELR a 1.5 0.46 3.5 0.02 0.5 
a ESC: European Stationary Cycle; ELR: European Load Response. 

 
Table5. EU Emission Standard for Stage III Controlled (20kW<P<560kW) Diesel Engines 

Emission Unit Engine power (kW) NOx N2O CH4 CO NMVOC PM NH3 
FC a 

0-20 14.1 0.35 0.05 8.38 3.82 2.22 0.002 271 
20-37 6.40 0.35 0.05 5.50 1.10 0.60 0.002 269 
37-75 4.00 0.35 0.05 5.00 0.70 0.40 0.002 265 
75-130 3.50 0.35 0.05 5.00 0.50 0.30 0.002 260 
130-560 3.50 0.35 0.05 3.50 0.50 0.20 0.002 254 

g/kWh 

>560 14.4 0.35 0.05 3.00 1.30 1.10 0.002 254 
a FC: fuel consumption. 

 
Transport and construction vehicles are assumed in the LCA study to run at their ‘operating capacity’ as specified by 
contractors. As discussed above, the unit inventory loadings of transport and construction vehicles operation (g/km) can 
be calculated by multiplying fuel consumption (MJ/km) by the sum of engine operation (g/MJ) and fuel production 
(g/MJ). 
 

Unit inventory (g/km) = FC (MJ/km) * [engine (g/MJ) + fuel production (g/MJ)] 

 
 
4.4. Project Inventory 
 
In the ‘project inventory’ worksheet, unit inventory data for materials production, transport and pavement construction 
are aggregated into the unit of the pavement object, based on the workloads calculated from ‘pavement parameters’ (for 
materials tonnage and pavement area) and ‘process parameters’ (for transport distance). The results can be grouped into 
‘materials production’, ‘transport’ and ‘materials placement’. At the end of the worksheet is the total of each 
environmental input (e.g. energy, aggregates) and output (e.g. CO2, PM) for that pavement object. The percentage that 
each process accounts for the total is also available. 
 
4.5. Characterisation Results 
 
A consensus has been formed on 6 key impact areas by the UK asphalt industry, after a review workshop set up by the 
Refined Bitumen Association (RBA), Quarry Products Association (QPA) and the Highways Agency, and published by 
UK TRL (TRL 2005). This model also refers to the review of existing LCIA methods (Pennington, Potting et al. 2004), 
and the methods recommended by UK BRE and the ISO14047 (Howard, Edwards et al. 1999; ISO 14047 2003). A 
group of impact categories are selected for use in this model (see Table1), also presented in the ‘characterisation results’ 
worksheet are the selected assessment method (characterisation model and characterisation factor). Alternative models 
for some impact categories are identified in the thesis (Huang 2007). 
 
Inventory loadings in this model are allocated in their full amount to relevant categories as if they all go through the 
‘serial’ processes (ISO 14047 2003). The characterised result for an impact category is the total of all the individually 
characterised loadings in that category (see equation below). There are LCI loadings that have not been assigned to, and 
characterised in, any of the impact categories. Impact assessment of these loadings is expected in light of on-going 
development of the environmental assessment (LCIA) method. A number of emissions to water (e.g. BOD, Chloride) 
apply to this case. 
 

Characterisation result = i
i

i orsationFactCharacterioadingInventoryL ��  

 
4.6. Optional Phases after Characterisation 
 
Depending on the scope of a LCA study, the characterisation results can be further divided by a reference value 
(normalisation), which in this LCA study is the characterisation factor per UK capita. The latest figures from literatures 
are presented in the thesis (Huang 2007). This LCA study proposes a grouping and weighting method, in accordance 
with the ‘Eco-points’ (see Figure4) developed by UK BRE for the construction industry (Dickie and Howard 2000). It is 
specified in the ISO14044 that weighting is not recommended for use in comparative LCA study (ISO 14044 2006). 

Table4 or Table5



Identification of significant areas based on the inventory loadings, and data analysis (including completeness check, 
sensitivity check and consistency check) are also carried out for a pavement project. 
 

 
Figure4. Grouping and Weighting for Environmental Impact Categories 

 
5. CASE STUDY: ASPHALT PAVING AT LONDON HEATHROW (LHR) TERMINAL-5 
 
5.1. Project Background, Goal and Scope Definition 
 
Previous LCA study has questioned the environmental benefits of using waste glass for construction aggregates in terms 
of carbon footprint (Grant Thornton and Oakdene Hollins 2006), especially when the recycling involves a transportation 
of waste glass of more than 30-40km (Hopkins and Foster 2003). This case study is to investigate, by LCA, the 
environmental impacts of asphalt paving at LHR Terminal-5 access road in which natural aggregates were partially 
replaced with waste glass, incinerator bottom ash (IBA) and reclaimed asphalt pavement (RAP), and compare to those 
had the pavement of the same size and function been made using virgin aggregates only (see Figure5). This is followed 
by a discussion and data analysis referring to the most significant variables in the project. This case study is to test and 
calibrate the LCA model described above. The findings, presented as inventory loadings (LCI), can be beneficial to 
road engineers or researchers dealing with recycling in roads. 
 

 
Figure5. System Boundary of LHR Terminal-5 Project 

 

Production of 
aggregates 

Production of 
bitumen 

Production of 
asphalt 

Placement of 
asphalt 

Production of 
emulsion 

Planing of old 
asphalt surface 

Placement of 
tack coat 

Glass 
recycling 

System Boundary In
ci

ne
ra

tio
n 

 
 
 
 
Landfill 

Indicates alternative 
practice for comparison 

Production of 
emulsifier 

Glass 
collection 

Indicates transport 

Indicates omission 

Impact Area 
Noise 

H
ig

h 
L

ow
 

Priority 

Global Regional Local & Site 

Minerals

Acidification

Fossil fuel

Landfill

Eutroph.

Global warming 

Ozone depletion
Human-tox. 

Eco-tox, 
Fog 



 
Figure6. Pavement Structure in LHR Terminal-5 Project 

 
5.2. Inventory Analysis 
 
Pavement dimension, asphalt recipe and materials tonnage can be found in Figure6. Environmental inputs (raw 
materials, energy) and outputs (emissions to air and water, solid waste) are calculated for the LHR Terminal-5 project. 
For comparison, the tonnage of glass, IBA and RAP in the asphalt is in turn set to zero, hypothetically, to see how the 
LCI loadings change as a result. The key inventory loadings in these scenarios are presented in Table6. Complete 
inventory results are shown in the spreadsheet. It can be seen that RAP replacement has the greatest effects, compared 
with glass and IBA. There are two reasons for the significance: 1) its tonnage, and 2) its dual effects of replacing 
aggregates and reducing the input of primary bitumen, an energy intensive product. Glass replacement causes more 
energy use and emissions. This is due to the high consumption rate of fuel in waste glass collection (442MJ/t), 
compared to that of 42MJ/t for aggregates quarrying. Energy and CO2 loadings for these recycling scenarios are 
presented in Figure7. 
 

Table6. Inventory Loadings of LHR Terminal-5 and Alternative Scenarios 
Inventory Loadings (selected) Scenario of using 

recycled 
materials Aggregates(t) Bitumen(t) Energy 

(TOE) CO2(t) SO2(kg) NOx(kg) Solid 
waste(t) 

Glass, IBA, RAP 
as in T-5 12328.6 769.2 363 869 2230 4310 -5803.3 

IBA, RAP as in T-
5, no glass 12907.1 769.2 357 853 2220 4260 -5224.8 

Glass, RAP as in 
T-5, no IBA 13317.9 769.2 365 874 2240 4400 -4813.8 

Glass, IBA as in 
T-5, no RAP 16526.8 824.8 375 900 2360 4700 -1548.3 

Virgin materials 
only 18094.6 824.8 371 888 2370 4740 19.8 

 

Energy and CO2 Loadings for Comparison

363 357 365 375 371

869 853 874 900 888

0
200
400
600
800

1000

T5 No Glass No IBA No RAP No Recycling

Energy Total (TOE) CO2 emission (t)
 

Figure7. Comparison of Energy and CO2 between Recycling Scenarios 
 
5.3. Interpretation 
 

Binder course 4100t

Surface course 1890t

35mm Smatex 
0/14m 
(73:15:6:6) 

77mm HMB 
0/20mm 
(58.6:34:3:4.4) 

205mm HMB 
0/28mm 
(58:34:4:4) 

0.4 L/m2 tack 
coat emulsion, 
60% bitumen 

Base 12915t
10% glass 
10% IBA 
25% RAP 



Data used in this case study were of mixed age, accuracy and applicability. A full inventory of environmental loadings 
of asphalt products and processes is welcome for LCA use; very often however, only energy data are available. 
 
5.3.1. Identification of Significant Areas 
 
In the LHR Terminal-5 project, asphalt mixing, bitumen and aggregates production consumed approximately 62%, 23% 
and 6%, respectively, of the energy total. The use of recycled materials reduced, by about 7%, the primary bitumen 
input. Another significant benefit of the recycling was the saving of 5,766 tonnes of natural aggregates, and diverting 
579t and 989t of waste glass and IBA, respectively, from landfill. Old asphalt planing is the desired type of recycled 
aggregates considering quantity, transport, resource efficiency and recyclability of the asphalt layers. Further research is 
needed to determine the recovery rate of residue binder from the RAP. 
 
Transport of aggregates accounted for more than 61% of all diesel use for transport. This is due to the long haulage 
distance (193km) and materials tonnage. Railway locomotive with a higher fuel efficiency (0.17MJ/t*km) than trucks 
(0.46-0.94MJ/t*km) was used for aggregates transport. Glass and IBA were obtained from fairly local sources; the 
haulage of RAP which was applied on site was not counted in the analysis. The road site in this project was fairly close 
(6.4km) to the hot mix asphalt plant, which explained the diesel use of only 17% for asphalt transport. 
 
5.3.2. Sensitivity Check 
 
The sensitivity check aims to determine the influence of variations in data source, methodology and assumptions on the 
inventory results. Normally it is carried out after the identification of significant areas. Materials production, notably the 
hot mix asphalt, bitumen and aggregates, represented in the LHR Terminal-5 project most of the energy use and 
emissions. The production process was also found to be where the most alternative data exist. Sensitivity check is 
therefore carried out, on the effect of data source on the key inventory loadings (energy, CO2). A variation of 10% is 
considered significant. 
 

Table7. Sensitivity Check on Data Source and Mixing Method for Asphalt Production 

Total energy use (TOE) Hot mix 
production 

Cold mix 
production Deviation (+/-, %) Sensitivity 

AI data 363 165 -198, -54.6% Significant 
EAPA data 365    
IVL data  164   
Deviation (+/-, %) +2, +5.5% -1, -0.6% 
Sensitivity Insignificant Insignificant  

 
Table8. Sensitivity Check on Data Source for Bitumen and Aggregates Production 

 Total CO2 emissions (tonne) Deviation (+/-, %) Sensitivity 
Eurobitume data VTT data  Bitumen production 869 908 +39, +4.3% Insignificant 
AI data VTT data  Aggregates production 869 847 -22, -2.5% Insignificant 

 
It can be seen from Table7 and Table8 above that the source of data on materials production does not have significant 
effects on the energy or CO2 total in the inventory. However, the project’s energy total can be more than halved had the 
aggregates and bitumen (emulsion) been mixed by the ‘cold’ method. This is of course, based on the assumption that 
aggregates grading and bitumen content remain the same, and durability of the asphalt is not changed as a result. 
 
6. DISCUSSION 
 
It is the case studies that built up the scope and capacity of this LCA model during its development. It can be seen from 
those case studies, how more details of the asphalt pavement project went into the model, how a case study learned 
from the previous ones and applied the findings, and how the LCA model and case studies will benefit from each 
other’s advancement. The main improvements include the following aspects. The key elements for a quality LCA study 
of asphalt pavements see Figure8. 
 
� The communication skills with contractors, make concise and to-the-point questionnaire for project specific data; 
� The level of details and sophistication of the model, when the calculation process becomes swift and more adaptive 

at the same time; 
� The incorporation of up-to-date and alternative data sources, rather than rely on a low number of references which 

is prone to limit the scope and accuracy of any LCA study; 



� The presentation of results, featured by graphic illustration and data quality analysis (check for completeness, 
sensitivity and consistency); 

� The development of the LCIA phase, provide both the mandatory and optional elements addressed in the ISO14040 
series. 

 

 
Figure8. Elements for a Successful LCA Study of Asphalt Pavements 

 
7. CONCLUSION AND RECOMMENDATIONS 
 
Life cycle assessment makes an important part of the ‘life cycle approach’ as a tool to support decision making. To duly 
reflect the current practice in UK road construction, the LCA model should encapsulate maintenance and recycling 
scenarios, with data specific to the UK road industry. The model should represent as many as possible variables in a 
pavement project, whilst remaining flexible for data update and formula revision. A practical model must be populated 
with good quality data. It must also be tested and calibrated through real case studies. Data in this LCA model come 
from a mixed source of UK plants, EU standards and relevant European LCA results. 
 
Still there is room for improving both the wealth and quality of data fed to a LCA study. Its application in road practice 
is relatively new; inventory data on some materials and processes are yet to be available. On the other hand, innovative 
asphalt materials and laying techniques emerge in response to the industry improvement, which calls for an expanding 
database for LCA practitioners that can accommodate these novelties. Where the required data for a unit process come 
from more than one source, the compatibility (date, boundary, underlying assumptions, etc) of the data needs to be 
studied. Data acquisition for LCA is further hurdled by commercial restriction on some proprietary data. In summary, 
the main challenges of applying LCA in road practice include the following aspects, which make the areas for further 
work: 
 
� Include the non-energy (process) related emissions in the model; 
� Look for energy or inventory data on more secondary aggregates in the asphalt; 
� Predict the life expectancy, and the way of disposal, of pavement layers made using recycled materials; 
� Include the effect of road maintenance works on the traffic and resultantly, the fuel use and emissions, helped by 

micro-simulation model (e.g. VISSIM). 
 
Despite the challenges above, LCA is being accepted by the road industry to measure and compare the life time key 
environmental impacts of its products and construction processes, and use the results for internal review or 
environmental labelling. Recommended applications of LCA in road paving include the comparison of: 
 
� Different asphalt composition and materials usage; 
� Recycled materials with virgin aggregates (like the LHR Terminal-5 case study); 
� Different recycled materials (glass, RAP, etc); 
� Different laying or recycling techniques (hot ex-situ, cold in-situ, etc) and maintenance options (depth, interval, 

etc); 
� Asphalt with concrete (standard recipe for both, same function in the pavement layer). 
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Despite of previous LCA studies that have questioned the environmental benefits of recycling some waste (e.g. glass) 
for use as aggregates based on such impacts as the carbon footprint, it is advisable to study by LCA the environmental 
impacts of the recycling in pavement projects. The reason is that these two types of LCA studies normally do not share 
the same functional unit or system boundary. For instance, in LCA of glass, the functional unit is packaging a certain 
volume of liquid, while the functional unit in LCA of roads is the provision of a certain area of asphalt surface on the 
carriageway. Therefore, the LCA results of the ‘close-loop’ recycling do not negate the environmental benefits of the 
‘open-loop’ recycling that could be identified where the quarrying limits, transport scenarios and landfill restriction etc 
are to be taken into account. 
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ABSTRACT 
 
Acceptance and warranty requirements for skid resistance have been laid down in Germany in the technical 
guidelines as a binding component of the contract since 2001. The skid resistance is measured using a side force 
machine SKM (modified SCRIM) 4 to 8 weeks after handing off for traffic and at the end of the warranty period, as a 
rule 4 years. The requirement values vary dependent on the measuring speed, which is laid down as 80, 60 or 40 
km/h. 
 
The background of experience for the manufacture of skid resistant surfaces is limited at this point in time in the 
main to wearing courses made from asphalt concrete. As the skid resistance is substantially influenced by the surface 
texture, it was feared that it will not be possible to adhere to the requirements for wearing courses with a high 
chipping and low mortar content as for example stone mastic asphalt. The known prediction  tests were either not yet 
perfected or not sufficiently correlated with the skid resistance measuring procedure when the skid resistance 
requirement was introduced. For this reason skid resistance measurements have been carried out on various 
wearing course types over a long period of time at various distances using the SKM.  
 
The article shows the development of skid resistance over a longer period of time and gives information about the 
correlations between prognosis procedures and measured skid resistances. 
 
Keywords: Skid resistance 
 
1. GENERAL 
 
An essential aspect of traffic safety is the skid resistance of asphalt wearing courses. Even if the traffic participant 
does not himself directly perceive the significance of skid resistance, the skid resistance is, amongst wearing course 
characteristics, nonetheless of primary importance for him. Since the beginning of 2002, a contractual requirement 
for skid resistance has been in force in Germany with the introduction of the “Zusätzlichen Technischen Vertragsbe-
dingungen und Richtlinien für den Bau von Asphaltdecken – Ausgabe 2001” (ZTV Asphalt-StB 01). The measure-
ments of skid resistance take place with the side force machine SKM (modified SCRIM) [1] 4 to 8 weeks after 
handing off for traffic and at the end of the warranty period of 4 years in general. The requirement values depend on 
the measurement speed which is established at 40, 60 or 80 km/h. Although the skid resistance was not a new subject 
with the introduction of the requirements, the construction industry had no experience with the construction of skid 
resistant wearing courses. This is especially true of stone mastix asphalt which necessarily shows disadvantages due 
to the high chipping content and its slight mortar content compared to asphalt concrete. 
 
Before this background, newly built wearing courses were examined for their skid resistance behaviour with the 
SKM at regular intervals since 2002 within the framework of a plan initiated and financed by the construction 
industry. In this contribution, three projects are observed in regard to their skid resistance behaviour from the time of 
paving up to 2006. Parallel to this, the results of the skid-resistance prognosis will be introduced.  
 
2. INVESTIGATION SECTIONS 
 
One of these projects dealt with an urban road in an industrial area which undergoes a particularly intensive loading 
due to heavy duty traffic. For this reason, the concrete construction method was originally to have been used on this 
section of the road. Through the selection of stone mastix asphalt 0/11 with a high-viscose binder mix consisting of 
SBS-modified PmB 25 with 3 m/m% wax for the wearing course and binder course, it was possible to use asphalt in 
this area. A greywacke with a PSV of 53 was used as a mineral aggregate over 2.0 mm. The measurement section is 
1,120 m long and designated as section 1. There are no traffic volume data for this section.  
 
Two motorway sections were selected as further measurement routes which had received special asphalt as a wearing 
course. This special asphalt is a so-called ultra-thin layer of asphalt concrete 0/5 (UTLAC 0/5). The German UTLAC 



0/5 is designated as asphalt concrete 0/5 with an increased stone portion over 2.0 mm. The binder content must be at 
least 6.5 m/m% at Marshall voids between 4 and 6 v/v%. The one measurement section is 6,720 m long in which 
there is a 3,300 m long section the construction of which was altered in 2005. The traffic census in the year 2005 was 
approximately 50,000 vehicles/24 hours with a heavy duty traffic portion of 14%. Quartz-porphyryt with a PSV of 
57 was used as chippings over 2.0 mm. This measurement section is designated as section 2. The other measurement 
section is 3,100 m long and called section 3. The traffic census in 2005 was approximately 90,000 vehicles with a 
heavy duty traffic portion of about 5 % for this area. A greywacke with a PSV of 53 was used as chippings over 2.0 
mm.  
 
3. INVESTIGATION PROCEDURE  
 
The measurement of skid resistance is carried out with the side force machine in Germany. This is a modified 
SCRIM which allows an improved repeatability of the measurement values through over 30 taken actions. To define 
precisely the measurement line for repeated measurements, for example, the edge distance is registered by an optical 
measurement device.  
 
The measurements are made twice a year. They are designated as 1/03 or 2/03, for example, whereby the figure 1 
stands for the measuring time in July, the figure 2 for the measuring time in October and the identifier 03 for the year 
of measurement. The measurement times, not regularly distributed over the year, resulted from the booking of the 
measuring vehicle. 
 
The prognosis of the skid resistance was undertaken according to the Schulze/Wehner procedure [2]. In principle, 
this is a five-step procedure. At stage 0, the skid resistance in its beginning condition is measured on the specimen. 
At the stage 1 which follows, the specimens are strained in a polishing machine with water and quartz sand on the 
surface, in order to remove the binder film and simulate traffic loeading. The specimens were then roughened by 
blasting with corundum for the 2nd stage in order to effect a regeneration of the skid resistance. A new strain with 
water and quartz sand took place during the 3rd stage, followed by the actual measurement of the skid-resistance 
parameter value by prognosis. In the 4th stage, the skid resistance can be measured up to the point where the limit is 
reached. The prognosis value established in the 3rd stage corresponds to a 4-year strain by traffic. Huschek has 
contrasted the values shown in Table 1 in [3]. These values correlate with the SKM values at a measurement speed of 
80 km/h.  
 
Table 1: Prediction values for skid resistance 
 

construction class ESAL 
[Mio.] 

probability 
p [%] 

prediction 
PWS [3] 

SKM 
�SKM 

SV > 32 > 95 	 0,42 	 0,43 
SV > 32 > 50 	 0,36 	 0,43 
I > 10 – 32 > 95 	 0,37 	 0,43 
I > 10 – 32  > 50 	 0,32 	 0,43 

 
4. REQUIREMENTS 
  
The requirements of skid resistance are made depending on the measurement speed of the SKM (Table 2).  There are 
no requirements for the prognosis procedure. A measurement speed of 40 km/h was used for measurement section 1 
and a measurement speed of 80 km/h for the other two measurement sections 2 and 3. 
 
Table 2: Skid resistance requirements 
 

 measurement velocity 
[km/h] 

acceptance requirement 
[SKM] 

warrenty requirement 
[SKM] 

urban roads 40 km/h 0,56 0,52 
county roads,  
state highways, 
federal highways 

 
60 km/h 

 
0,51 

 
0,48 

motorways 80 km/h 0,46 0,43 
 



 
5. RESULTS OF THE INVESTIGATION 
  
The investigation results of the SKM are shown in figures 1 to 6. Figures 1 to 3 show the mean values and figures 4  
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Fig. 1: Skid resistances means of  section 1 
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 Fig. 2: Skid resistances means of section 2 
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Fig. 3: Skid resistances means of  section 3 
 
to 6 show the 100-m-measurement values of the individual measurement times. In figures 1 to 3, the measurement 
value differences at the individual measurement times are striking, appearing like “mountain and valley.” 



This shows the well known seasonal fluctuation depending on the time of measurement. Theoretically, one would 
have to reckon with yet greater variations, however, since measurement time 2 was not carried out during the winter. 
Basically one can recognise that the skid resistance tends to decrease over the documented measurement period. This 
decreasing tendency is, however, only slight on measurement sections 1 and 3.  
  
The individual 100-m measurement values vary greatly (figures 4, 5 and 6). The measurement sections 1, 2 and 3 do 
not reveal any regular skid resistant section. Constantly varying skid resistance was measured instead. The lack of 
homogeneity on measure section 2 is the most striking. The reason for these variations, on measurement section 2 in 
particular and on the other two sections in general was not investigated any further. Nor is the reason for the 
maintenance work in 2005 on measurement section 2 known. It is remarkable that relatively slight skid resistance 
was already registered on the maintenance section from km 1.9 to km 3.1 before the maintenance work was 
undertaken. On all measurement sections, the differences between the lowest and highest measured skid resistance 
were relatively great (Table 3). It is also striking that the first measurement and the following measurement 
respectively show the extreme values. All other skid resistances measured at a later time lay between these.   
 
The respective requirements from Table 2 are adhered to in all cases.  
 
Table 3: Difference between minimum and maximum value of the measured sections 
 

measured 
section 

minimum value 
�SKM 

maximum value 
�SKM 

difference 
�SKM 

1 0,50 0,83 0,33 
2 0,60 0,88 0,28 
3 0,44 0,61 0,17 
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 Fig. 4: Skid resistance means of 100 m-measurement of section 1 
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 Fig. 5: Skid resistance means of 100 m-measurement of section 2 
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Fig. 6: Skid resistance means of 100 m-measurement of section 3 
 



The prognosis values are shown in figure 7. For measurement section 1, PWS = 0.37 was the lowest skid coefficient 
measured. The  PWS prognosis  for measurement  section 2 was not much higher at PWS = 0.38, while a  PWS value 
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  Fig. 7: Results of PWS-prediction  
 
of 0.49 was established for measurement section 3. These measurement values predict sufficient skid resistance for 
measurement sections 2 and 3 with a probability of 95 %, related to the measurement speed of 80 km/h. 
 
A sufficient skid resistance behaviour is also shown the for measurement speed of 80 km/h for the measurement 
section 1. However, a measurement speed of 40 km/h is to be applied here due to the urban road, so that actually 
higher values would have been measured with the PWS prognosis. This is not the case, however; the lowest value 
was established with the PWS prognosis. The skid resistance measurement values, on the other hand, are at a higher 
level than predicted. Probably the PWS prognosis does not sufficiently respond to the skid resistance behaviour of 
stone mastix asphalt. Indications of this behaviour have already been established by the authors in other 
investigations as well.  
 
6. RESULT AND SUMMARY 
 
Skid resistance coefficients were measured with a side force machine over a period of 4 years, twice a year for 3 
sections. Besides the well known seasonal variations in skid resistance, a tendency towards decrease in skid 
resistance was established. The decrease was only slight on measurement sections 1 and 3. Measurement section 1 is 
an urban road in an industrial district, on which one must necessarily drive more slowly. Measurement section 3 is a 
motorway, but reveals only a very slight portion of heavy duty traffic. In both cases one can assume that the 
polishing effect by the traffic has only a very slight effect due to the general conditions mentioned.  
 
The 100 m-mean values indicate very great variations within the individual measurements for all measurement 
sections. Irregularities in the surface structure of the wearing courses could be assumed as the cause for this. This 
hypothesis is not understandable, however, since these irregularities would have to appear repeatedly. A clarification 
in detail would be necessary here. Alongside these discontinous run, there are also great differences between the 
individual measurement times. The differences between the individual measurement times cannot be due to the 
seasonal fluctuations alone, however, since these are sometimes much greater than the variations taking place over 



the course of the year at the magnitude of 0.1 �SKM. The differences between the lowest and the highest skid-
resistance value are sometimes so great that they correspond to almost a third of the highest measurement value.  
 
With this background in mind, the measurement results must be classified as questionable. Since they all lie above 
the required value limit, no discussions concerning the measurement values take place in practice. At any rate, no 
conclusions can be drawn from the measurement values for the actual practical work of producing wearing courses 
with a regular skid-resistance level.  
 
The prognosis for measurement section 3 shows the highest skid coefficient of all the prognoses. In practice, on the 
other hand, the SKM values are at the lowest level of all measurement routes. The almost identical skid coefficients 
from the prognoses for the measurement sections 1 and 2 are based on different mineral aggregates and types of 
wearing courses. The skid-resistance measurements do not reveal this slight difference in practice.  
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ABSTRACT 

 
Since the destruction of natural resources and climate changes are the main indications of damage to an ecosystem in 
the world, every industry has to know the environmental impacts of its products and take environmental protection 
measures for sustainable development. In this framework, the road industry should be aware of the environmental 
impact of the road construction and maintenance processes.  
 
 
In this paper, in order to assess the environmental impact of the asphalt pavement construction and maintenance in the 
20 years of whole life of the highways as a designed period, the entire production and construction process for the 
asphalt layers, during initial construction and the maintenance, is analyzed by taken into consideration such things as 
resources (raw materials), energy consumption and main greenhouse gas emissions such as CO2, N2O and CH4, 
additionally CO. This study will show the result of life cycle analysis for the asphalt layers of the highways on a 
national scale in Turkey. In this study, some of the  input data  is also compared with the European  average data.  
 
Keywords: life cycle analysis, energy resources, greenhouse gases emissions, asphalt pavement construction, 
maintenance  
 
1. INTRODUCTION  
As it is known, in accordance with the Kyoto Protocol to the United Nations Framework Convention on Climatic 
Change-UNFCCC, parties have to submit their greenhouse gas (GHG) emission data to the UNFCCC. According to the 
available data, GHG emissions in 2004 were 3.3 percent below the 1990 level. This decrease is composed of a 36% 
decrease for the countries with economies in transition and a 11% increase for developing. But changes in GHG 
emissions vary from one country to another within 1990 to 2004, some of them even increased. Turkey GHG emissions 
increased 84% within the same period. Turkey ratified the Climate Change Convention on 24 September 2004 but not a 
party to the Kyoto Protocol. So our country requires great reduction of GHG emissions. Figure 1 shows Turkey GHG 
emissions by sector in 2005. 

 
As it is seen, energy industries have great affect on GHG emissions and 
all sectors have to use energy for their production and activity. In the 
framework of this policy of sustainable development, all sectors 
required to limit the impact of industry to climate change and optimizing 
the usage of natural resources. Turkey as a candidate of EU has adopted 
EU environmental regulations. Turkey is undertaking significant 
environmental infrastructure upgrades over the next 20 years. 
 
In this framework, road industry has to be aware of their own 
contribution to the climatic change of the world and use natural sources 
by considering the environmental impacts. In accordance to Turkish 
Environmental Regulations, asphalt industry is under the responsibility    

     to comply with the requirements of these regulations. 
 
 
 

 
This study of the Life Cycle Inventory (LCI study) covers entire life cycle including initial construction and 
maintenance processes of the asphalt pavement layers .In this inventory analysis, the different process systems are 
defined and quantified in terms of energy use, material resource use and greenhouses gases emissions and then these 
processes are linked together to compose the system. It is used the LCI model designed by Swedish Environmental 
Research Institute.  
 
In this study, the parameters related to pavement structure and construction have been determined in accordance with 
the common applications in Turkey. But in fact, all asphalt sites are unique because of the different projects depend on 
different parameters such as available materials, traffic, climate etc.., even if the processes are similar. The result of this 
study gives the overview the LCI figures for the evaluation of the entire processes of the asphalt pavement construction 
and maintenance during the service life on a national scale in Turkey. 
 

Figure 1 : Total GHG emissions 
according to sectors, in 2005 

 (million ton, CO2 equivalent) 

Industrial 
Prosseses; 25,29

Agriculture; 15,87

Waste; 29,75

Energy; 241,45
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2. THE LIFE CYCLE ANALYSIS SYSTEM OF ASPHALT PAVEMENTS 
 
In LCI study of asphalt pavements, road construction and maintenance processes in whole life are divided into different 
parts and processes. And each part and process are handled and analyzed separately. This study includes only the hot 
mix asphalt layers, it does not include the construction of unbound base courses and surface dressing. The basic 
processes applied in asphalt pavement construction are shown in Figure-2. 
 

Construction of a new asphalt pavements 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Maintenance of asphalt pavement 
                                             
 
 
 

 
Figure 2 : The schematic illustration of construction and maintenance of asphalt pavements 
 
The road is different from ordinary products that are produced, used and disposed. In the beginning of the construction 
the road is designed as perpetual structure. Because of continuous improvements by maintenance processes, the 
pavement has a very high residual value. For this reason, a long life period, like 40 years could be used in the LCI 
study. However, the time period that has been used in this study is 20 years, since construction of hot mix asphalt roads 
in Turkey was started broadly 20 years ago. So there is not enough experience to determine pavement maintenance 
requirements. 
 
In this LCI study, input parameters cover energy and material resource use; output parameters cover emission to air in 
terms of CO2, CH4, N2 O, NOx and CO emissions. GHG emissions are mainly CO2, CH4, N2 O. 
The parameters used in this study are shown in Table 1. 
 

Inputs Outputs 
 

Energy resource use, MJ 
Natural Gas 
Coal 
Hydro Power 
Petroleum 

 
Material resource use, g 

Bitumen 
Aggregate 

Emissions to air, g 

CO2 
CH4 
NOx 
CO 

 
Table 1 : Material, energy and emission parameters used in LCI Study 
 
Energy usage and emissions amount of the vehicles which passed on the road throughout the service life have not been 
included in this study. This analysis also doesn’t cover the application of road marking process. 
 
The LCI model has been formed by 6 different parts. The data flowchart used in LCI model is given Figure 3.  
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Figure 3 : The data flowchart of LCI model 
 
3. LCI PARAMETERS  
 
This study is based on the input data belongs to the pavement and processes parameters applied for asphalt pavement 
design, construction and maintenance in Turkey.  
 
3.1 Pavement Parameters 
 
3.1.1 Initial construction of asphalt pavement 
 
In this study, the asphalt pavement structure, commonly used and provided satisfactory performance on a national scale 
in Turkey, is taken into consideration. The assumed basic specifications for the pavement are given below: 

 
Lifetime for the analysis: 20 years 
Road width : 12m (one lane in each direction, lane width: 3.5 m embankment: 2.5 m) 
Road length: 1 km 
Traffic intensity: 8,000 vehicle :per day per each direction  
Heavy traffic: 40%  

 
In accordance with the traffic volume, the thicknesses of asphalt layers, hot mix asphalt usage and binder content of the 
mixtures are given below: 

 
 Layer Thickness, cm  HMA use, kg/m2  Bitumen Content, % 

Wearing course 5  120  5.25 
Binder course  7  168  4.25 
Bituminous base 12  288  3.75 

 
The total amount of mixture used for the courses are calculated by taking into account that wearing and binder courses 
is laid within the across of the entire pavement width (12 m), however, bituminous base is laid 7 m (3.5 lane width x 2) 
in width.  
 
3.1.2 Maintenance of asphalt pavement 
 
In this study, the common maintenance processes are considered by taking the data from the maintenance projects for 
the road sections constructed with hot mix bituminous layers. The maintenance processes applied in different times of 
the lifespan are given in Table 2. Generally after 14 years service life, asphalt pavements require comprehensive 
maintenance works. Approximately 3/4 of the asphalt pavement needs milling, replacing and overlaying. Shortly, 
asphalt layers are renewed totally during service life of 20 years. 

 
 
 
 
 
 

Processes 
LCI data for unit operations, containing energy and 
resource uses and emissions per performance unit. 
e.g.; asphalt laying per m2 
 asphalt production per ton asphalt etc.  

Process Parameters 
Contains performance parameters, e.g.; 
- diesel consumption for pavers and rollers in MJ/m2 
- contents of bitumen, aggregates in asphalt. 

LCI Results 
Contains the final LCI results for 
the entire pavement 

Pavement Parameters 
Contains pavement design 
parameters e.g. pavement area, m2 

Graphs 
Graphic presentation of selected results

Summary Table 
Table presentation of final net results         Main data flow 
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Year Maintenance processes Milling

m2 
Milling

ton 
BB 
m2 

BB 
ton 

B 
m2 

B 
ton 

W 
m2 

W 
ton 

Tack  
coat, m2

6. 50 m: 5 cm milling, and replaced 
with 5 W + 5 W overlay 600 72     1,200 144 1,200 

14. 300 m: 5W+7B+12BB overlay   3,600 1,036.8 3,600 604.8 3,600 432 10,800 
 50 m:  5cm milling replaced 

with 5W + 5W overlay 600 72     1,200 144 1,200 

 25 m: 5cm milling replaced with 
5W + 5 W overlay 300 36     600 72 600 

 125 m: 5 W overlay       1,500 180 1,500 
 125 m: 5W + 7B milling 

replaced with 12B + (7B + 5W) 
overlay 

1,500 432   3,000 1,368 1,500 180 4,500 

 125 m: 7B + 5W overlay     1,500 252 1,500 180 3,000 
20. 50 m:  5cm milling replaced 

with 5 W + 5cm W overlay 600 72     1,200 144 1,200 

Total  3,600 684 3,600 1,036.8 8,100 2,225 12,300 1,476 24,000 
W: wearing course, cm   B: Binder course, cm          BB: Bituminous base course, cm  
Table 2 : Maintenance processes of asphalt pavements within the period of 20 years for 1 km of  road 
 
Pavement specification description: Road, hot mixed asphalt, 1 km x 12 m, 20 years 
Pavement specification Value Unit 
Calculation life-time of the road in years 20 Years 
Initial production of asphalt pavement   
Adhesion layer application   
Total area (initial production) in m2 19,000 m2 
Transport distance of bitumen from refinery to emulsion plant 300 km 
Transport distance of emulsion from emulsion plant to road site 100 km 
Maximum load for distribution truck in tons 15  tons 
Maximum load for long distance truck in tons 30  tons 
Asphalt paving, hot method   
Paving area in m2 12,000 m2 
Total amount of asphalt used in wearing course layer, tons  1,440  tons 
Total amount of asphalt used in binder course, tons  2,016  tons 
Total amount of asphalt used in bituminous base, tons  2,016  tons 
Transport distance of crushed aggregates to asphalt plant in km 0.25 km 
Transport distance of bitumen from refinery to asphalt plant in km 300 km 
Transport distance of asphalt from asphalt plant to road construction site in km  25 km 
Maximum load for distribution truck in tons 15  tons 
Maximum load for long distance truck in tons 30  tons 
Maintenance of the asphalt pavement   
Adhesion layer application   
Total treated area during the maintenance period in m2 24,000 m2 
Transport distance of bitumen from refinery to emulsion plant 300 km 
Transport distance of emulsion from emulsion plant to road site 100 km 
Maximum load for distribution truck in tons 15  tons 
Maximum load for long distance truck in tons 30  tons 
Milling   
Milling of asphalt surface, total milled area during the maintenance period in m2 3,600 m2 
Asphalt paving, hot method   
Total top layer paving area during the maintenance period in m2 12,300 m2 
Total binder bit. base course paving area during the maintenance period in m2 11,700 m2 
Total amount of asphalt used in wearing course during the calculation period in tons 1,476  tons 
Total amount of asphalt used in binder and base course during the calculation period in tons 3,261.6  tons 
Transport distance of crushed aggregates to asphalt plant in km 0.25 km 
Transport distance of bitumen from refinery to asphalt plant in km 300 km 
Transport distance of asphalt from asphalt plant to road construction site in km  25 km 
Maximum load for distribution truck in tons 15  tons 
Maximum load for long distance truck in tons 30  tons 

Table 3 : Pavement parameters  
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3.2 Process Parameters 
 
All process parameters used in the LCI model are given in the Table 4. The explanation of the parameters is given in the 
following sections. 
 
Base data variables Value Unit 
Energy use, distribution truck, driving in non city area (15 ton load), max load-
empty return trip 14.4 MJ/km 
Energy use, long distance transport, (30 ton load), max load-empty return trip 20.7 MJ/km 
Wheel loader, energy use for loading 6.1 MJ/m3 loaded material 
Excavator, energy use for vehicle loading 11.8 MJ/m3 loaded material 
Excavation of asphalt pavement, energy use 8.3 MJ/m2 asphalt pavement 
Hauler transport, energy use for transport work 6.1 MJ/m3,km 
Asphalt compaction, energy use per area unit surface, one asphalt layer 0.63 MJ/m2 
Asphalt laying, diesel energy use for engine per area unit paved surface, one 
asphalt layer 0.89 MJ/m2 

Adhesion layer emulsion production: Bitumen content in emulsion 0.65 ton bitumen/ton emulsion
Adhesion layer emulsion production: Electric power consumption for emulsion 
plant,  18 MJ/ ton emulsion 
Adhesion layer emulsion production: Energy for heating in emulsion plant, 314 MJ/ ton emulsion 
Adhesion layer application: Emulsion consumption per area unit 0.25 kg/m2 
Adhesion layer application: Energy use, diesel, per area unit 0.0132 MJ/m2 
Energy use, diesel, for vehicle in the production of crushed aggregates 3.39 MJ/ton aggregates 
Electric power consumption in the production of crushed aggregates 9 MJ/ton aggregates 
Hot mixed asphalt, wearing course: bitumen content per ton asphalt 0.05 ton/ton asphalt 
Hot mixed asphalt, wearing course: crushed aggregate content per ton asphalt 0.95 ton/ton asphalt 
Hot mixed asphalt, binder course: bitumen content per ton asphalt 0.04 ton/ton asphalt 
Hot mixed asphalt (binder course): crushed aggregate content per ton asphalt 0.96 ton/ton asphalt 
Hot mixed asphalt (bituminous base): bitumen content per ton asphalt 0.036 ton/ton asphalt 
Hot mixed asphalt (bituminous base): crushed aggregate content per ton asphalt 0.964 ton/ton asphalt 
Hot mixed asphalt: electric power consumption at plant per ton asphalt 9.3 MJ/ton asphalt 
Hot mixed asphalt: energy use, fuel oil, at plant per ton asphalt 264 MJ/ ton asphalt 
Cold milling of asphalt pavement, energy use for milling machine per area unit 8.3 MJ/m2 milled pavement 
Cold milling of asphalt pavement, energy use for sweeping machine per area unit 7.6 MJ/m2 milled pavement 

 
Table 4 : Process parameters 
 
3.2.1 The generation of electric power : 
 
Gross electric power generation in 2005 is taken into consideration in this study, the source and emissions data for the 
generation of electric power in 2005 by source of energy is given in Table 5. The average fraction of electric power 
production  mix and  the emissions in Europe  are also given in Table 5. 
 
Source GWh x 106 MJ Source MJ /MJ electric, ( average) 
 Turkey Turkey Turkey Europe  
Coal 45,584 164,101 0.299 0.272 
Petroleum 4,791 17,247 0.031 0.10 
Natural gas 71,690 258,084 0.471 0.125 
Hydro 39,658 142,769 0.260 0.215 
Nucleer - - - 0.224 
Other 260 939 0.002 0.064 
Total 161,983 583,140 1.06 - 

Consumption of electric power* 548,152 1.00 1.00 
CO2 152.6 137 
CO 0.04 0.028 
CH4 0.00237 0. 367 

Emissions, g/MJ 

NOx 0.309 0.306 
*The loss of electric energy during transmission and distribution : 6% 
 
Table 5 : The generation of electric power by source of energy  
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3.2.2 Production of diesel and fuel oil 
 
In accordance with the production data in 2005 taken from Turkish Petroleum Refineries, total production of diesel and 
fuel oil and also emissions are given in Table 6.  The energy equivalent of the products in MJ is calculated a lower 
heating value of them. The lower heating values of the products are given below: 
 
Crude oil: 42.7 MJ/kg Fuel oil 4: 42.9 MJ/kg Fuel oil 6: 39.8 MJ/kg  Diesel:43.9 MJ/kg 

 
Products Ton x 103 x 109 MJ 

Crude oil  25,681 1,096.58 
Petroleum products 20,354   
Fuel oil 6 3,979  36.079 
Fuel Oil 4 841  158.364 
Diesel 7,045  309.276 

Emissions g/MJ Turkey Europe 
CO2 4.36 3.22 
CO 0.000873 0.0017 
CH4 0.017862 0.00207 
NOx 0.026778 0.01 

 
Table 6 : Total production of diesel, fuel oil and emissions  
 
3.2.3 Transportation of materials 
 
The trucks with a load capacity 15 tons and 30 tons are used respectively for bituminous bound binder distribution, 
aggregate/ mixture transportation. The data for diesel consumption of trucks were collected from construction sites and 
highways department. The average diesel consumption in Turkey and Europe (taken from the LCI study) are given 
below: 
 

Truck max. load 
capacity, ton 

 Diesel consumption at  max. load  and 
empty truck at return trip , l/km 

 Energy use, at  max. load  and empty 
truck at return trip , MJ/km 

  Turkey Europe  Turkey Europe 
15  0.44 0.34  14.4 11.9 
30  0.46 0.38  20.7 13.3 

 
The emission for the trucks based on EU emission standards limits are given below: 
 

Euro IV(2005)  CO  HC  NOx 

g/KWh engine power  1.5  0.46  3.5 
g/MJ diesel power*  0.167  0.051  0.89 

* 40% energy efficiency of diesel engine are assumed 
 
CO2 emission is calculated based on carbon content in fuel .Carbon content in the diesel is assumed as 86% 
CO2: (44/12) x 0.86 x 1000 / 43.9= 71.9 g/ MJ  
 
3.2.4 Diesel engine for construction equipment 

 
For heavy construction equipments such as pavers and rollers, there are not exhaust gas regulations. In this study the 
emission data given below is based on Corinair base level II (Years: 2001-2004) with net power of 130-560 KW. 
 

Corinair level II  CO  HC  NOx 

g/KWh engine power  3.5  1.0  6.0 
g/MJ diesel power*  0.389  0.111  0.667 
       

* 40% energy efficiency of diesel engine are assumed 
 
CO2 emission is calculated based on carbon content in fuel .Carbon content in the diesel is assumed as 86% 
CO2: (44/12)x 0.86x 1000/ 43.9= 71.9 g/ MJ  
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3.2.5 Bitumen production 
 
Since the energy consumption data for 50/70 type of paving grade bitumen are different from one refinery to other, 
Izmit refinery’s data are given into consideration in this study due to the greatest bitumen production capacity. 
 
Energy usage for 1 ton bitumen: Electric power = 53 MJ; Oil = 4,184 MJ  
Whereas the data used in the LCI study in Europe  are given below for 1 ton bitumen;  
Natural gas: 3,252 MJ  ; Oil: 1,088 MJ 
 

Emissions, g/ton bitumen  CO  CO2  NOx 

Turkey   16  204,000  705 
Europe  140  280,000  2,100 

 
 
3.2.6 Bitumen emulsion production 
 
Bitumen emulsion is used as a tack coat between asphalt courses. Bitumen content of the emulsion is about %65. In this 
study, production values are collected from stationary emulsion plants and calculated average value of them . The data 
is given in Table 4 in the process parameters and also below. The production of emulsifier and transportation of it is 
neglected.  LCI data for emulsion plants  are given below. Emissions are calculated directly from the fuel content 
 
Energy usage for 1 ton bitumen emulsion:  In Turkey:   Electric power = 18 MJ;  Fuel oil = 314 MJ  
                                                                      In Europe   Electric power = 21.2 MJ  
 
Emissions   CO  CO2  NOx 
g/ ton emulsion   19.3  71.9  33 
 
3.2.7 Crushed stone production 
 
LCI data for the production of crushed aggregate were collected from the different crushers in different sites. The 
capacity of the crushers based on this study is around 200 ton/hour. Generally lime stone is used to produce asphalt 
aggregate. The mean value of electric power usage per ton aggregate is 9 MJ. Whereas the consumption of electric 
power in the LCI  study in Europe is 21.2 MJ based on typical production unit in Sweden . 
Additionally for loading operation, the data for the energy consumptions for wheel loader and excavator  are collected 
from the side operations  and given below: 
Wheel loader: Diesel consumption: 0.164 l/m3 : Energy consumption : 6.1 MJ/ m3 
Excavator : Diesel consumption: 0.320 l/m3 : Energy consumption : 11.81 MJ/ m3 
All of the data related to crushed stone production is shown in Table 4. 
 
3.2.8 Production of hot bituminous mixtures 
 
In this study, standard asphalt production process is selected. Pavement and process parameters are given respectively 
Table 3 and Table 4. The data is collected from the batch type plants located in the road construction sites and having 
the capacity of 150-200 ton/h. Fuel oil and diesel are used respectively  for drying operation of aggregate and for 
heating operation of bitumen . The energy consumption can vary depending on plant type and moisture content of the 
aggregate. In this study, new model asphalt plants and low moisture content of aggregate (<%2) are taken into 
consideration. The average energy usage and emissions given below are used in this study. Emissions are calculated 
directly from the fuel content. 
 
Energy usage for 1 ton hot bituminous mixture: Electric power= 9.3 MJ; Fuel Oil (No.6) = 6.9 liter equal to 264 MJ 
(lower heating value = 39.8 MJ/kg)  
Whereas in Europe energy use for 1 ton mixture :  Electric power= 25 MJ;  Fossil fuel = 250 MJ 
 
Emissions   CO  CO2  NOx 
Fuel oil 6 for dryer g/ MJ   44.2  77.9  74 
Diesel  for heating g/ MJ   25.7  71.9  47.5 
 
3.2.9 Tack coat application 
 
Bitumen emulsion is used for the adhesive layer. Generally  the emulsion consisting of % 65 bitumen is used and the 
application rate is 0.25 kg/ m2 . The base data for the application of  tack coat by distributor is given below: 
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Application 

width, m 
 Application 

speed, km/h 
 Application 

rate, m2/h 
 Diesel  

consumption, 
 l/h 

 Diesel 
consumption 
per area, l/m2 

 Energy usage 
per area*, 

MJ/m2 
3  20  60,000  15  0.0003  1.32x 10-2 

*Diesel specific gravity :0.84 ,lower heating value: 43.9 MJ/kg. 
The data is also given in Process parameters, Table 4 

 
3.2.10 Asphalt laying 
 
Operation data for the asphalt laying process covers different pavers and is calculated average value of diesel 
consumptions. In the calculations laying speed is taken 250 m/h. Since wearing and binder courses are laid across the 
road width of 12 m, paver is usually adjusted 4 m width and laid as 3 lanes. Bituminous base is laid 7 m width by 
adjusted the screed of paver at 3.5 m as 2 lanes. The detail of the operation data for the different layers  are  given 
below: 
 
 Wearing and binder courses  Bituminous base layer 
Diesel consumption, l/h 15  15 
Width of screed, m 4  3.5 
Laying speed, m/h 250  250 
Theoretical laying rate, m2/h 1,000  875 
Effective laying rate (40 min/h),  667  583 
Diesel consumption per area, l /m2 0.0225  0.0258 
Energy usage, MJ/ m2 0.8298  0.9514 
 
The diesel consumption of the paver is 0.89 MJ/ m2 calculated from the average of diesel usage for the paving operation 
of the three courses.  
 
3.2.11 Asphalt compaction 
 
For the asphalt compaction, generally steel wheel rollers and pheumatic tire rollers are used together having range 
respectively in 10-13 tons and 9-16 tons. The data related to the rollers and compaction techniques is collected from the 
sites and given below: 
 
Roller types  Steel wheel rollers  Pheumatic tire rollers  Total  
Static weight , ton  10  10   
Diesel consumption, l/h  12  12   
Rollers width, m  1.9  2.1   
Rolling width: %85 of rollers width, m  1.62  1.79   
Number of passes  4  4  8 
Roller speed km/h  4  4  4 
Theoretical Rolling rate, m2/h  1,620  1,790  3,410 
Effective Rolling rate 
(operation time: 50 min/h), m2/h 

 1,350  1,492  2,842 

Consumption of diesel, l/ m2  0.0089  0.0081  0.0170 
Energy usage , MJ/ m2  0.3282  0.2986  0.6268 

 
3.2.12 Milling of asphalt 
 
During the maintenance operations, it is required milling the damaged asphalt material and sweeping the surface and 
replaced new asphalt mixtures. The data for the consumption of diesel for milling and sweeping machine is taken from 
Highway Department’s analysis. The diesel consumption per milling material is 2.4 kg/ m3 given in the unit price 
analysis.  
The energy usage per milling area is calculated as given below: 
In accordance with the milling operations for the maintenance shown in Table 2, the energy consumption is calculated 
as given below: 
Total milling area=  2,100 m2 (5 cm wearing course) + 1,500 m2 (5 cm wearing course + 7 cm binder)= 3,600 m2  
Effective thickness: 5 x 2,100/ 3,600 + 12 x 1,500 / 3,600= 7.9 cm 
Energy use per milling area = 2.4 x 0.079 x 43.9=8.3 MJ/ m2 

 
For the sweeping machine ; 
Diesel consumption= 14.4 kg/h ,  time for sweeping per area = 0.012 h/m2   
Energy consumption per area= 14.4 x 0.012 x 43.9= 7.6 MJ/m2  
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4. LCI RESULTS AND EVALUATION 
 
The data for the specified pavement in this study is used in the model and calculated LCI results are given in Table 7. 
 
 
  In and out flow Unit Value per pavement object 
 Electric power MJ 2.06 x 105  

Natural gas MJ 8.63 x 104 
Oil MJ 5.55 x 106 

Coal MJ 5.48 x 104 
Hydro power MJ 4.76 x 104 

Energy resource use 

Unspecified energy source MJ 3.66 x 102 
Bitumen g 4.36 x 108 Material resource use 

Stone material for crushing g 9.78 x 109  
NOx g 2.11 x 108  
CO g 1.19 x 108 
CO2 g 3.9 x 108 

 Emissions to Air 

CH4 g 7.55 x 104 
  
Table 7 : LCI results for 1km asphalt pavement including initial construction and maintenance during 20 years  
 
Material use and energy consumption of the pavement during initial construction and maintenance are given in the 
Table 8and showed in Figure 4. 
 

Resource Initial 
construction 

Maintenance Total 

Natural gas 46,300 40,000 86,300 
Petroleum 2,930,000 2,630,000 5,550,000 
Coal 29,400 25,400 54,800 
Hydro 25,500 22,100 47,600 E

ne
rg

y 
, 

M
J 

Other 196 170 366 

Bitumen 228 208 436 

M
at

er
ia

l, 
to

n 

Stone 5,250 4,530 9,780 

 
Table 8 : Material use and energy consumption of the pavement during initial construction and maintenance  
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Figure 4: Energy resource use 
 
The share of the initial construction and maintenance operations for resource use and emissions is given in Table 9. 
 

 Natural gas Petroleum Bitumen Stone NOx CO CO2 

Initial construction, % 54 53 52 54 54 54 52 

Maintenance, % 46 57 48 46 46 46 46 

 
Table 9 : The share of main resources and emissions during initial construction and maintenance 
 
 
Oil usage as the main energy resources for overall the process is given Figure 5. 
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Figure 5 : Oil use 
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Since greenhouse gas emissions as N2O and CH4 has not been measured, available data for CO2, CO and NOx emissions 
during construction and maintenance are able to evaluated and given in Figure 6.  
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Figure 6 : Emissions of CO2, CO and NOx 
 
Additionally the CO2 emission for every process of construction and maintenance of asphalt pavements is given in 
Figure 7. 
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Figure 7 : Emissions of CO2 
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6. CONCLUSION 
 
The result obtained from this study lead to following conclusion; 

 
� The usage of energy and material recourses for initial construction and maintenance operations is equally 

distributed over the 20 years. The emissions show the same distribution as that of resource use. Since the recycling 
process is not put into practice in Turkey, stone and bitumen usage for the maintenance operations are nearly equal 
to that of the initial processes. 

 
� Oil used almost for every process is the dominant energy resource as 97% of total energy.  
 
� Bituminous hot mixtures production gives significant contribution to the total energy resource use and emissions. 

82% of total energy is consumed for the bituminous hot mixture production. Therefore, the environmental impact 
of bituminous mixture production process should be taken into consideration seriously and used environmentally 
friendly technologies. 

 
� CO2 emission as the main greenhouse gas is the greatest part of emissions determined in this study and the amount 

of CO2 emission is about 400 tons per 1 km of road for only asphalt layers construction and maintenance. A great 
deal of attention should be given to limit the consumption of energy resources such as oil and coal and shifted to 
low carbon energy resources. 

 
� Since the parameters for the LCI study is different from that of the LCI study in Europe, it is important to notice 

that all road section is unique even if the application is similar. These results give a general overview on the 
asphalt layers construction on a national scale in Turkey. The LCI analysis should be executed by taking into 
account of particular project conditions and actual applications. 
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ABSTRACT 
 
This paper is based upon a new patented closed aggregate preparation system which will be compared to the 
conventional system.  This new system can be integrated to asphalt plants to reduce energy ( fuel  consumption)  
while evaporating moisture content within aggregate in hot mix asphalt (HMA) and warm mix asphalt (WMA) 
production while reaching desired process temperatures, thus saving energy and minimizing environmental impact, 
including CO2 emissions.   
This system has been tested and used in different asphalt production facilities for nearly 10 years and it is based on 
feeding the asphalt plant continuously with dry aggregate, by crushing ballast material(under control for particle 
size and proportion), then sieving and storing in its closed system.    
The fuel consumption savings (between 34%-61%) is mainly because the aggregate is fed to the dryer with 
minimum moisture content, and the increased temperature is preserved in the closed system during the secondary 
crushing process. 
The positive effects of reducing energy by fuel consumption:  Environmental impact and CO2 emission is minimized, 
production costs are reduced hence establishment profits increase and large facility areas are no longer needed. 
Energy saving and reduction of pollution, that is in the EU agenda, is achieved by this innovative technique and is a 
contribution to the asphalt industry. 
 
Keywords: aggregate, asphalt, energy saving, environment, emissions 
 
1. INTRODUCTION 
 
In conventional systems the crushing procedure is carried out consecutively; the aggregates are transferred via 
conveyor belts to a large area and stockpiled.  An average aggregate preparation facility needs approximately 
10.000 m² area of land.   
Fine aggregate , which compose approximately 50% of total asphalt mix, can be found amongst the particle sizes 
which are mostly affected by the climate and may absorb foreign substances, mostly moisture and water compared 
to larger sized aggregates and can be oxidized and scatter.   
To maintain the asphalt quality, the amount of filler must be added to the asphalt (bitumen and aggregate) with 
certain proportions based on various recipes [1] and if is added uncontrolled the quality of the mix will be affected 
[2]. The accepted filler/bitumen ratio of the mix will range between 0.6–1.2.  
Although aggregates stored in open areas, needed more storage area and increased costs, to make sure the asphalt 
plant works non-stop, all the necessary sized aggregates must be pre-prepared and stockpiled.   
The above mentioned disadvantages are even greater for facilities which are supplied with aggregate crushed to 
eventual sizes from other sources. It is even more difficult to safeguard the different varieties of aggregate during 
transportation and loading/unloading, stockpiling in larger areas.   
To produce quality asphalt conforming to required specifications, the aggregates’ moisture has to be evaporated and 
temperature has to be increased to required process temperature. As the moisture content proportion within the 
aggregate rises, the energy requirement and fuel consumption increases - the environmental impact is greater.   
The importance of the prevention of environmental impact and energy saving throughout the world and the EU is 
well known and the European Commission directives “96/61/EC Integrated Pollution Prevention & Control -IPPC-
“[3], 1996, force industrial establishments to take measures because a large part of environmental impact is a result 
of industrial production activities. It focuses on energy efficiency, the prevention of air, water, soil and noise 
pollution, and accidents, etc., by directing industries to use the best available technology with flexibility and 
guarded public participation principles [4]. As known, to combat against global warming and climate changes, the 
aim is to balance greenhouse gas density in the atmosphere and to decrease the CO2 amount, therefore EU countries 
are required to reduce their greenhouse gas emissions by 8% between the years 2008 and 2012 and their industries 
are directed to use less energy consuming technologies. As all industries throughout the world carry this 
responsibility, the asphalt production industry searches the best available technology in order to decrease 
environmental impacts. 
Throughout the world approximately 1,500 million tons of asphalt is produced in one year. During the preparation 
of aggregate and asphalt production with the conventional system, all new, successful and developed systems, 
contribute to minimizing environmental impact, energy consumption, integrated pollution and raw material usage. 
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Table 1: The comparison of the new and conventional system 
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3.  RESULTS AND DISCUSSIONS 
 
In this part, the energy savings, the reduction of CO2 emissions and the results gained with the production of hot 
mix asphalt (HMA) and warm mix asphalt (WMA) with  new system and the conventional system will be discussed.   
 
3.1 Energy Saving 

 
The secondary crushing procedure is carried out with clean ballast material therefore the aggregate fed to the dryer 
is less moist, because of this less energy is needed to dry and heat the aggregate, therefore there is less fuel 
consumption.  Another factor is the preservation of aggregate temperature that has naturally increased during the 
secondary crushing procedure. As the crushed aggregate is fed to the dryer continuously in a closed system it 
preserves its temperature approximately 10ºC more which is an experimental result obtained by the average of 
measurements in different enterprises, seasons and different times of a day. These are the input temperatures of 
dryer. The temperatures in the input (because it is the same temperature of conventional system entrance) and output 
of Simge Challenger are measured and the mentioned difference 10ºC has been achieved. 

 
3.1.1. Energy savings due to low moisture content 
 
The necessary total energy distribution for HMA and WMA production is shown in Table2 [5].  In this table it is 
clear that the energy is mainly needed for **heating aggregates, heating and *evaporating moisture/water for (5.0%, 
2.5% and 0.5%) 1 ton of HMA at 155ºC and WMA at 120ºC.   
As the moisture content of the aggregate decreases the total energy requirement also decreases.  During the 
production of HMA(155ºC) with the conventional system, if the moisture content of the aggregate is 5% the 
required energy is 75 kWh, if it is 2.5% the energy requirement is 58kWh and if it is 0.5% the energy requirement 
reduces to 41kWh.  During the production of WMA(122ºC) if the moisture content of aggregate is 5% the total 
energy requirement is 67kWh, if it is 2.5% the energy requirement is 49kWh, if it is 0.5% the energy requirement 
reduces to 33kWh. The values show that the largest amount of energy used is to evaporate the moisture within the 
aggregate for HMA and WMA productions (Table2). 
 

 
 
Table 2: The required energy in conventional system for HMA and WMA according to aggregate moisture 
content ratio   
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A mixture composed with aggregate stockpiled in open areas that doesn’t have much rainfall usually enters the 
dryer with moisture content between 2.5% and 5%. This moisture content ratio is considered as 3–5% as an 
optimum facility condition when the asphalt plants’ capacity is specified. This ratio increases in areas that have 
more rainfall. With the conventional asphalt production method it is not possible for the moisture content ratio of 
the aggregate(even in good weather conditions) stockpiled in open areas and exposed to the weather, especially fine 
aggregate, to be 0.5% at the entrance of dryer. However, it is quite possible to feed the aggregate with a moisture 
content ratio of 0.5% to the dryer with the new system when the raw ballast form of aggregate is crushed, sieved, 
stored and fed continuously in a closed system and is not effected by external conditions. (The yearly moisture 
content ratio of aggregate value measured with differing weather conditions, according to the EN 1097-5 
“Determination of Water Content Testing Method” is found to be approximately 0.25% for facilities using the new 
system, only this ratio is accepted as 0.5% and calculations have been carried out accordingly).  
With the new system the energy savings for HMA(155ºC) is calculated as; aggregate with a moisture content of 
2.5% with a total energy requirement of 58kWh decreases to a moisture content ratio of 0.5% and 41kWh, this 
means there is 30% energy savings. Aggregate with a moisture content ratio of 5% with a total energy requirement 
of 75kWh decreases to a moisture content ratio of 0.5% and 41kWh, this means there is 45% energy savings.   
As above, with the new system the energy savings for WMA(122ºC) is calculated as; aggregate with a moisture 
content of 2.5% with a total energy requirement of 49kWh decreases to a moisture content ratio of 0.5% and 
33kWh, this means there is 33% energy savings. Aggregate with a moisture content ratio of 5% with a total energy 
requirement of 67kWh decreases to a moisture content ratio of 0.5% and 33kWh, this means there is 51% energy 
savings. It is quite clear that as the moisture content of aggregate reduces, the energy requirement decreases.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Graph 1: The required energy (%) according to aggregate moisture content ratio in HMA and WMA 
 
Considering the moisture content ratios in Table2&3, the graph above (Graph1) shows aggregate temperatures and 
humidity values. If the aggregate moisture content is 5% the required energy for the dryer is 75kWh, the total 
energy requirement is considered as 100%. If it is 2.5% the total energy requirement is 77% and when it is 0.5% the 
total energy requirement reduces to 55%. Therefore the total energy requirement changes in accordance to the 
moisture content ratio of the aggregate used during the production of HMA and WMA are shown in Graph1, in 
general.  
 
 The energy saved by preserving the heat temperature created during the secondary crushing process 
 
When the closed new system is integrated to the asphalt plant the aggregate temperature rises during the secondary 
crushing process, (approximately 10ºC higher), and is conserved until the dryer entrance, with the conventional 
system the aggregate enters the dryer at approx. 21ºC, however with the new system it enters at approx. 31ºC. This 
means less energy is required to increase the process temperature of the aggregate.   
In a conventional asphalt plant, in order to produce 1 ton of HMA, the required energy to increase the temperature 
of the aggregate entering the dryer from 21ºC to 155ºC is 33kWh (Table5). 
With the new system the required energy decreases to 30kWh as the aggregate enters the dryer at 31ºC. For WMA, 
with the conventional system, the required energy is 25kWh with the new system this requirement decreases to 
21kWh. The calculations for energy requirements to increase the aggregate temperature to required  process 
temperatures, in accordance to the temperature of aggregate at dryer entrance may be expanded for different facility 
conditions (ie: various environmental temperatures, aggregate process temperatures, etc.). It is quite clear that 
calculations regarding energy savings may not be limited by the examples below.   
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Table 4: The energy required to heat water. 
 

 
 
Table 5: The energy required to increase the aggregate temperature 
 

 
 
Table 6: The total required energy to produce HMA and WMA in the new system  
 
The total required energy is considered as 100% when it is 75kWh. (Table2)  If the aggregate enters the dryer at 
31ºC instead of 21ºC with a moisture content of 0.5%, for HMA (155ºC), there is an energy requirement of 51 % 
(Graph2) (instead of 55% - Graph1) when it decreases from 75kWh (Table2) to 38kWh (Table6), the energy saved 
is 49%.  For WMA (120ºC) there is an energy requirement of 39 %( Graph2) (instead of 44% - Graph1) when it 
decreases from 67kWh (Table2) to 29kWh (Table6) the energy saved is 61% with the new system.   

 
 
 

 
 
 
 
 
 
 
 
 
 
Graph2 - The required energy (%) according to aggregate moisture content, HMA and WMA production 
with the new system  
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 Reduction of CO2 emissions 
It is quite natural that the energy used to dry and heat the aggregate for asphalt production is directly related to the 
fuel consumption. As expected the greenhouse gases formed from fossil fuels will decrease. The portion of CO2 in 
greenhouse gases is 50% when fossil fuels are used for energy production. The varying amounts of CO2 emissions 
according to the differing fuel types and the consumed energy per ton of asphalt for conventional systems are shown 
in Table7 [6]. 
 

 
 
Table 7: The varying amounts of CO2 released to the atmosphere according to different fuel types  
 

 
 
Table 8: The varying amounts of CO2 released to the atmosphere according to the energy consumption with 
various fuels per ton of HMA 

 
 

Table 9: The varying amounts of CO2 released to the atmosphere according to the energy consumption with 
various fuels per ton of WMA 
 
The varying amounts of CO2 emissions according to the differing fuel types, differing aggregate moisture contents 
and the consumed energy per ton of HMA and WMA is compared between the conventional and new system in 
Table8&9.  It is quite obvious that as the moisture content of aggregate and the energy consumption within the dryer 
decreases, the CO2 amount released to the atmosphere for every ton of HMA and WMA decreases. 
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In a conventional system using light oil for producing HMA; the CO2 released to the atmosphere is 15.2kg when the 
moisture content ratio of aggregate is 2.5%, with the new system the CO2 released to the atmosphere decreases to 
10.1 kg/kWh as the aggregate moisture content has reduced to 0.5%, this means there is a 34% less CO2 released to 
the atmosphere. The CO2 dispersed to the atmosphere is 20.0kg when the moisture content ratio of aggregate is 5% 
when the same fuel is used in a conventional system, with the new system the CO2 released to the atmosphere 
decreases to 10.1kg as the aggregate moisture content has reduced to 0.5%, this means there is a 49% reduction. The 
differing CO2 values in Table8&9 may be used to calculate the emission reductions for differing fuel types used for 
HMA and WMA. 
If we consider that throughout the world approximately 1,500 million tons of asphalt is produced in one year 
(mainly HMA), and it is estimated that half of the facilities use natural gases and the rest use light oils, if the 
aggregate used has a moisture content of 2.5%, the CO2 released to the atmosphere in one year is 18,525 million 
tons. If the aggregate used has a moisture content of 5%, the CO2 released to the atmosphere in one year is 24,375 
million tons. Under the same conditions, using the new system the CO2 released to the atmosphere is 12,300 million 
tons per year. 
 
 Reduction of dust pollution 
 
The dust released during the secondary crushing process in the conventional system is spread to a large area and 
cannot be collected.  One of the results of the new closed system is that the collected dust is absorbed and filtered 
through the Asphalt Plant filter and is not scattered to the environment.   
The stone dust collected in the filter may be re-cycled as filler material in asphalt production. The primary crushing 
facility is simplified therefore dust emission and air pollution relatively decreases. 
 
 The reduction of area for stockpiling aggregate 
 
As the new system is integrated to the asphalt plant and aggregate is crushed in ballast form in the secondary 
crusher (Figure4), the need for stockpiling aggregate crushed to its eventual sizes in open areas is no longer 
necessary (Figure1a). The stockpiling area compared to a conventional system is reduced to nearly 80%. 
 
3.5 The effects of the Simge-Challenger on the properties of aggregate 
 
The quality of the aggregate produced with different rock types in facilities with differing conditions using the new 
system conforming to the Harmonized Standards EN 13043 and EN 13108 and the expectations defined in these 
standards are sustained. 
In this paper it is not possible to quote all test results of aggregate and asphalt produced in these facilities therefore 
remarkable examples of some results are mentioned below.  
The complications concerning the geometrical properties of the basalt material encountered in a conventional 
system are not present in the new system. Basalt material conforming to the Flakiness Index EN 933-3/A1 in the 
conventional system is in the category FI15 and while it is category FI10 with the new one.   
The basalt material conforming to the Shape Index EN 933-4 is in the category S15 with the new system.    
 
3.6 Other Advantages 
 
The collection of micron stone dust within the asphalt plant filter, formed during the secondary crushing process, 
and fed to the mixture under control provides optimum proportional bitumen/filler usage. The eventual sized 
aggregate is no longer stockpiled in open areas, therefore aggregate pollution and fine aggregate scattering and 
losses are prevented.  There is less moisture content in the aggregate entering the dryer and less *water evaporation 
during the drying and heating process therefore problems concerning the filter bags reduce. As the secondary 
crushing facility is integrated to the Asphalt Plant, there is a reduction in conveyor belts running between the 
crushing and sieving processes therefore the electrical energy required for this is reduced. The decrease of 
maintenance, repair and restoration needs has lead to a reduction in work force and simplified the primary crushing 
facility. This means establishment costs and workers health and safety accident risks have also reduced. 
 
4. CONCLUSION 
 
In this paper the new system called the Simge-Challenger is compared to the conventional system in terms of HMA 
and WMA productions, and the results are concluded as follows: 
 

� When the aggregate is fed to the asphalt plant dryer with a minimum moisture (water) content of approx. 
0.5%, the new system provides approx. 23% energy savings for HMA production at 155ºC,(comparing to 
2.5% moisture content aggregate) and 45%(comparing to 5% moisture content aggregate); and the energy 
saved for WMA production at 120ºC will be 39%(comparing to 2.5% moisture  content aggregate), and 
56%(comparing to 5% moisture content aggregate). 
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� With the new system energy is also saved as the aggregate temperature has increased during the secondary 
crushing process and at the entrance of dryer is approx. 10ºC higher  which is an experimental result 
obtained by the average of measurements in different enterprises, seasons and different times of a day. 
These are the entrance temperatures of dryer. The temperatures in the input (because it is the same 
temperature of conventional system entrance) and output of new system are measured and the seen 
difference 10ºC has been achieved. The additional energy saving is calculated as 38kWh (instead of 
41kWh) for HMA and 29kWh (instead of 33kWh) for WMA.  

� With this system the total energy savings for aggregate with moisture content ratio of 2.5% compared to 
0.5% will be 34% for HMA and 41% for WMA.  The total energy savings for aggregate with moisture 
content ratio of 5% compared to 0.5% will be 49% for HMA and 61% for WMA. 

� As a result, the total energy saving will be between 34–49% for HMA and 41–61% for WMA productions 
depending on aggregate moisture content. 

� As fuel consumption decreases the CO2 released to the atmosphere also decreases.  In addition to this other 
emissions causing air pollution are minimized.  

� Since the preparation of aggregate for asphalt production is carried out in the new closed system, the 
elimination of a crushing facility area and the necessity for stockpiling eventual sized aggregate has 
reduced by 80%. The dust formed during the secondary crushing procedure is absorbed because of the 
closed system, and can be used as filler material in asphalt production or as an industrial product. 

 
The electrical energy used during the secondary crushing process has reduced, simplifying the primary crushing unit 
has reduced operational costs, facility and maintenance costs and work place safety & health safety risks have also 
reduced.  Also, as ballast material is crushed in the secondary crushing system and the aggregate crushed to its 
eventual size is no longer stockpiled in open areas, it is not influenced by external effects and losses will not occur.  
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ABSTRACT 
 
In our country 95 percent of the passenger transportation and approximately 90 percent goods transportation are 
provided by using the highway transportation system. However on the our highways, increasing high volume of annual 
average daily traffic (AADT) and over loading and addition of negative effects of climate and construction conditions 
cause the permanent deformations like that fatigue cracking, rutting and shoving. The most common deterioration type 
is the rutting due to the heavy vehicles and their overloading.  
 
It can be say that permanent deformation behaviors of SMA (Stone Mastic Asphalt) mixtures are better than the other 
hot mix types in the all climate conditions and under the heavy traffic loads. In this aspect, the use of SMA mixtures 
provides significant advantages in improving the performance of pavements. Improving the advanced type of the SMA 
mixtures and increasing application of SMA mixtures are very important to prolong the pavement life. For this purpose, 
3 percent diatomite was used as filler aggregate in the SMA mixtures without adding any fiber. 
 
In this study, it was investigated that the effect of the Diatomite material on the performance of the SMA mixtures. The 
performance comparison was made between diatomite added and conventional SMA mixtures.   
 
For that purpose, Marshall Designs were prepared for diatomite added and conventional SMA mixtures. For these two 
types of SMA mixtures; the rutting tests were performed to find out plastic deformation behaviors and the fatigue lifes 
were determined using four point bending beam fatigue test. And also indirect tensile tests were carried out on the SMA 
mixtures. 
 
Therefore, the effects of the diatomite on the performance of SMA mixtures were researched, by analysis these tests 
results. The results indicated that, diatomite addition, increased stiffness and similar test results were found for other 
properties, only fatigue life of diatomite added SMA little lower than conventional SMA Mixture also, cost analysis 
were done for two mixtures.  
 
Keywords: Stone Mastic Asphalt, Rutting, Diatomite, Fatigue 
 
1. INTRODUCTION 
 
In Turkey, SMA mixtures have been used since 1998. Generally, high traffic volume roads have been constructed using 
SMA mixtures as a wearing course. 
As it is known, SMA mixtures have a binder rich mastic mortar. An efficient stabilization of the mastic is necessary in 
order to prevent its segregation from the coarse particles. A small amount of cellulose fiber is generally added to the 
mixture in order to enable the mix to hold high bitumen content and at the same time, stabilize high bitumen content, 
creating the mastic. 
In this study, diatomite material is added as filler aggregate to stabilize the mastic mortar and to find out the diatomite 
effect in the SMA mixtures. Also, for comparison the properties of SMA mixtures with fiber have been investigated.  
 
2. MATERIALS AND EXPERIMENTAL WORK 
 
2.1. Properties of Diatomite 
 
Diatomite is an agglomerative rock formed with accumulation of diatoms, a member algae family, exhibiting fossil 
characteristics. Natural diatomite has very high water absorption ranging from 10-60 %. Its dry unit weight are between 
0, 34 – 0, 67 g/cm3. Table-1 features some important chemical properties of diatomite which was used in this study. 
Micro-structure of Ankara Diatomite is given in Figure-1 
 
2.2. Properties of Bitumen and Aggregate 
 
The bitumen binder selected for the tests was 50/70 penetration grade bitumen from K�r�kkale refinery. Bitumen tests 
are performed according to both TS 1081 EN 12591 and superpave performance grade standards. Properties of bitumen 
are presented in Table-2 and Table-3. 
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Contents % Ankara Diatomite 
SiO2 88,32 
Al2O3 3,47 
Fe2O3, 0,48 
CaO 0,42 
MgO 0,26 
Na2O 0,17 
K2O 0,28 
TiO2 0,18 
P2O5 0,10 

 
       Table 1: Chemical properties of processed Ankara Diatomite 
 
 

           
 
             Figure 1: Micro structure of Ankara Diatomite 

 

Test Name Standard Test Result 

Penetration (25�C)0,1mm  EN 1426 68 
Softening Point, (R/B)�C              EN 1427 49 
Flash Point , �C                             EN 22592 260+ 
Solubility EN 12592 99,4 
Density ASTM D70 1,025 

Resistance to Hardening  

-Mass Loss, %                               
EN 12607-2 

0,1 
-Increase Softening Point, �C 
-Drop In Softening Point �C 

EN 1427 
4 

-Drop In Penetration, %                
-Increase  Penetration %               EN 1426 16 

 
            Table 2: Physical properties of the bitumen 

 

 

 

 

 

 



 

   Properties  Results  
Penetration (25oC)0,1mm  68 
Softening Point, (R/B)oC                         49 
Brookfield Viscosity 
135oC,20rpm  Pa.s 0,373 

Fail Temp. 66,8 
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DSR 
(G*/sin�>1kPa)  Grade   64 

 Mass Loss  %  0,1 

Fail Temp. 67,6 

R
T

FO
T

 

DSR 
(G*/sin� >2,2 kPa)  Grade 64 

Fail Temp. 20,3 DSR 
(G*sin� <5000 kPa)  Grade 22 
BBR S (MPa) m-value 

179 0,302 temperature -12 oC 136 0,338 
287 0,278 

PA
V

 

(S�300MPa  
    m	0,300) -18 oC 272 0,274 

PG  64-22 
             

             Table 3: PG (Performance Grade) of the bitumen 

 
In this study, aggregates produced from basalt quarry have been used for design and tests. The properties of aggregates 
and design gradation are given Table-4 and Table-5. Also, as filler aggregate 5 percent limestone filler is added in the 
SMA mixtures with fiber and 2 percent limestone filler and 3 percent diatomite filler are added in the SMA mixtures 
with diatomite. 
 

Test Name Standard Test Result 
Los Angeles abrasion test, (%) ASTM C 131 11,7 

Soundness test, (%) AASHTO T 104 2,0 

Polished Stone Value (PSV) EN 1097-8 53 

Water absorption, (%) AASHTO T 85 1,2 

Flakiness index, (%) BS 812 24,5 

 
             Table 4: Physical properties of the aggregate 

 

Sieve size %, Passing  
 

inch 
 

mm 
Design Gradation of 

SMA Mixture 
SMA Type-1 

National Specification Limits 
¾ 19,1 100 100 
½ 12,7 95,0 90-100 
3/8 9,5 62,0 50-75 
No.4 4,75 33,0 25-40 
No.10 2,00 23,0 20-30 
No.40 0,42 15,0 12-22 
No.80 0,177 12,0 9-17 
No.200 0,075 9,0 8-14 

 
            Table 5: Design gradation of SMA mixture and National specification limits 

 
 



2.3. Laboratory Tests 
 
Initially, for two types of SMA mixtures, Marshall mixture designs have been prepared. First mix design has been 
prepared adding 0, 45 percent Viatop 66 fiber and for second mix design 3 percent diatomite has been added as a filler 
without fiber. Also, 5 and 4 percent diatomite filler addition have been studied but the mixture workability was very 
difficult and optimum bitumen content found very high. So, 3 percent diatomite content was selected, as a suitable 
amount. Before addition of diatomite, it is first oven dried, crushed and then sieved thought No.200 sieve. National 
specifications criteria and two mix design results are given Table-6 and 7. 
 

Properties 
National 

Specification Limits 
Blow number 50 
Air voids, (%) 
Air voids on the warm climate areas, (%) 

2-4 
3-4 

Voids in mineral aggregate (VMA), (%) min.,  16 
Rut Depth (30 000 cycles, 60°C), (%), max. 6 
Fiber Rate, % 0,3 – 1,5 
Schellenberger bitumen drain down, (%), max. 0,3 

 
                       Table 6: SMA Type-1 Design Criteria 
 
 

 Mixture Types 

Design Values Fiber  
Content % 0,45 

Diatomite 
Content % 3 

Diatomite 
Content % 4 

Diatomite 
Content % 5 

Optimum Bitumen, % 6,55 6,45 7,55 8,20 

Practical density, Dp 2,467 2,464 2,433 2,412 

Stability, (Kg) 647 620 637 640 

Flow value, (mm) 3,20 3,05 3,15 3,10 

Theoretical maximum density (Dt), 2,546 2,547 2,508 2,485 

Percent voids filled with asphalt (VFA),% 81,2 79,9 83,5 84,7 

Air voids (Vh),% 3,11 3,27 3,00 2,95 

Voids in mineral aggregate (VMA),% 16,55 16,74 18,1 19,3 

Schellenberger bitumen drain down, (%) 0,104 0,279 - - 

 
                   Table 7: Results of Marshall Design 
 
 
In the next step, after the design, performance tests have been performed on the two types of SMA mixture. These tests 
are given below. 
 
     1-Resistance to Compacted Hot Mix Asphalt to Moisture-Induced Damage. (AASHTO T 283) 
     2-Bituminous mixtures-Test Methods for Hot Mix Asphalt-Part 22: Wheel Tracking. (EN 12697-22)  
     3-Bituminous mixtures-Test Methods for Hot Mix Asphalt-Part 24: Resistance to Fatigue (EN 12697-24) 
 
Tensile strength tests have been performed using accelerated water conditioning, with a freeze-thaw cycle of compacted 
SMA mixtures.  
The susceptibility of SMA mixtures to deform is assessed by the rut formed by repeated passes of a loaded wheel at 
60oC temperature. For rutting test, large-size device (LCPC rut tester) is used and the tests have continued until   50 000 
cycles.  
To characterize the fatigue of two types SMA mixtures, four-point-bending tests have been performed using prismatic 
beams. Fatigue tests are undertaken for three strain levels at 20oC temperature.   
 
 
 
 
 



 
3. RESULTS AND DISCUSSION 
 
The purpose of our research study are both recognizing the effect of diatomite in SMA mixtures and determining the 
laboratory performance of diatomite added SMA mixtures. When looking for comparison between the diatomite added 
and fiber added SMA mixtures, the following evaluations can be done. 
 
-For two types of SMA mixture, optimum bitumen contents and air voids are approximately same (Table-7). 
 
-It was seen that, the diatomite content influenced the optimum bitumen content. If the diatomite contents are high the 
optimum bitumen contents increase (Figure-2). 
 
-Tensile strength of conditioned and unconditioned samples and Tensile Strength Ratio values have been found similar 
(Table-8). 
 
-Rutting behaviour of the two SMA mixtures, do not differ from each other. The rut depth for two mixtures after         
30 000 cycles are 5, 69 and 5, 55 %, it can be said that these values are acceptable level (Table-9 and Figure-3). 
 
-Fatigue tests have been performed at 200, 300 and 500 x 10-6 strain levels, for both SMA mixtures. The fatigue tests 
results are presented in Table-10. For depending the results of fatigue tests; SMA mixtures with fiber have longer 
fatigue life, number of cycles, than the mixture with diatomite (Figure-4, 5). As it is known, the fatigue test continues 
until the calculated stiffness has dropped to half its initial value or until the specimen breaks or until 2 x 106 cycles. 
Diatomite added SMA mixtures tend to have a better resistance to fatigue in terms of number of cycles at failure under 
all strain levels (Figure-5). It can also be observed that, fiber added SMA dissipates much energy (Figure-8). Diatomite 
added mixtures have short fatigue life however; their initial stiffnesses are slightly higher (Figure-6, 7).  
 

 
Figure 2: Relationship between mixture types and optimum bitumen content 
 
 

Mixture Type Diatomite 
Content  % 3 

Fiber  
Content  % 0,45 

Average Indirect Tensile Strength of Conditioned 
Subset, (kg/cm2) 

5,01 5,48 

Average Indirect Tensile Strength of 
Unconditioned Subset, (kg/cm2) 

5,80 6,19 

Tensile Strength Ratio (TSR)   0,86 0,89 

ITS of conditioned subset with Diatomite / ITS of conditioned subset with Fiber 5,01 / 5,48= 0,91 

ITS of unconditioned subset with Diatomite / ITS of unconditioned subset with Fiber 5,80 / 6,19= 0,94 

 
Table 8: Indirect Tensile Strength Test Results  
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Table 9: Rutting Test Results  
 
 

 
Figure 3: Rutting test results of mixtures with diatomite and fiber 

 

 

 

 

 

 

 

 

 

 

 

Mixture Type Diatomite 
Content  % 3 

Fiber  
Content  % 0,45 

Optimum Bitumen, % 6,45 6,55 

Dp design 2,464 2,467 

Dp sample 2,400 2,392 

Number of 
Cycles 

RUTTING RUTTING 

1 000 1,75 2,08 

3 000 2,63 2,93 

5 000 3,17 3,58 

10 000 4,03 4,29 

30 000 5,55 5,69 %
 , 

R
U

T
 D

E
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50 000 6,29 6,15 
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SMA mixture 
with 

Diatomite 
 

Strain 

 
Stiffness 
(Mpa) 

Stiffness after 
the test  
(Mpa) 

% Initial 
Stiffness 

Cumulative 
Dissipated 

Energy 
(MJ/m^3) 

Total number 
of cycles 

No:1 500 3103 1547 50 8,74 28 468 
No:4 500 2892 1442 50 6,50 24 306 
Average 500 2998 1495 50 7,62 26 387 
       
No:2 300 4689 2377 50 48,11 367 040 
No:5 300 4110 2030 50 45,04 386 033 
Average 300 4400 2204 50 46,58 376 537 
       
No:3 200 3939 1957 50 80,36 1 600 903 
No:6 200 4193 1964 50 74,42 1 625 896 
Average 200 4066 1961 50 77,39 1 613 400 
       

SMA mixture  
with  
Fiber 

 
Strain 

 
Stiffness 
(Mpa) 

Stiffness after 
the test  
(Mpa) 

% Initial 
Stiffness 

Cumulative 
Dissipated 

Energy 
(MJ/m^3) 

Total number 
of cycles 

No:1 500 3521 1763 50 14,36 41 856 
No:4 500 3649 1816 50 18,72 54 526 
Average 500 3585 1790 50 16,54 48 191 
       
No:2 300 3685 1825 50 65,05 599 533 
No:5 300 3754 1850 50 53,02 458 914 
Average 300 3720 1838 50 59,04 529 224 
       
No:3 200 3843 2598 68,0 110,43 2 000 000 
No:6 200 3131 2233 71,3 98,65 2 000 000 
Average 200 3487 2416 69,7 104,54 2 000 000 

 
             Table 10: Results of four point bending beam fatigue test  
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               Figure 4: Strain versus number of cycles for SMA mixtures 
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             Figure 5: Strain versus number of cycles for all strain levels 
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               Figure 6: Initial stiffness values of strain levels  
 
 
 
 

500 300 

200 



0

500

1000

1500

2000

2500
St

iff
ne

ss
 (M

P
a)

500 300 200

Strain

DIATOMITE / SMA
FIBER / SMA

 
              Figure 7: Final stiffness of SMA mixtures 
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                   Figure 8: Strain versus number of cumulative dissipated energy 
 
 
4. CONCLUSIONS 
 
It can be concluded that, the two types of SMA mixtures show approximately similar behaviours to the water damages, 
in term of tensile strength and to the rutting resistance. The fiber added SMA has best performance under fatigue. 
Especially, at 200 x 10-6 strain level, fiber added SMA mixture kept 70 % of its initial stiffness up to 2 x 106 cycles. To 
improve the fatigue behaviour of diatomite added SMA, lower content of diatomite should be investigated.  
As a conclusions, the use of diatomite as mineral filler in the SMA mixture can be tried to observe the situ performance. 
The road section should be constructed using this SMA mixture as a wearing course. Diatomite added SMA mixture 
have lower cost than fiber added SMA for our country, but life cycle cost analysis should be made for future 
applications. 
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ABSTRAT 
 
Fumes released from asphalt binders during road paving, especially in the production of hot mixtures, present a large 
number of substances that can be health hazards. Polycyclic Aromatic Hydrocarbons (PAHs) are some of the 
compounds found in these asphalt binders that can be a threat to workers health. In this work, aromatic compounds 
were isolated from the binder and identified to find out the PAHs contribution. The compounds were isolated from the 
maltenic phase and analyzed in gas chromatograph (GC) revealing the presence of naphthalene, acenaphtene, fluorene, 
anthracene, and fluoroanthene and mutagenic and carcinogenic PAHs (benzo(a)pyrene, indene [1,2,3-cd]pyrene, 
dibenzo[a,h]pyrene, benzo[g,h,I]perylene). Scanning Tunneling Microscopy (STM) has been employed to identify the 
PAHs. The STM images of a modified Au(111) exposed to a mixture of PAHs revealed organized molecular domains on 
the surface.  
 
Keywords: polycyclic hydrocarbons, asphalt binder, gas chromatograph, STM. 
 
1. INTRODUCTION 
 
The emission generated during the application of asphalt binders, particularly during asphalt mixture production, 
contains a large number of elements, some potentially harmful to the health of those involved [1] [2] [3]. Among these 
elements, one can highlight the hydrocarbons polycyclic aromatic (PAHs) [1].  
PAHs are a class of organic elements formed by 2 to 7 benzene rings, whose origin can be natural or anthropogenic. 
The latter is the main source of PAHs. The petroleum industry (petrogenic) and the fossil fuel combustion (pirolitic) are 
the main sources of PAH production [4]. 
Studies indicate the presence of toxicological relevant PAHs in dust samples collected in urban areas [1] [2] [5]. Several 
environmental matrices such as the result of coal combustion, vehicle exhaustion, lubricants, cigarette smoke, among 
others, have demonstrated that the PAHs in those mixtures are responsible for their toxicological potential [4] [5]. 
Statistical data reveal that there are evidences of risk of cancer and that there is relation between carcinogenesis and the 
molecular structure of PAHs [4] [6]. In addition, such substances have a differentiated carcinogenic potential. It is also 
considered that the residues produced by vehicles and the tire friction in pavements are responsible for the 
contamination. 
Very few consistent studies have been devoted to asphalt control with respect to toxicological aspects. This implies 
adequate procedures to detect toxic emissions and the correct use of the product in such a way to avoid environmental 
and human contamination [6]. 
The present work aims to develop tests and/or methods to evaluate the real contribution of asphalt to the PAHs, 
observing the maltenic fraction extracted from asphalt binders. The study involves the dispersion of the matrix in solid 
phase (DMFS) [7] [8] and chromatographic methods for detection and analysis. It also intends to evaluate the potential 
of tunneling microscopy (STM) [12] [13] in identifying PAHs. The results indicate that new alternatives must be found 
to minimize the environment and human risk involved in dealing with the investigated substances. 
 
2. EXPERIMENTAL 
 
2.1. Materials 
 
The solvents employed in this work were bidistilled. The internal PAHs standards and also 2-fluoro-biphenyl were from 
Sigma-Aldrich. The asphaltic binder 50/70 from Fazenda Campo Alegre (Espírito Santo) was processed at Lubnor. The 
PAHs analyzed were the 16 prioritary compounds suggested by USEPA (United States Environmental Protection 
Agency). Naphthalene (Naph); Acenaphthylene (Aci); acenaphthene (Ace); fluorene (Fl); phenanthrene (phen): 
Anthracene (Ant); fluoranthene (flr); Pyrene (pyr); Benzo(a)anthracene (BaA); Chrisene(Cri); Benzo(b)fluoranthene 
(BbF); Benzo(k)fluoranthene (BkF); Benzo(a)pyrene (BaP); Indene (1,2,3-cd)pyrene (IncdP); Dizenbo(a,h)anthracene 
(DahA), Benzo(g,h,i)perylene (BghiP) and Perylene (per), the last compound a PAH found in environmental samples. 



Silica gel (70-230 mesh) and copper in powder form were from Merck, alumina from Riedel-de-Haën and Na2SO4 
anhydrous from Vetec. A bench stirrer from Quimis was employed to extract the PAHs. 
 
2.2. PAHs Extraction  
 
The maltenic phase of the asphalt binder was extracted through mechanical shaking of the material. The extraction was 
carried out from a mixture of 0.3 g of the asphalt binder doped with internal standard and 12.0 ml of n-hexane. The 
mixture was then stirred for 2h in a bench stirrer. The resulting mixture was then vacuum filtered and the maltenic 
solution collected. The maltenic solution was then concentrated to 2 ml.  
The maltenic solution was then treated with the Matrix Solid Phase Dispersion (MSPD) technique [7] [8] to estimate the 
PAHs present in the asphalt binder. In order to separate the PAHs, the 2 ml maltenic solution was dispersed in 15.0 g of 
silica gel 60 mesh. After dispersion was completed the mixture was made homogeneous and transferred to a column 
with dimensions 50.0 cm x 1,0 cm containing  5.0 g of Al2O3. The column was rinsed with 50,0 ml of n-hexane, 
removing this way the aliphatic compounds making up the asphalt binder. The column was rinsed and elution of the 
aromatics fraction of the asphalt binder was done using different solvent ratios such as: first elution (36.0 ml 
hexane+4.0 ml ethyl acetate, 2nd elution (16.0 ml n-hexane + 4.0 ml ethyl acetate), 3rd elution (14.0 ml n-hexane + 6.0 
ml ethyl acetate). The choice of solvents was made by testing several procedures until finding the best solvent ratio, 
which would provide efficient results to the elution of the PAHs due to their different polarities [11]. The aromatic 
fraction was eluted and concentrated to 0.5 ml and 10.0 'l of an internal standard was added. 
 
2.3. PAHs analysis by Gas Chromatography (GC-FID) 
 
A gas chromatograph CG17A-Shimadzu, interfaced to a detector of flame ionization  and coupled to DB-5J&W 
Scientific (30m x 0.25 mm d.i. x 0.25 'm of film), the samples were injected in the split mode (1:20), having hydrogen 
as the carrier gas, the flux was 1.0 ml/min. The temperatures at the injector and detector were 280 �C and 300 �C. The 
initial temperature was kept at 60 �C  for 10 minutes and raising to 120 �C   at a rate of 30 �C/min., then the temperature 
was raised to 230 �C  at a rate of 5 �C/min., and finally to 305 �C at a rate of 3 �C/min.  
To determine the linearity of the results as a function of the analyte concentration, calibration curves were built with 5-6 
points. The points used to build the calibration curves were 0.5; 2.5; 5 ; 10; 20; 50 and 100 'g/ml. The compounds were 
quantified by means of a calibration curve of an internal standard and correlation coefficients (R2) varying from 0.9899 
to 0.9989. The lowest limit of detection was from 0.2-0.5 'g.ml-1. The confirmation of the PAHs analyzed was done 
from a GC equipment CG 17A linked to a mass spectrometry detector (Shimadzu CGMSQP5000), employing a NIST 
library data.  
 
2.4. PAHs analysis by Scanning Tunneling Microscopy 
 
A Nanoscope IIIA equipped with a standard STM head was used to acquire the data. Tips were made of tungsten 
mechanically cut. Images were collected in constant height (CH) and constant current (CC) mode. Flame annealed gold 
on mica samples were employed to grow the self-assembled molecular layers. 5-(4-pyridyl)-1,3,4-oxadiazole-2-thiol 
(HPYT) was self-assembled on gold from aqueous solutions. The PAHs mixed extract were deposited on the bare or 
thiol covered gold samples. Standard coronene was from Aldrich and used as received. 1 mM coronene solutions were 
made in water:ethanol (saturated) or in n-hexane. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Chomatographic anlysis 
 
The identification of the PAHs gifts in the ligante was carried through by means of the comparison enters the 
chromatogram of the analytical standards, Figure 1, and the chromatogram of the extracted samples of the ligante. On 
the basis of the curve of calibration and in the values of the relation enters the area of the peaks of the PAHs gifts in the 
samples and the peak of the internal standard, the concentrations of the PAHs gifts had been determined, Tables 1. 
  



 
Figure 1: Chromatogram of separation of the PAHs. 
 
Beyond the PAHs with priority, the gotten chromatograms had presented different peaks of the used analytical 
standards in the experiments. Such peaks can be associates to the PAHs with organization of different rings of the used 
standards or PAHs with aliphatic chains substitutes. 
 

PAHs 1 2      3 average Standard deviation Relative error (%) 
naphthalene 3,36 3,49 3,59 3,48 0,11 3,24 
m- naphthalene 3,87 4,19 4,24 4,10 0,20 4,93 
fluorene  5,25 6,66 8,36 6,76 1,56 23,07 
phenanthrene 4,86 4,72 7,08 5,55 1,33 23,89 
Anthracene 4,92 7,42 5,35 5,90 1,34 22,65 
fluoranthene 6,44 6,05 7,82 6,77 0,93 13,69 
pyrene 7,07 5,40 5,54 6,01 0,93 15,43 
benzo(a)anthracene 5,43 6,05 8,00 6,49 1,34 20,64 
chrisene 8,38 5,70 6,54 6,88 1,37 19,97 
benzo(b)fluoranthene 12,86 17,97 16,52 15,78 2,64 16,69 
benzo(k)fluoranthene 9,19 8,60 10,96 9,58 1,23 12,80 
benzo(a)pyrene 11,89 15,62 16,74 14,75 2,54 17,20 
perylene 7,71 13,06 14,06 11,61 3,41 29,41 
indene (1,2,3-cd)pyrene 11,41 15,60 17,80 14,94 3,24 21,71 
dizenbo(a,h)anthracene 10,61 10,96 16,10 12,56 3,07 24,47 
benzo(g,h,i)perylene 13,56 19,26 17,95 16,93 2,99 17,65 

 
Table 1: Values of concentration of the PAHs gifts in the CAP extracted with the use of the mechanical agitator. 
 
Table 1 shows the composition of the 15 PAHs (USEPA). The PAHs up to 3 rings are considered toxic, being the PAHs 
having more than 4 rings considered mutagenic and/or carcinogenic.  
The efficiency of the process is showing on table 2. The values were obtained from surrogate standards at the final 
extraction process. It was added 20 'L of the standards at 10 ppm and the concentration was measured from the 
chromatograms peaks areas after the extraction process. The values obtained from mechanical extraction showed good 
performance. However the efficiency of the process for the extraction of the PAHs with 4 or more rings in relation to 
the PAHs with 2 and 3 rings is probably due to the solvent evaporation and the nitrogen flux using in this method [10] 
[11]. 
 

PAHs Efficiency (%) 
acenaphthene -d10 (2 rings) 55,26 
phenanthrene -d10 (3 rings) 51,33 
chrisene -d12 (4 rings) 94,60 
perylene -d12 (5 e 6 rings) 83,01 

 Table 2: Efficiency of extration of the PAHs. 

 

 



 
3.2. Scanning Tunneling Microscopy (STM) analysis 
 
STM images collected for gold samples exposed to the mixed extract of PAHs did not show organized molecular 
domains that could be assigned to the organic compounds. The samples were rougher than usual but no organized 
structures were found on the gold surface exposed to the PAHs solution. Gold samples modified with HPYT were then 
employed to check the resulting surface. Henceforth the modified gold samples will be called Au-HPYT. The organic 
thiol has the structural formula presented in Figure 2. It is a rigid ligand used in coordination chemistry and also as an 
auxiliary in protein electrochemistry [12] [13].  
 

 
Figure 2: HPYT structural formula. 
 
A typical STM image of the HPYT lattice on the Au (111) surface is shown in Figure 3. 
 
 

 
 
 
Figure 3: CH STM image of HPYT on Au (111). The molecular HPYT structure was overlaid on the STM image 
arbitrarily. Scan size: 80 x 80 Å. 
 
The molecule forms a hexagonal structure with a periodicity of 5.4 x 5.4 , 0.4 Å. A drop of the PAH extract was added 
to the Au-HPYT surface and the solvent was evaporated in air. An example of a STM image obtained after the PAHs 
solution was added to the surface is seen in Figure 4. 
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Figure 4: CH STM image of Au-HPYT after exposure to a PAH mixed solution. Coronene molecular structure 
was overlaid arbitrarily. Scan size: 71,5 x 71,5 Å2.  
 
The structure found on the Au-HPYT surface is different from that found for the thiol molecule. It is a made of 
periodical rows separated by 9 Å. The periodicity inside a row is also 9 Å. The features making up a row resemble a 
hexagon with a lower tunnel current in the center, forming a dip. The PAH that has such a signature in STM images is 
coronene [13].  
Aiming to confirm that coronene was adsorbed on the Au-HPYT surface, a standard coronene solution was added to the 
modified Au surface. The best results were obtained when the Au-HPYT surface was exposed to a drop of the 1mM 
coronene water:ethanol solution. The STM image for the Au surface obtained after this treatment is shown in figure 5. 
 
 

 
 
Figure 5: CH STM image of Au-HPYT surface after exposure to a standard coronene solution. Scan size: 70,8 x 
70,8 Å. 
 
The surface shows an organized molecular structure forming rows with periodicity of 9 Å. The periodicity inside the 
rows is also 9 Å. This result adds support to the assumption that coronene was adsorbed on the Au-HPYT surface when 
the mixed molecular extracts of PAHs from the asphalt binder were drop casted on this surface.  



The adsorption of coronene seems to be facilitated on the Au-HPYT surface. This PAH appears to be recognized by the 
HPYT molecule. It is assigned to hydrophobic and electronic interactions among these molecules.  
To add further support to the presence of coronene in the PAH extracts from the asphalt binder the coronene standard 
was analyzed by GC in order to find its retention time. It is been found experimentally that the retention time is 54.10 
minutes. A recent report in the literature assigned a peak at 52.01 minutes to coronene [14]. The results point to the 
selectivity that modified surfaces can have towards some molecules and the powerfulness of STM to map the structure 
of the molecular domains in real time.   
 
4. CONCLUSIONS 
 
The binder presented in their composition PAHs considered mutagenic and/or carcinogenic. The STM images of a 
modified Au (111) exposed to a mixture of PAHs revealed organized molecular domains on the surface. The results 
point to the presence of coronene and revealed the powerfulness of the technique to map the structure of the molecular 
domains in real time. The results obtained in this study reveled the need of modification of the binders in the sense of 
employing additives as polymers or flame retardants to reduce the emission of PAHs from the binders.  
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ABSTRACT 
 
A translucent bio-binder, composed of products resulting from the biomass, has now been used for more than 2 years. 
This binder could replace the bitumen classically employed in various road engineering.  
Its development was until now exclusively based on a hot use in anhydrous form, mainly for the realization of aesthetic 
and decorative coatings. 
In order to still reduce its environmental impacts (reduction of consumption of the energy resources or greenhouse gas 
emissions), works were carried out to develop aqueous emulsions based on this binder.  
The aim was, as for the bituminous emulsions, to obtain stable products with storage and transport, having a viscosity 
and a break index adapted to their use.  
The undertaken studies confirm the emulsifiability of this binder. 
The realization of building sites of urban development, requiring only one limited logistics related to the flexibility in 
use of the emulsions, is now possible. This point was confirmed by the various experimental building sites carried out in 
France. 
These building sites made it possible to validate various means of manufacture of this cold bituminous mix:  

- in-situ manufacture for sites not requiring few hundreds of kilogramme of materials  
   with a manual application  
- Manufacture in cold batch plant for more important sites with a transport and a  
   traditional application. 

 
Keywords: Cold asphalt, emulsion, energy saving,environment, slurry-seals 
 
 
 
 
1. INTRODUCTION 
 
A bio-binder has recently been developed, composed of plant-based raw material, capable of being used as a substitute 
for bitumen in different existing road techniques.   
 
The binder’s performance levels are as good as if not better than bitumen’s.  Its low viscosity at a given temperature 
makes it possible to reduce manufacturing and application temperatures for asphalt concrete by 40 to 50°C. 
 
The bio-binder is translucent which helps preserve the natural color of the aggregates, making it possible to create 
visually-appealing mixes for ornamental surfacing, in perfect harmony with local surroundings.  
Up to now, its development has been based on the use of a binder in an anhydrous form for urban development projects 
as a substitute for deactivated concrete.  A patent has been filed covering the binder [1]. 
 

Class  1 2 3 

Initial viscosity (Pa.s) 

Brookfield, (SC 4-27), 70°C, 1.4 s-1 
33 to 45 16 to 24 11 to 14 

Pumpability temperature (° C) 100  100  100  

Density at 25°C 0.95 to 1.05 0.95 to 1.05 0.95 to 1.05 

Cleveland flash point (°C) > 210 > 210 > 210 

G* Modulus (MPa) at 20°C ; 7.8Hz >2.5  >0.8  >0.2  

ASTM Colorimetric Index (pure bitumen) < 7  < 7  < 7  

Figure 1 : Grades and characteristics of anhydrous binder [2]  
 



2. WHY AQUEOUS EMULSION ? 
 
In addition to widening the bio-binder’s range of uses, emulsion-form offers even further improvements in terms of 
environmental impact : 
 
2.1 Energy savings :  
 
The emulsion-based asphalt mixes are applied at ambient temperatures, which means that aggregates do not require 
drying or heating. Energy consumption is cut drastically compared to hot mixes.  
 
2.2 Limiting emissions into the atmosphere : 
 
The fact that no heating of aggregates is required means that no gas or fumes are produced during manufacture and 
application. Other advantages in the use of cold mixes can also be underlined, including simplified plant and logistics. 
Three manufacturing methods are now operational, depending on the size of the project 
 
 

 
 
 
 
 
 
 

 
       
            Figure 2 : on board unit for medium size                          Figure 3 : cold mix plant for large size  

 
Two methods of application can also be used, once again depending on the size of the project 

     
 
 
 
 
 
 
 
 
 

                   Figure 4 : manual application                                           Figure 5 : mechanical application  
 
3) FORMULATION/MANUFACTURING OF BIO-BINDER AQUEOUS EMULSION 
 
Before industrializing the process, the transposition of know-how acquired on bitumen emulsions was evaluated in the 
laboratory with bio-binder emulsions [3]. 
The following points, among others, were verified in majority for cationic emulsions using cationic surfactants salified 
with hydrochloric acid and binder of class 2 or 3.    
 
3.1 Verification of manufacturing parameters 
 

� Temperature of soap 
� Temperature of binder 
� Viscosity  
 

3.2 Verification of physicochemical characteristics  
 

� Particle size distribution curves 
� pH 
� Viscosity  



 
3.3 Verification of technological characteristics 
 

� Storage stability 
� Aggregate/emulsion reactivity 
� Adhesiveness  
� Preservation of translucency after coalescence 
 

4) RESULTS AND IDENTIFICATION 
 

An example of identification of this type of emulsion is indicated hereunder, compared to a conventional emulsion 
formula containing bitumen.   
 

 Bio-binder Bitumen 
Water content (NF EN 1428) 39.9 % 39.5 % 
Residue in sieve  (NF EN 1429) 
500 �m 
160 �m 

 
0 % 
0 % 

 
0.01 % 
0.08 % 

Storage stability  (NF EN 1429) 0 % 0 % 
Decantation (NF EN 12847) -7 days 
Top     
Bottom    
� Top / Bottom  

 
40.9 % 
45.4 % 
- 4.5 % 

 
43.9 % 
39.4 % 
4.5 % 

STV Viscosity (NF EN 12846) 
25 °C – 4 mm   

7.9 sec 6.9 sec 

Particle size-Laser (Internal EM-005) 
Average diameter 
Standard gap  

 
2.44 �m 
0.36 �m 

 
4.51 �m 
0.42 �m 

pH at 25°C (NF EN 12850) 2.6 2.5 
Breaking index (NF EN 13075-1) > 180 g > 180 g 

Figure 6 : Identification of emulsions 
   

Our findings show the low average diameter with the binder, compared to bitumen emulsions which are generally 
speaking twice as big and an excellent storage stability. 
Once breaking has occurred, the binder’s transparency is preserved, making it possible to highlight the aggregates’ 
natural color.   
The results of the pendulum hammer test (NF EN 13588) on residual binder are much better than those of conventional 
bitumen, which means better shear resistance under traffic.   
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 : Pendulum hammer test 
 
Give the positive results obtained in the laboratory, semi-industrial tests, followed by full-scale industrial trials, were 
carried out, enabling us to confirm the positive trends highlighted in the lab tests.   
 
5) APPLICATIONS AND PROJECTS 
 
This type of emulsion has been used on different Group projects. A wide range of techniques for use involving these 
emulsions was developed : cold mixes, micro surfacing, in place recycling, tack coats, paving stone joints 
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Emulsions are produced industrially in conventional plants that are equipped with a binder line and a dedicated  
bio-binder storage area. 

 
5.1) Cold mixes 
The mix designs are conventional 0/6 or 0/10 [4] [5]. The materials are selected as a function of their intrinsic 
characteristics, in terms of color and mechanical performance.   
In a majority of cases, the natural color of materials is preserved, without adding pigments to the mix.  
The emulsion content at 60 or 65% of bio-binder generally ranges from 8 to 10 parts of the mix.   
Adding bio-fluxing agents can improve cold mixes’ handling capacity and/or lengthen handling times.  
The total water content can be adjusted to reach the desired handling capacity.  
The following mechanical characteristics, determined by the methodology applicable to cold mixes (DURIEZ - NF P 
98-251-4), are given as a reference: 
 

Compaction ratio (%) 91.0% 
    
Resistance in air (MPa)   
14 days in air at 18 °C - 50 % RH 3.2 
30 days in air at 18 °C - 50 % RH 4.0 
45 days in air at 18 °C - 50 % RH 4.8 
    
Resistance in water (MPa)   
7 days in air at 18 °C - 50 % HR +   
7 days in water at 18 °C  2.3 
    
Immersion compression ratio at 14 days 0.72 

Figure 7 : Mechanicals characteristics 
 
We can underline the performance levels reached over time, which reveals changes in the binder’s reticulation.   
Several projects can be cited in this category : 
 
 
 
 

 
 
 
 
 
 

              Figure 8 : Sereilhac – 250 m2 - sidewalk                             Figure 9 : Gueret – 1000 m2 – bike path 
                   Manufactured with on board plant                    Manufactured in cold mix plant 
                               Applied manually                 Applied with paver 
 

 
           

 
 
 
 
 
 
 
 
 
 
Figure 10 : Oléron Island – 300 m2 – streets and footpaths           



                Manufactured in cold mix plant 
 Applied by hand and with paver                         Figure 11 : Puy du fou – 500 m2 –Driveways  
                   Manufactured in cold mix plant  
         Applied with paver            
 
Three techniques using bio-binder emulsion were used on one project in Martinique on Route RD 9 in Saintes Salines in 
June 2007: Tack coats, micro surfacing (ECF) and in place retreatment 
The emulsions were all manufactured in Martinique using a plant designed for bitumen emulsions.    
 
5.2)  In place retreatment with bio-binder emulsion 
 
The in place retreatment was done to a depth of 8 cm over a 4,000 m2 surface area.  
The product’s excellent handling capacity made for easy compaction, which, when combined with good rise to cohesion 
in the treated planed materials, made it possible to open the section back up to traffic very quickly, without having to 
apply a protective surface dressing.  There has been no stripping or loose aggregates due to traffic.  
 
 
 
 
 
 
 
 
 
 
 
                 Figure 12 : Recycling in place                                          Figure 13 : Application with paver 
               
5.3) Tack coat 
 
A tack coat using bio-binder emulsion was applied at the interface before treated milled materials were laid.    
 
 
 
 
 
 
 
 
 
 
 
 

                                        Figure 14 : Application of tack-coat 
 

5.4) Microsurfacing 
 
This application was done on materials that had been recycled in situ with bio-binder emulsion one month before.    
We noted good rise to cohesion, meaning that the section was opened back up to traffic within one hour. 
 
 
 
 
 
 
 
 



 
 

                            Figure 15 : Application of microsurfacing 
 
 

 
5.5) Joints for paving stones  
 
It’s possible too to stabilize paving stone joints with bio-binder emulsions.  
This successful project was undertaken in Ronsard Sreet in Paris in September 2007. 
No problems were observed when the section was opened back up to traffic and the natural color of the paving stones 
was preserved.  
 
 
 
 
 
 
 
 
 
 
 

  Figure 16 : Application of emulsion 
       Figure 16 : final result 

 
6) CONCLUSIONS 
 
An emulsion form of a translucent bio-binder was developed for use as a substitute for bitumen.   
This emulsification enables additional reductions in the binder’s environmental impact by cutting energy consumption 
and greenhouse gas emissions, compared to anhydrous bio-binders.   
The ability to use bio-binders in cold techniques is a new path that will considerably boost the range of potential use.  
These emulsions have a smaller particle sizes than bitumen emulsion, which means better storage stability.  In addition, 
the residual binder has remarkable cohesion properties.  It translucency helps preserve the natural color of the 
aggregates.  
The presentation of different projects underlines the progress we have made and the control of emulsion techniques.  
Paving the way to a new type of road ?   
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ABSTRACT 
 
In 2004, during the former E&E [1] congress a communication on the warm bituminous mixes with aspha-min 
presented the first results obtained in laboratory and on experimental job sites. Since this date more than 430.000 tons 
of warm bituminous mixes were applied in Europe and overseas. The object of this communication is to give a progress 
report on the behaviour of these bituminous mixes implemented on motorway (since 2003) on national road, 
departmental or in cities, as well in surface and base courses, with pure or modified bitumen. Beyond this aspect, the 
article has interesting strong results on the energy save and reduction of the emissions in the atmosphere; through 
measurements taken on asphalt mix plants. Also emissions measurements have been carried out on site-operators. The 
improvement of the workability of the warm bituminous mixes due to the aspha-min made it possible to extend the 
period of application in late season. Thus bituminous mix with high modulus was applied by temperature about 5°C 
with mechanical characteristics (voids, modulus and fatigue) identical to those of a bituminous mix laid under normal 
conditions (15°C). 
 
Keywords: Sustainable urban and rural, Energy, Environment, Fumes, Odour. 

1 INTRODUCTION 
 
Aspha-min® is a fine particle-sized additive used in the manufacture of warm mix asphalt, the development of which is 
based on many years of research work by the MHI Group and EUROVIA.  

It is a synthetic zeolite which contains approx. 20% of crystallised water. When they are added just before the injection 
of the hot bitumen they release the water in the form of finely dispersed water vapour. This controlled foaming effect 
leads to an increase in the binder volume, keeping the asphalt mixture workable even at low temperatures. As the water 
of crystallisation is not released abruptly, but continuously stage by stage, the effect described is sustained for a 
relatively long period, until the mixture cools to below 100° C.   
This lower mixing temperature leads to energy savings and conservation of resources resulting from lower mixing 
temperature and to reduce the aging of the bitumen inducing a longer life of the mix. A faster cooling of the laid 
mixture results in more rapid availability for traffic 
 Asphalt for road building and construction work can be mixed and processed at much lower temperatures by adding 
this additive significantly reducing energy consumption in asphalt manufacture. The use of aspha-min® thus leads to 
considerably lower emissions of carbon dioxide (CO2), nitrogen oxides (NOx) and volatile organic compounds (VOC) 
during the mixing process, and to highly reduced emissions of vapours (photo 1) and aerosols during laying of the mix. 
This contributes to environmental protection. 
 
 

Without aspha-min  With aspha-min 
 
 
 
 
 
 
 
 
 
 
 
 
Photo 1: Fumes emission out of the asphalt mix plant chimney 
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Admixture of aspha-min® in granule form is as simple as possible. The product form selected permits metering without 
problems, e.g. with the filler or before the bitumen, in a quantity of 0.3% by weight. In principle, any metering system 
which can handle such small batches, such as fibre feeding devices for stone mastic asphalt is suitable. 
As aspha-min® is supplied in big bags on pallets, it is extremely easy to handle and store. No changes occur to the 
material even with temperature fluctuations between -15° C and +70° C. Delivery in silo vehicles is also conceivable in 
principle. There are now also mobile metering units, e.g. for drum mix systems (photo 2). No additional binder tank is 
required and there is no change in bitumen properties (pen and R&B for example) 
 

 
 
Photo 2: aspha-min feeder for a drum mix 

2 PERFORMANCE ASSESSMENT 

2.1 Laboratory performance 

Within the framework of the motorway innovation Charter signed with the French Road Authority and the Association 
of the French Companies of Motorways (ASFA), Eurovia laid over one day approximately 2000 t of warm mix with 
Aspha-Min.  
The job site was a part of the maintenance program on the Cofiroute network between PR 258 and 267. 
A laboratory study was carried out with emphasis on workability and compactibility and the most important 
performance characteristics .The warm mix formulation is based on a reference hot mix 0/14mm for surface course 
(normally used on the motorway network) so that performance can be systematically compared to the reference  
 

The tested compositions are shown in table (1) 
 

Composition AC without Zeolite 
Current section 

AC with Zeolite 
Test section 

8/14 crushed Vallons 32% 32% 
6/10 crushed Vallons 26% 26% 
0/4  crushed Vallons 
Limestone Filler  

40% 
2% 

40% 
2% 

Zeolith  0,3 ppc 
Bitumen 35/50 5.3 ppc 5.3 ppc 
Richness modulus 3,28 3,28 

Table 1: Asphalt mix composition 
 
And the results of the mechanical performance in table (2) 
 

 With Zeolite Without Zeolite 

PCG : V60 (%)  
NF EN 12697-31 6,1 5,9 

Duriez R (MPa)  
NF 98-251-1 9,8 9,5 

 r / R  0,97 0,97 

Wheel tracking   
NF EN 12697-22 4,8 3,7 

Table 2: Asphalt mix mechanical performance 
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2.2 Production and laying performance  

The mix was produced in a continuous asphalt plant (drum mix type TSE 21) with a rate of 200 t/h. The drying 
temperature for the aggregates was 160°C (320°F) for the mix without zeolite and 130°C (266°F) with zeolite. Bitumen 
temperature was 165°C (329°F) 
 
2.2.1 Temperature assessment 
Temperature measurements are resumed in table (3)  
 

T°C of the mix Without zeolite With zeolite variation 

In the truck 159°C 131°C -28°C 

Behind the paver screed 157°C 130°C -27°C 

Table 3: WAM job site A81 Temperature measurements for BBSG type 3 
 
2.2.2 Voids and macro texture 
 
Voids and macrotexture values are given in table (4) 
 

 Specifications for 100% 
of the values Without zeolite With zeolite Maximum variation 

%voids 4% � v � 8% 6.5% 7.3% +0.8% 
SP(mm) 	0.8 0.98 1.03 +0.05 

SP= Sand Patch 
Table 4: Voids and macrotexture assessment on the A81 job site 

 
3 ENVIRONMENTAL ASSESSMENT  

The environmental assessment has been carried out in the asphalt plant on the reference mix (without Aspha-Min) and 
the warm mix and comprises: 
- temperature measurements of the aggregates, bitumen and asphalt mix 
- emissions measurements in the atmosphere VOC (total), SO2, NOx, CO, CO2, O2, humidity and dust  
- energy consumption  
 
The threshold values are prescribed in the reference documents [3,4] and are as follows: 
- Total Dust: VLE < 50 mg/m3 (VLE = threshold emission value). 
- Carbon, monoxide: No limit value 
- Sulphur dioxide: No requirement for the asphalt plant   flux < 25 kg/h 
- Nitrogen Oxide :No requirement for the asphalt plant  flux < 25 kg/h 
- VOC ( total):  Threshold  value VLE < 110 mg/m3 
 
Results are given in the follow table in Nm3 : 

 Reference hot mix 2004 Warm mix 2004 

  Additional day  First day second day 

Total Dust 34,2 17, 1 - 21, 4  20,4 20,9 
Carbon Monoxide (CO) 492,5 526,8 - 646,0 394,6 725,6 
Oxides nitrogen NOx 3 NO2 266,9 263,6 - 244,7 190,3 182,6 
Sulphur dioxide SO2 322,5 250,6 - 291,5 168,2 192,5 
VOC total 102,0 97,3 - 132,7 96,6 156,8 

Table 5: Results of the emission assessment 
From table (5) we can notice that the total dust, nitrogen oxide, sulphurs dioxide decreased with the production of warm 
asphalt mix.  
Value of VOC decreased only the first day of production  
The results can be resumed as follows: 
- Reduction of the emissions into the atmosphere 
- NO2: -18% 
- SO2: -18% 
- CO2: -23% 
- VOC: -19% 
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And the saving of energy consumption: -23% (1l/t) 
 
It is important to mention that in the global energy consumption of an asphalt mix (including materials and transport) 
during production; the part due to a lower temperature (figures 3a and 3b) represents only around 1/3 of this 
consumption (36%). The other percentages are supplied by the bitumen, the aggregates and the electricity of the asphalt 
plant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3a: Total consumption of energy during an asphalt mix manufacturing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3b: Total consumption of energy during an (warm) asphalt mix manufacturing 
 
 
 
4 ODOURS AND FUMES 
 
For decades, the cliché of the simple road builder, enveloped in impenetrable fumes, held sway. Reality shows, 
however, that the requirements for quality and performance in the laying of asphalt are becoming more and more 
stringent. Nevertheless, the exposure of workers to vapours and aerosols cannot be denied. 
 
In her thesis [2] E. Gasthauer has shown (figure 4) that during an experimental process implemented at atmospheric 
pressure, the VOC emissions of a bitumen are very low under 140°C compared with thus at 180°C.  
This study confirms the choice of the company to develop warm asphalt mixes with a 30 to 40°C reduction. 
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Photo 4: VOC emission of bitumen versus temperature 
 
Measurements conducted during trials have shown that with the use of aspha-min® and the associated reduction in the 
mixing and laying temperatures of asphalt mixtures the amount of vapours and aerosols is significantly reduced. With a 
lowering of the mixing temperature by 26° C, for example, a reduction of 74% in the emissions of ultra-fine particles 
was demonstrated, which also leads to considerably lower odour exposure for the staff at site (photos 5). 
 
 
 

   
 
Photos 5: Application of warm asphalt mix in cities 
 
In addition, aspha-min® has proven successful in service to improve workability, for instance when the asphalt mixture 
contains large quantities of recycled materials, or in difficult climatic conditions, and its form as an additive ensures it is 
not only easy to handle, but also compatible with all currently available types of binder. Direct dosing of the additive 
into the mixing process makes the presence of additional bitumen tanks superfluous. aspha-min® requires no 
prolongation of mixing time, and thus ensures full output from the plant.  
With the low laying temperature and significantly reduced fumes, working conditions at site are improved to a 
considerable extent. Furthermore, the lower laying temperature leads to more rapid availability of the surface for use by 
the traffic in construction projects with critical time schedules.  
 
5 WORKABILITY 
 
The advantages of aspha-min® in daily work at construction sites are obvious: The enormous pressure on work resulting 
from narrow time windows (with only a few hours between removal of the old surface and laying of the new one) is 
greatly relieved by warm mix asphalt. Classical examples of this include asphalting work at airports and congested 
motorways, which for the obvious reasons usually has to be performed at night. The lower temperature mixture cools 
down more rapidly, thus permitting a release for traffic in a shorter time. As a result of its lower mixing and laying 
temperatures with constant workability, the mixture produced with aspha-min® is also less susceptible to deterioration 
on long delivery routes and in low ambient temperatures. aspha-min® has also proved itself successful in many 
instances in the past as a processing aid. With high proportions of recycled material, the workability of the mixture is 
significantly improved by the admixture of aspha-min®. An acceptable compactibility was still achieved in trials with 
up to 90% milled material in the mixture. 
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5.1 Manual application 
 
In spite of a clearly reduced temperature in the mix and cold weather conditions, even manual application succeeds 
perfectly, for example when paving tramway tracks. 
In this case, warm mixed asphalt improves the workability of the asphalt mixes and reduces the induced tensile stress on 
the steel tracks. An example of this application took place in winter 2005-2006 (photo 6) in Frankfort city, with the 
application of warm asphalt mixes (600 t) for all the courses laid between the tramway tracks: wearing course 
(Splittmastixasphalt), binder and base courses. On the photo 7 it is possible to see the perfect bond between binder and 
base courses. 
 
 
 
 
 
 
 
 
 
 
 

Photo 6: Application of WAM in winter Photo 7: Bound between binder &base courses 
 
In addition, use in warm mix mastic asphalt, which is still in development, promises not only an improvement in 
working conditions but also a significant reduction of the stress on steel components in bridge building. No end to the 
variety of applications for aspha-min® is in sight. Further applications are conceivable and will be developed in creative 
cooperation between mixture manufacturers and layers 
 
5.2 Works late in season 
 
When the outside temperature is lower than these allowed in the specification (or known by the state of the art) the 
bitumen viscosity increases. To solve this problem one way is to maintain the workability of asphalt mix by adding 
zeolite. The usage of aspha-min® in hot mixes leads to even less compaction effort. 
In the following decision tree (table 11) the improvements brought by warm asphalt mixes are in green colour. 

 

COLD

Decreasing of temperature of 
bituminous materials

No increasing of bitumen 
viscosity 

Same workability of the 
bituminous materials 

No Difficulty of compaction

Same voids content

Same modulus E
Same allowable strain �6

Good evenness

Decreasing of life duration Comfort and risafety

Cold joints

No binding between the 
lanes

Risk of cracks

Cold support

Longitudinal cracks Waterproofing of the layer

A solution: 
Warm asphalt mix

 
Table 6: Rating tree of cold influence on asphalt mix performances 
 
Since 2004, many aspha-min applications have been done late in season. Either in France either in Germany 



- 7/9 - 

Performance and environmental assessment of the warm bituminous mixes with aspha-min – Eurovia and MHI -.  
Eurobitume 2008 

 
5.2 .1  France:  RD 40  

December 7 & 8, 2005, Eurovia laid 2400 tons of High Modulus Asphalt Mix on the job site of the road RD 40 in 
Villepinte for the Seine St Denis County. 
Outside temperature was 6° C and atmosphere was wet. The know-how rules forbid to lay the following asphalt mixes 
(photos 8) 
The two layers (10 and 9 cm) of High Modulus Asphalt Mix 0/14 cl2 (NF P 98-140), the bitumen of which was a hard 
bitumen (class 10/20) were laid at a temperature of approximately 126 °C instead of 170-180°C (in this case with a risk 
to “burn” the bitumen). 
Eurovia added aspha-min in order to maintain the workability of the asphalt mix during the laying and the compaction.  
 

   
 
Photos 8: RD 40 job site in late season 
 
The densities were the same as those of the classical formula implemented the day before.  
Some modulus tests have been done on cores drilled from the layers.  
 

 Results Specifications 
NF P 98-140 

Average of voids percentage (for the 
modulus) 3,3 3-6 

Modulus à 15°C – 10Hz (MPa) 18130 714000 
   
Average of voids percentage (for the 
fatigue) 3,0 3-6 

6 at 10°C - 25Hz (�def) 130 >130 
 
Table 7: RD 40 (France) Performance of a warm asphalt mix laid in winter 

 
5.2 .2  Germany: BAB 31 
 
During winter 2004/2005 the construction of the Federal Highway BAB 31 in Germany included the application of 2 
high modulus asphalt layers (see below table 8). 

 
Table 8: BAB 31 (Germany) Description of the road structure 
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The outside temperature was very low and it was necessary to increase the workability of the mixes, in order to get the 
required density values. The solution was found by adding zeolite in the asphalt mixes and by adapting the compaction 
train (table below)  
 

 
O = oscillation S = static V = vibration  

Table 9: BAB 31 (Germany) performances of the asphalt mixes 
 
5.3 Rain 
 
When it is raining, the rain cools the asphalt mix (see above) and there is a production of foam or vapour. This is due to 
the large range of temperature between the asphalt mix (160 to 170°C) and thus of the rain (10 to 15°C). To solve this 
problem one way is to reduce the temperature of the asphalt mix by zeolite (table 11),  
 
 

Table 11: Rating tree of rain influence on asphalt mix performances 
 
6 CONCLUSIONS 
 
All these efforts have been acknowledged by numerous awards, such as the “Prix de l’Innovation Vinci” (2001), the 
“Certificat Innovation Autoroutière” (2005), the “Prix Innovation de la FNTP” (2005) and the “Grand Prix de 
l’Innovation du SMCL” (2005) in France, and the Hazard Protection Prize of 2002 in Germany.(photos 9 & 10) 

[3]

[1] [2]

RAIN

Decreasing of temperature of 
air and  bituminous materials

No increasing of bitumen 
viscosity 

Same workability of the 
bituminous materials 

No difficulty of compaction

Same voids content 

Same modulus E
Same allowable strains �6

Decreasing of 
evenness

 Same life durationUncomfort and risk 
for safety

Presence of water 
in the materials

Uncompressible 
material in the 

asphalt mix

Water on the 
support 

Dilution of the emulsion of 
the tack-coat

Defect of binding between 
the layers

Increasing of the strain �t at 
the bottom of the layer

No risk of 
accident

Film of water on 
the tack-coat

Risk of slipping
No more fog of 

vapour

Water on the hot 
asphalt mixes

Risk of accident 
on the job site

A solution: 
Warm asphalt mix
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Photo 9: Certificat Innovation Autoroutière (2005)   Photo 10: Grand prix de l’innovation (2005) 
 
An extensive range of reference projects (more than 430.000 tonnes and around 300 jobsites) in various countries in 
Europe and abroad since 2000 have give a real know-how in the warm mixes 
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ABSTRACT  
Innovation is only worthwhile if implementation follows. Acceptance of new or modified technology is paramount to 
the future of the asphalt and road building sector and is often what drives companies in their efforts to be the market 
leader. 
 
With the considerable time, effort and expense incurred by companies, and often the industry at large, the question has 
to be asked as to whether much of this is being wasted by lack of timely adoption and market place acceptance of 
innovation, new technology and new products and methods. Some countries through accepted processes, namely AVIS 
technique in France and HAPAS in the UK, have a way to assess and approve innovative products and processes. For 
most however the way to gain ready acceptance is through the people involved in the product selection and 
implementation phases. 
 
This aspect is often largely overlooked in organisations and as a result one of our most valuable resources, our people, 
receives the least attention. 
 
This paper will address the reason behind why our people need  greater attention and the benefits that will flow 
especially in respect of technology and innovation take-up. Australian and New Zealand experiences in their advanced 
and innovative education and training programs will be presented in support of positive outcomes being achieved. 
 
With a global society and the lessening of employee “loyalty” to one employer, more rapid turnover of staff occurs both 
within and external to our industry.  This is being increasingly driven by the younger generation who have a desire to 
“move up” or “move on” in their employment. 
 
Standing still, or doing as we have done in the past, is in reality going backwards.  On many fronts our industry is being 
challenged and many of these have the potential to reduce the appeal for ours to be a career industry. 
 
This paper will create an awareness of the issues and potential solutions. 
 
Keywords:  Technology Transfer, Education, Training, Innovation 
 

1. BACKGROUND 
By and large, throughout the world, employees have become “valuable commodities” thanks to the dramatically 
increased focus on their health and safety often brought about by Government legislation that imposed fines and 
penalties for non-compliance. However in the “asphalt world” we have yet to elevate the people in our industry to 
“valuable commodities” in respect of their technical and skill value status. We might say we have, but little concerted 
effort has been made to improve the industry position with respect to the diminishing resource of technically competent 
and skilled people vital to our industry. 
 
Has the pavements industry, or more pointedly the flexible pavements industry, taken any meaningful steps toward 
protecting itself from being the last in line for much needed labour in the future? Is there a reason to be concerned if we 
have not? 
 
I suggest that if we are not concerned, we should be. I suggest that if we are not acting on it now, we are already into a 
“catch up” scenario. I suggest that if an individual company thinks it has its training, education and staff development 
systems well up to speed, then think again and reassess against best practice for a reality check. I suggest that if you 
think having it right as a company is sufficient, then you are optimistic in the extreme if your industry as a whole has 
not implemented a strategy to address the issue.  
 
The “domino effect” is alive and well. When an individual company needs a certain type of employee, due to expansion 
or replacement, it will go to the open market at some point for a person either for that specific position, or to replace an 
in house promoted person. 
 



 Page 2 

The “new employee” is most likely to have come from a competitor or a government agency in the proximity to the 
work location. If needed, other sources will be explored such as consultants, and, where higher education is required, 
possibly university graduates, may be sourced. More frequently, these days, people are being sourced from other 
countries in a bid to find the right skill set to minimise training commitment and “learning” time. 
 
Such an overview is a concern for our industry, as strong growth will result in the demand for skilled staff exceeding 
ready supply of appropriate persons. 
 
At a recent Public Works Conference in Australia, Keith Reester, Public Works Director of the City of Loveland, 
Colorado, USA, opened his presentation by stating “the United States, like most nations, is facing a looming crisis in 
the workforce; “baby boomers” are retiring while the numbers of potential workers set to replace them is dwindling. 
This failing is especially acute in the technical and trade professions which impact delivering public works services.” 
 
Australia and New Zealand face this dilemma now, to the extent that it is being categorised as critical.  If it’s not 
happening in your country now, let me assure you it will and only the timing is in question. Your next buoyant economy 
or infrastructure boom period will confirm this. But in the interim, you may well be loosing some your expertise to 
other regions, countries or other industries that are seeking engineers, technologists or skilled workers at a time when 
you have low demand. This will, of course, result in a shortage when the time comes to address any increasing demand. 
 
The supply and demand balance or fluctuations we have been able to cope with until now will become more extreme in 
the years ahead and are unlikely to be readily manageable as in the past. The global labour shortages are impacting now 
and only a world-wide recession will provide relief, which itself would be temporary. 
 
 

Unemployment Rates for  
some Key Economies 

Countries Rate 
Australia 4.3 
New Zealand 3.6 
Japan 3.7 
USA 4.6 
Canada 6.1 
Austria 4.4 
France 8.0 
Germany 9.0 
Netherlands 3.3 
Sweden 4.9 
UK 5.4 
Brazil 9.7 
Portugal 7.9 

Source: Quickseek (July/August 2007) approx. values 

 

When one looks at past and projected labour force growth, we are rapidly declining to a level well below even 
replacement levels especially when combined with the declining availability of working age personnel. 
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The labour market for professional engineers in Australia is facing unprecedented pressures due to a massive increase in 
infrastructure expenditure in the public and private sectors, expected to continue for at least the next 10 years, an 
increasing global demand for engineers and an aging engineering workforce. Add to this a stagnant or declining interest 
from school leavers in undertaking engineering courses and the result is a potent mix which will serve to drive up 
remuneration for professional engineers in Australia.  

The situation in Australia is not unique. Globally there is a major infrastructure boom occurring as developed countries 
seek to rejuvenate their infrastructure and then there are emerging economies such as China, India, Eastern Europe and 
South America beginning to build infrastructure. This has been exacerbated by a number of natural and man made 
disasters such as Hurricane Katrina in the US and the Iraq War. In this global context, Australian engineers are highly 
regarded for their “hands-on” and “can do” approach and significant numbers have been enticed to work overseas. 

With a global society and the lessening of employee “loyalty” to one employer, more rapid turnover of staff occurs both 
within and external to our industry. This is being increasingly driven by the younger generation who have a desire to 
“move up” or “move on” in their employment. 

 

Looking Forward: 
Growth in population of working age 

Compound Annual Labour-Force Growth Per Decade 

Strongest Projected Employment Growth by 
Industry to 2010-11 (%pa) 

% of the workforce aged 45 years and over by 
selected occupation 
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Standing still, or doing as we have done in the past, is in reality going backwards. On many fronts our industry is being 
challenged and many of these challenges have the potential to reduce the appeal of ours to be a career industry.  
 
It’s too simplistic to say demand for skilled personnel has outstripped supply and that by getting more engineers 
through the university system, or more apprentices, or more training overall, will solve the problem.  Certainly it will 
help but it won’t fix it, in fact it won’t go even close to fixing the real problem we are facing. 
 
But what is the “real” problem?  I see the problem not as a clearly defined single issue as such, but the culmination of 
many issues being faced.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
There are various issues that have the potential to impact negatively on our industry. 

Declining Employee Tenure 

Salary

Status

Education

Career

Supply & 
Demand

Ageing of Civil 
Engineers

Turnover

Image

Location

Competition 

SSkkiillllss
SShhoorrttaaggee

Issues Impacting on Skills Shortage 
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2.  SOME INDUSTRY SPECIFIC ISSUES 

2.1 Status 
Well gone are the days when civil engineers were readily accepted in the highest levels of society professionals. For 
example, the City Engineer, once a pillar of society, well respected, powerful, and with great standing is no more, often 
“replaced” as a Works Manager, Asset Manager or similar.  The status once enjoyed no longer exists to “champion” 
future engineers into local government.  Changes to society and governance has led to this outcome but we are not 
alone, for the same fate has fallen on such past luminaries as Bank Managers and religious leaders. 

2.2 Competition 
Changing trends can be deadly to products, activities and career paths.  The civil engineering profession has taken a 
battering since the 90’s with IT (Information Technology) the popular draw card, itself falling over in the early 2000’s 
with mining and mining engineers and now construction engineers being the new “competitor” for an engineering 
career in road construction. 

2.3 Economics 
Combination of low status and high competition for engineers in a booming economy brings with it an economic impact 
or penalty as a result of supply and demand pressures with salaries being pressured upward by external forces.  The 
thriving mining industry in Australia, for example,  has been a major cause for extraordinary financial carrots being 
offered to young mobile engineers.  
 
In addition, one should not underestimate the additional pressures generated by the demands in construction that also 
accompanies an expanding economy.  For industry sectors not benefiting from being a direct part of such a 
boom/growth/demand, it is akin to selective inflation in employment costs.  Not only are there higher salaries to 
contend with, but there are now much higher costs in the associated search/selection process previously not encountered 
nor sufficiently budgeted. 
 
In Australia, the demand for engineers is expected to remain strong for at least the next 3-5 years as demand exceeds 
supply, and this will have an impact on remuneration. In the private sector, average salaries are expected to increase by 
an average of 8-10 percent, with areas of acute shortage seeing increases averaging 10-15 percent. In addition, 
engineers in high demand skills areas are in a strong position to negotiate “sign-on” payments of up to 20 percent of the 
first year’s remuneration and/or completion bonuses. 
 
In the public sector, which is generally subject to more rigid salary budgets, employers have begun to realise they will 
not be able to attract and retain quality candidates to complete vital infrastructure projects without offering better than 
market rates of remuneration. In 2006, the Queensland government approved a retention payment of up to 30% for 
government employed engineers in Queensland public sector authorities.  

2.4 Location 
Whilst we hear of young, or mobile engineers relocating away from their home base (overseas or regional areas), this is 
often on the basis of “contract period” of 12 months or 2 or 3 year terms, and this is generally acceptable to the engineer 
as the high income provides compensation for the sacrifice involved.  However the number of engineers prepared to 
readily relocate is diminishing and this has a two-fold impact. A shortage develops in non capital city locations, and 
remunerations increase to provide extra attraction ultimately having a flow-on effect on salary levels of all engineering 
jobs.  

2.5 Career 
In the “good old days” the local government engineer “apprentice”, or cadet engineer was given a vision and career path 
to aspire through the ranks, to scale the “Everest” and become the City or Shire Engineer.  Whether this in his home 
town or suburb, it was what dreams were made of and is what often happened in reality.   
For a variety of reasons, this dream is in today’s terms “minimalist”. Positions of such standing now rarely exist, and 
hold little incentive for today’s younger engineers who have a very different attitude to those of yesterday. 
 
And today long term employment of the “young guns” is regarded as 2-3 years and they tend to think nothing of 
moving from one employer to another.  Whilst much of this attitude has resulted from the good economic climate that 
has persisted for decades now and employers, as much as employees, have encouraged the turnover mentality.  
However this does not suit industry sectors such as the roads sector where in reality it can be detrimental overall, for the 
work is as much an art as it is a science. Being a part of the history of projects and seeing outcomes 10 -15 years later, 
can be fundamentally important to ongoing decision making. 
 
Another risk with the short tenure mentality is that with each change of employment comes the risk of an employees 
flight to a more inviting career path away from the perceived mundane road construction sector. 
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2.6 Advancement 
In the past, relocation was often part of the process to career advancement. A married couple accepted that this was part 
of the process. But today one’s partner often has a good job of their own and both emotionally and financially it is 
difficult to sacrifice this to facilitate a promotion for the other via a move to a rural location, interstate or overseas. 
 
Another change to impact on traditional advancement modes, is the lessening of the possibilities to gain further 
education targeted to ones chosen profession by undertaking post graduate courses with subjects directly related to the 
engineering role.  Most capital cities and the big rural cities had a tertiary college or university offering such courses, 
but today these have virtually all but disappeared.  The Master of Business Administration (MBA) has become the 
qualification of advancement, further impacting on the skills shortage as good progressive engineers choose to learn 
more about being managers.  Their desired role has become that of a senior manager as distinct from a senior engineer. 
 
It may also surprise many that the universities offering traditional graduate civil engineering courses are diminishing.  
With the university system more and more about financial viability they are less able to ‘justify’ and conduct the 
courses that are the very breeding grounds of the roads engineer.  The cost of good civil engineering laboratories with 
the equipment and the space, when low utilisation occurs, is but one of the influencing factors. 
 
With the reduced capability of government State Road Authorities (SRAs) to train, as a result of  their downsizing and 
corporatisation process which occurred in the eighties, much of the “feed stock” of younger engineers for consultants 
and industry, extracted from the road authorities was no longer.  Fortunately this situation is now reversing as state road 
authorities crank up their recruitment process to meet their own demands but it will be some time before the void of the 
past 20 years has been replenished and the flow-on effect felt. 

3. INNOVATION AN IMPORTANT COMPONENT OVERLOOKED 

With all the above, there is no quick fix and especially in respect of the Status and the Career issues, it is likely to take 
many, many years of considerable effort and initiatives to turn the negative position into a positive.  

Civil engineers are ageing and early retirements are diminishing the adequate passing on of hard earned experience and 
knowledge. With employment demand exceeding supply, more frequently we are seeing engineers being forced into 
roles and decision making they are often not ready for, and for which they lack mentors to help them cope adequately. 
We are therefore inheriting a workforce that is less experience, as each year passes. 

Linked to this is one aspect that I think has been overlooked in all the discussions, and proposed initiatives, in respect of 
the skills shortage issue. Innovation. We hear regularly that we need to innovate to advance and in a rapidly developing, 
technologically driven society, it is vital for any industry to keep up with the pace of change. This is especially true in 
road design, construction and maintenance and, in particular, the flexible pavements industry. 

Today, more than ever before road agencies, local governments and industry must be more efficient in the way they 
manage new technologies. Adopting new materials and products more readily than in the past is needed. 

The need to achieve better results, often with fewer resources, is one of the factors which has led to significant 
improvements in pavement technology in recent years. However, new technology will only be of benefit if it not only 
reaches, but is understood and implemented, by the engineers who are designing pavements, or the construction 
specialists who are building and maintaining them. 

Road networks are assets of major economic and social importance and are one of the major expense items of 
governments and more than likely, their largest infrastructure asset. 

However, innovation is only worthwhile if implementation follows. Acceptance of new or modified technology is 
paramount to the future of the asphalt and road building sector and is often what drives companies in their efforts to be 
the market leader. 

With the considerable time, effort and expense incurred by companies, and often the industry at large, the question has 
to be asked as to whether much of this “investment” is being wasted by lack of timely adoption and market place 
acceptance of innovation, new technology and new products and methods. 

This aspect is the one largely overlooked in many organisations, and as a result one of our most valuable resources, our 
people, receive the least attention. 



 Page 7 

In this context, it is worth repeating an earlier comment about employees becoming “valuable commodities” thanks to 
the dramatically increased focus on their health and safety often brought about by Government legislation that imposed 
fines and penalties for non-compliance. However, in the “asphalt world”, we have yet to effectively elevate the people 
in our industry to “valuable commodities” in respect of their technical and skill value status.  

4 QUALITY OUTCOMES REQUIRE QUALITY PEOPLE 

4.1 Skills Enhancement and Recognition 

Surveys and reports consistently show that there are other issues that rate more highly than pay (contrary to the often 
held employers’ view) and at, or near the top of the employees’ list of the issues that most impact is that of career 
development and training. If you look at the evidence about why people leave an organisation, the most popular reason 
given is that they do not feel their career is being well look after. Reason number five is money.  

Yet many employers still regard spending money on training staff as discretionary. These are likely to be the same ones 
that believe the market place will simply provide the replacement for a lost employee. Companies that operate on these 
principles will continue to loose ground in a competitive environment.  

For Companies, the workplace has now to become a point of competitive difference, and they will have to invest in it. 
So more and more companies are engaging in retention strategies, they are understanding that if they do not retain 
employees, it costs them. 

The last thing anyone wants, from a large company down, is to be in a wages-driven market, and there is a lot of 
pressure on wages at the moment. Company image and reputation are becoming more significant to job seekers. Your 
brand and your business reputation become really important because that is the way people are often attracted to you, 
and the people who leave you will potentially be your ambassadors for future employees. 

For the flexible pavements industry, not only are competitor companies challenging for your employee, but with the 
continued raising of societies standards and expectations, the pressure builds on our ability to offer “attractive” 
employment compared to others. Safety concerns, little career path opportunity, poor recognition, increasing night 
work, high demand periods, less than attractive working conditions, etc. all make it difficult to attract new, especially 
younger people, into our industry. 

It is therefore important that concerted efforts are made to address the concerns. High on the list should be training and 
recognition. 

4.2 Industry Based Skills Qualification 

Combining the issues of training and recognition with the need to make the flexible industry more attractive, the 
Australian Asphalt Pavement Association (AAPA) reviewed existing recognised (by Government and Industry) offering 
in the Construction sector that provided both the appropriate skills and competency training, and, assessment 
“qualification”. 

The specific government entities (Training Boards) had progressed significantly on the development of construction 
industry competencies and certificates, to recognise levels of competencies. However, it was disturbing to find that 
whilst the “road construction” sector had been well catered for, there was a glaring gap in respect of the flexible 
pavement/road construction segment. Our area of need was being overlooked, but following strong lobbying, the 
industry through AAPA, gained a rightful say in developments. 

However, again because of the somewhat specialist skills and employment roles, it was left to industry to define its 
needs and provide the resources to cater for such. As part of this process and with greater recognition and improved 
skills and standing of industry employees very much in mind, the “Certificate IV in Road Works Management” offered 
by AAPA provides a uniquely developed competency-based program designed to meet the specific needs of supervisors 
and aspiring supervisors. The course is also of value to engineers and asset managers working in the flexible pavement 
industry. Participants who successfully complete the requirements for the course which includes classroom work-based 
projects and assessment tasks will be awarded the “Certificate IV in Road Works Management” specialising in one of 
the following categories: 

� Sprayed Sealing & Maintenance 
� Asphalt & Maintenance  
� Bituminous Materials Production 

The program consists of two components: Technical Competencies, and Supervisory/Administrative Competencies.  
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Technical Competencies are delivered through the AAPA national training courses program. The 
Supervisory/Administrative Competencies may be gained through a range of training options including in house 
company courses or accredited courses conducted by external registered training providers. Such courses can be 
customised and delivered throughout Australia. 

Participants who have had previous training or have acquired skills through appropriate job experience may apply for 
Recognition of Prior Learning (RPL). This involves matching current skills with the learning outcomes required for the 
qualification. RPL may result in credits being awarded towards a number of competencies. 

The Certificate IV in Road Works Management is accredited with the Office of Post Compulsory Education, Training 
and Employment (Victoria) but is nationally recognised through registration in each state and territory. 

Separately for those operating in the industry undertaking more singular and skilled functions, such as screed level 
hand, paver operator, roller operator, etc. and who were unlikely to seek or be required to achieve a Certificate IV 
recognition, AAPA independently developed a range of skill based Competency Standards and Competency Training 
Modules. Overall the AAPA Competency Training Modules are based on skills requirements specified by AAPA 
members and accepted by the Government sponsored national Civil Construction Stream Advisory Committee. 

� All AAPA Modules are designed to ensure the outcomes meet the agreed National Competency Standards 

� Uniformity of training and assessment of skills was designed to assist the industry improve the minimum standard 
of technical competence of its workforce 

� Skills acquired are recognised nationally, both within the industry and by its clients 

� Provides formal qualifications for the workforce and is a stepping stone towards higher qualifications and a career 
path 

� Provides an industry benchmark for specifying and assessing necessary skills 

� Will assist the industry to deliver a consistent, hight quality product 

Each Module includes all the necessary learning materials and assessment criteria to be able to instruct a trainee and 
conduct an assessment of his or her competency in accordance with the agreed national guidelines. Components are: 

� Instructor guidelines and notes 

� Assessment criteria – including guidelines, check lists, tasks to assess etc. 

� Training aids to assist the instructor in presenting the training. These can be used as a PowerPoint presentation, 
produced as overhead transparencies, or printed as handouts. 

The assessment criteria for each Module is also contained in a separate section, allowing easy reference for assessment 
purposes. 

A CD-ROM containing all the material for each Module is also included. 

4.3 Improving Knowledge, Skills, Career and Standing - Centre For Pavement Engineering Education (CPEE) 
as a Model 

An area of concern for industry, prior to the emergence in recent years of the skills and training concerns, was in respect 
of the future availability of technically competent engineers and technicians to meet future demands in the flexible 
pavements sector. 

The lack of appropriate education for engineers already in, or entering, the roads sector, was itself a concern identified 
in the early 90s by AAPA representing industry. AAPA was then joined by the government “Association”, Austroads, 
(representing Government-State Road Authorities) to form the Centre for Pavement Engineering Education (CPEE). 
Road agencies were largely abandoning their training role and the universities were unable to respond to the highly 
technical courses sought by young pavement engineers preparing their career paths. Industry was also keen to ensure 
their existing (and future) engineers and technicians were well informed and possessed the skills necessary to operate 
effectively in a competitive and innovative environment. 

CPEE developed educational units focussed on the immediate needs of the industry (private and Government sectors) 
and the pavement engineers and technicians employed by industry. Rapid and effective education/technology transfer 
has been achieved by carefully designed distance learning programs making on-going education possible in every part 
of Australia reaching even the remotest locations. 
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CPEE is offered as a model for assisting with many of the issues that we are concerned about with respect of the skills 
shortage challenge. CPEE’s unique and targeted Graduate Certificate, Master of Technology and Master of Engineering 
provide for engineering professionals to enhance their specialist industry specific knowledge and technical skills, which 
in itself is a fundamental need. However, by creating these specialist courses, recognising a select group of engineering 
professionals, it elevates the awareness and standing of the roads and pavements engineers and technicians and provides 
a qualification that enhances the standing of the profession. 

Federal and State Government Road Authorities, with local government and industry continually struggling to find and 
retain suitably qualified and experience engineers, the poor awareness of the role and status of the roads/pavements 
engineer provides little incentive for young graduate engineers to make this industry a career choice. CPEE 
qualifications have raised the bar and provide unique recognition and elevated status to those who successfully 
complete a qualification. 

With the ability to further ones specialist knowledge, with university level credit, a career path is unfolding. 

A major incentive for “students” and employers alike is that the undertaking of a CPEE course is  a guarantee that the 
“student” will have studied up-to-date industry nominated material (Government and Industry approved) with access to 
tutors who have significant standing in the industry itself. 

With the units of study developed by industry experts, mentors being industry experts and study material revised 
regularly by industry experts, CPEE has trapped the knowledge and expertise that we face loosing as retirements rob us 
of the ability to adequately foster and develop those entering the road construction sector. 

Industry, and road authorities are all loosing expertise and experience with retirement of acknowledged experts. Are the 
knowledge enhancement programs of individual organisations for existing personnel delivering desired outcomes? 
Anecdotal evidence indicates the retention of the “knowledge and wisdom” from these retiring experts is not occurring, 
or being appropriately passed on, in both the government and private sector. CPEE units are collecting and 
professionally holding (via units of study) much of the knowledge and hard earned experiences which the 
new/inexperienced engineers can learn from. Importantly, this knowledge is being updated regularly to ensure its 
currency. 

CPEE also provides the actual “educational package” with students able to apply their newly gained knowledge and 
skills immediately. In this way, there is little lag between learning and application. 

4.4 Unique and Targeted Tertiary Qualifications 

The CPEE/Latrobe University qualifications of Master of Technology and Master of Engineering are unique 
qualification because they are practical and heavily industry-oriented. They can be studied from any location in the 
world. The qualifications are gained via postgraduate distance learning study “units” designed initially to enhance 
engineering outcomes in pavement design, construction and maintenance. This focus has recently been broadened to 
include related units in asset management, business administration and environment aspects. There has also been the 
inclusion of units within “road engineering” such as “Fundamentals of Road Construction” and “Road Drainage”. 

Working primarily through Latrobe University in Melbourne, Australia, but also with other selected individual 
universities and institutions, CPEE provides a logistically superior solution to the problems of time and distance facing 
many students. The unique Graduate Certificate and Masters programs are innovative since they tie the qualifications 
specifically to an industry as distinct from an open, often unrelated, mix of subjects. 

These uniquely specialised, highly relevant technical programs are now producing professional engineers with expertise 
in pavements well beyond past outcomes.  

Enhanced take-up of improved technology and innovations result from this unique and world class learning model. 

5. SUMMARY 
The asphalt pavements sector is a specialist sector in the general construction industry and will require a special 
approach to tackling its training and education concerns.  I believe these issues have the potential to be of similar 
gravity as that now being addressed in the area of the health of asphalt workers relative to bitumen fume.  The emotive 
aspect may be missing but the long term impact on the viability of the industry may be similar. 
 
The signs are these that suggest gaining sufficient and suitable people to work in our industry is growing in difficulty.  
The full spectrum of the workforce is included from paving gang operatives, supervisors, technicians, engineers and 
technical experts, to line and senior managers. 
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A trial, currently under investigation, may result in Scandinavian asphalt workers spending the European winter months 
working in the Australian industry (during summer) as one means of overcoming the peak production periods when the 
shortage of competent workers is at its worst.  Whilst this is an innovative approach to finding a solution, it is only a 
quick fix on a small scale.  But such is an indication of the extent to which industry has to go outside traditional 
methods to obtain skilled labour. 
 
The industry is facing serious workforce problems that will only be satisfactorily addressed on an industry basis 
worldwide. 
 
For the asphalt industry to be better able than other industries in attracting and retaining personnel at all levels, it needs 
to be innovative and co-ordinated on a global basis.  Knowledge and skills enhancement strategies must be a vital 
component of any initiative, and their progress on development and adoption cannot be prolonged. 
 
The commercial benefits of having a highly skilled, knowledgeable and educated workforce are becoming more 
accepted as each year passes.  Acceptance that training and education expense is not a cost, but an investment is 
growing. 
 
Where education and knowledge enhancement transfers to the client (a key need) then technical innovation, with 
acceptance of new, or modified technology, will provide further commercial benefits for all involved. 
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ABSTRACT 

The major part of road works uses Hot Mix Asphalt (HMA) produced in Hot Mix Asphalt Plants. In this framework, this 
study aims at characterising part of the airborne emissions released in a HMA Plant during manufacturing, and to 
separate the emissions due to combustion from those produced by the various manufactured bituminous mixtures.  
For this purpose, a multi-scales methodology of emissions analysis of HMA process has been defined. A first scale is 
initially considered in order to analyze in a HMA Plant the production of bituminous mix according to a suitable 
methodology and to obtain a range of emissions in well known conditions. Besides, a study at the laboratory scale was 
undertaken in order to assess the bituminous mixing process, by characterizing the emissions and the ageing of the 
bituminous mix produced. 
The concentrations of O2, CO2, CO, SO2, Total Organic Compounds (TOC), and CH4 have been measured versus time  
on two HMA Plants using a Drum Mixer and running one with fuel and the other with natural gas. Two kinds of 
operating conditions were considered: dedicated running-in conditions which were chosen for this study and usual 
running-in conditions. For laboratory tests, specific measurements of TOC led to characterize the emissions resulting 
from the bituminous mix by using a thermo-mixer equipped with a stack.  
Considering both scales of emissions characterisation (on site and laboratory), two indicators are proposed: one 
related to the quality of combustion in HMA Plants used to find stabilized conditions of production, and the other 
related to the potential of emission of the materials alone. The latter obtained at the laboratory allow for emissions 
comparisons regarding temperatures, types of binders and different formula.  
The results pointout that  the emissions potential indicator as well as the combustion quality indicator depend on the 
process studied. The results obtained remain today characteristic of the equipment used, while offering ways that make 
it possible to draw conclusions at each scale concerning the TOC emitted in relation with the temperature. 

Keywords: Environment, Drum Mix, Emissions, Physical properties and aging 
 

1. INTRODUCTION 
The most part of road works use HMA both for construction or maintenance of roads. In Europe there are 
approximately 4000 HMA plants [1] against 4500 in the United States. If controls are made to determine the 
composition and the mechanical performances of the bituminous mix, the emissions to the atmosphere generated during 
asphalt manufacturing are still scarcely studied although they bring interrogations in an increasingly controlled context. 
Airborne characterisation implies volumetric concentrations measurements and mass flows calculations obtained from 
concentrations. This study is based on two HMA Plants emissions analysis (Drum Mix facility). Both plants are 
representative of the industrial activity in the road sector. 
Considering the objectives of the study, it was necessary to know if the burning conditions, especially inside the burner, 
had an influence on the quality of the produced asphalt [2]. It was thus necessary to quantify and to characterize the 
channelled emissions generated by HMA Plants, one of them located in Blois (France), being used as a research tool, 
using dedicated running-in conditions for asphalt manufacturing [3]. 
In this context, this article mainly aims at presenting the methodology of analysis of the mixing process that focuses 
both on combustion phenomena [4] [5] and fuels influence [6] at the HMA scale. Full scale experiments at the HMA 
Plants are then initially considered in order to: 1) analyze different industrial conditions at various levels of 
manufacturing controls, taking into account a given methodology; 2) obtain intervals of airborne emissions in relation 
with combustible consumption, bitumen origin and formulas and 3) examine the results with the aim of integrating them 
as new environmental data being part of a data base. Then laboratory experiments are performed in order to characterize 
only the materials emissions, such emissions being simpler than those in the plants. Finally, in order to connect this 
work to the global knowledge about environmental loads [7], specific indicators are proposed at each scale of analysis 
(plant and laboratory), one that characterises the process and the other that characterises the materials. 

2. ASPHALT PROCESSING  

2.1 Hot mix asphalt plants in usual running-in conditions 

Considering the environmental legislation, HMA Plants in France are controlled by the decree of February 2, 1998, 
related in particular to the emissions of any nature – installations classified for the environmental protection submitted 
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to authorization. The articles 27 and 30 of this decree define the emissions maximum values to the atmosphere for the 
gas effluents (concentrations and flow limits of pollutants).  
There are several classes of HMA Plants differing one from the other according to units of proportioning, drying, 
mixing and coating [8]. The most important emissions in HMA Plants are those canalized through the stack [9], which 
are the emissions analyzed in this article. Surface emissions concern only the surrounding area, the residents close and 
workers on the site of production.  
 
Road construction sites need HMA according to an established control order requiring the choice of formulas [10] or 
according to specific needs of construction sites (distance to the construction site and the transportation duration of the 
HMA). According to the needs, road construction sites have to follow a detailed planning to meet the requirements of a 
work project. For each project considered, all materials to be used in road sites must be detailed [11]: quantities, 
transportation distances and utilization plan, bitumen type (special binders), origin of the aggregates, utilization or not 
of RAP. HMA Plants need to adapt in order to meet the requirements which are at the same time varied in terms of 
materials and changing within the day period.  
 

2.2 Description of the studied HMA plants  

In the rotary dryer operating under direct heating, the aggregates, RAP and fresh bitumen are subject to the action of gas 
flow, consisting of combustion gases, exceeding air and steam [12]. Although Drum Mixer is a single drum, it can be 
divided into three parts (Figure  1): 1) The combustion zone: this zone is dedicated to the development of the “ball 
flame” [13]; 2) The drying and rise temperature zone: this zone is dedicated to the drying and to the rising of 
temperature of the aggregates (and RAP) by direct contact with gas flow [14] and 3) The mixing zone: this zone, set in a 
downstream section after fresh bitumen introduction, is dedicated to the coating of the aggregates by the bitumen.  
Drying of the aggregates is followed by a loss of solid particles which are recovered by a dust control system and 
reintroduced in the mixing zone [15]. Operating conditions determined by the HMA Plant management, like HMA 
temperature, production rate (tons/hour), suction pipe adjustment (depression), exceeding air in the circuit and the 
formula manufactured are very important. More or less independent parameters of the HMA Plant control, like 
aggregates moisture and nature of the fresh bitumen have also an influence on the emissions.  
The main control parameters having an influence on the Plant operation (Drum Mix process) are: 1) the bitumen 
temperature; 2) the aggregates and bitumen quantity; 3) the aggregates moisture; 4) the energy consumption: fuel (oil or 
natural gas) and electricity; 5) the HMA temperature; 6) the HMA quality (ageing) and 7) the emissions to the 
atmosphere. 
Adjustments and air flows are inherent to the equipment used [16]. According to Monéron [17] studies regarding the 
dilution of the pollutants (oxygen rate), considering the expressions of gas concentrations, the oxygen volume follows 
the total volume of air inside a Drum Mix, and it is not proportional to fuel consumption. It is very difficult to have a 
total control on air circuit. Total air volume originates from a combination of air consisting of:  1) stoechiometric air 
supplied by the burner (primary air) ; 2) exceeding air supplied by the burner resulting of the adjustment (secondary air) 
[18] and 3) exceeding air due to the leaks which are conditioned by the depression of the Drum Mix according to the 
HMA Plant operation parameters. Following the necessary adjustments, the quantities of primary and secondary air are 
fixed and become independent of the HMA Plant control (automatic run). However, in a Drum Mix Plant, taking into 
account the needs for maintaining a constant depression along the whole drum, undesirable air flow is always present. 
This depression level is guaranteed by an exhaust fan located at the chimney.  
 
As regards the emissions, this paper is focused on the main emissions quoted by French standards. It concerns carbon 
monoxide, sulphur and nitrogen oxides and the volatile organic compounds (VOC). However, considering research 
aspects, it was added the carbon dioxide, and the oxygen concentration.  
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Figure  1 – Scheme of a Drum Mix HMA Plant process 

2.3 Description of the studied coating process 

A detailed study of the coating process and its fluctuations was undertaken before pollutants flows assessment. This 
study was carried out in relation with the HMA manufacturing conditions and the formulas. It was initially necessary to 
identify the main elements to study, together or separately,  the parameters at the entrance and exit and in the mixing 
zone. From the environmental aspect, the HMA Plants (Drum Mix process) can be represented by five parts as pointed 
out on Figure  2. These parts that are numbered for clarity purpose are as follows: (1) energy, (2) material resources, (3) 
coating process , (4) manufactured HMA and (5) emissions to the atmosphere.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  2 – Decomposition of the process 

Parts 1 and 2 that are located before the 
process have a direct influence on the parts 
located after (4 and 5). The decomposition 
suggested on Figure  2, shows two main 
topics to study, that is, "combustion" and 
"materials". Combustion can indeed be 
investigated only on HMA Plant, however 
it is coupled with material emissions at 
this scale. The materials emissions can be 
approached alone at the laboratory scale. 
Whatever the scale of investigation, the 
detailed study of the process requires to 
carry out a lot of measurements 

 
The whole measurements to be carried out include measurements of the emitted substances to the atmosphere, intended 
to be compared with guiding values or between them, measurements allowing the conversion of the results into flow 
and measurements of explanatory parameters (mix process operation). Examples on the types of measurements to be 
carried out are as follows : 1) Adjustment of combustion ; 2) Water content ; 3) Manufacturing parameters ; 4) Fuel 
consumption ; 5) Weather conditions ; 6) combustion gas analysis  and 7) Checking out of manufacturing.  
 
 

3. ASPHALT HOT MIXING AIRBORNE EMISSIONS ASSESSMENT  

3.1. Principles of the multi-scale emissions analysis  
 

Taking into account the HMA Plant process complexity and the origin of the emissions [19], a methodology has been 
set aiming at uncoupling the sources from emissions combustion/materials at several scales (Figure  3). As the scale of 
analysis decreases, the generated emissions become less and less complex. Within the framework of this reduction in 
the study scale of the mass of bitumen or HMA used becomes also less important. It is necessary to identify and 
separate the material effect on the emissions according to various manufacturing factors, in relation to the quality of 
HMA produced 
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Figure  3 – Scales of Analysis 

 

 
 

3.2. On site experiments description 

The airborne emissions study was mainly based on parametric assessment of manufacturing conditions. Therefore, the 
study was carried out with either usual manufacturing conditions or dedicated manufacturing conditions, that is, with 
two measurements complementary strategies. In each case (dedicated or usual conditions), the studied parameters were 
the HMA formulas, the management parameters of the HMA Plant, the production rate and the manufacturing 
temperature. Notably, the measurements carried out with the dedicated conditions (Drum Mix process and natural gas) 
aimed to (1) determine gas emissions intervals with 35/50 classic bitumen, (2) monitor energy consumptions and (3) 
quantify gas emissions towards the atmosphere. Besides, the measurements carried out with usual conditions allowed to 
broaden thinking regarding the combustible problem. Then, comparisons of the results obtained with the gas fix plant 
were realised with the results obtained with the fuel hot mix plant, namely regarding the indicator.  
 
The combustion analysis was undertaken first with the stationary HMA Plant results. The measured pollutants 
concentrations allowed analysing the emissions range with respect to the process for each HMA formula used. In 
addition, flow values were determined only for the dedicated conditions. The whole analysed parameters were the 
running-in conditions, the gas analysis and the gas emissions measurements leading to the volumetric comparisons.  
 
The management parameters of the HMA Plant have been recorded in the command cabin according to the principles 
highlighted by Paranhos [19]. Then, the gas analysis and the combustible consumption, as well as measurements type 
(pollutant emission) and the sampling location were considered. The characteristics of the gas sampling conditions are 
important for conversion and analysis of the results On the one hand, the CO2, CO, NOx, O2 and SO2 analysis are 
investigated with dry gas, according to French standards [AFNOR]. On the other hand, TOC and CH4 analysis are 
determined with humid gas (FID analyzer). It is important to note that the measurements were indeed located at the 
chimney, which corresponds to standardised dispositions. Besides, there is also a possibility, according to the research 
objectives, to perform measurements at the end of the drum (see figure 1, side opposite to the burner). A set of 
measurements was also done with a portative combustion analyzer giving CO2 and CO, in order to check any difference 
between the values at the stack and at the drum.  
 

3.3. Emissions measurements at the plant  

The HMA Plants emissions are not constant with time. There are fluctuations due to the process used, under or out of 
control [20][21][22]. Among the out of control fluctuations, we can quote the moisture of the aggregates, which is 
entirely dependent on the storage and the meteorology, and the fuel variations (public network). However, even the 
parameters considered as a priori under control are subject to the variations resulting from the needs of the road 
construction site. It is the case of production rate, input materials regularity and HMA temperature. Consequently, 
during the production, combustion must adapt to these variations; the fume emissions temperatures, the HMA and the 
gaseous emission volume change with time. 
The diagram on Figure  4 shows how the process variations interfere in the combustion and emissions. Before HMA 
Plant starting, the formula to be manufactured must be chosen, especially the aggregates, the bitumen, the HMA 
temperature and the plant production rate (tons/hour). Two to five minutes after starting period, HMA Plant starts to 
operate under a normal production rate. The rate of production is considered “stabilized” when the resulting 
manufactured HMA is at a constant temperature , 5°C. 
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Figure  4 – Production routine (Drum Mix process) 

This stability can be disturbed by variations in the 
aggregates moisture, generating variations in HMA 
temperature. Gases temperature in the chimney and 
depression inside the drum are also to be considered.  
To ensure conformity regarding the HMA 
temperature [AFNOR Standard], adjustments are 
necessary. It concerns the raising or falling of burner 
operation rate and the adjustment in the exhaust 
system (fan). Concomitantly, the manager of the 
HMA Plant attempts to maintain a constant 
depression, ranged between 5 to 10 daP inside the 
rotary dryer drum. All these variations result in air 
flow variations on the rate of the burner and in 
parasitical air on the level of the aggregates. 
Consequently, combustion ventilation rate and 
concentrations of the generated emissions measured 
on the chimney change.  

 
The raw data obtained were gathered and expressed either in concentration versus time or in flow. The data base 
obtained is made up of  parameters and measurements such as : (1) CO2, SO2, CO, NOx, TOC, CH4, (2) rate of 
production, (3) flow and temperature of the bitumen, (4) HMA temperature, (5) fume temperature, (6) depression at the 
drum, (7) gas speed at the chimney and (8) fuel consumption.  
 

3.4.  Raw data and selected data for the plant pollutant analysis  
 
The present paper was mainly focused on the calculations of average concentration values during the period of interest 
determined as a stabilized period. For this purpose, and before starting the experiments, the operator should also carry 
out checking of burner adjustment (at least once a year)  in order to optimise CO and CO2 emissions and to save energy 
as well [8]. In the case of the present study, the burner adjustment insured the quality of the consumption and emissions 
data obtained in order to analyse the combustion process. Hence, according to meteorological conditions on the day of 
adjustment, for a considered interval, minimization of CO emissions is searched by the means of a combustion quality 
indicator: ICO/CO2 as defined hereafter.  
 
Results were first plotted for each specie concentration versus time and converted into pollutant flows (in mass per 
hour). Pollutant concentrations can be linked to the normal operating conditions as regards gas temperature and gas 
pressure, but have for the sake of comparisons to be expressed referring to a reference oxygen rate, which has been 
fixed at 17%. The parameters necessary to convert volumetric concentrations into mass flows are given in Paranhos et 
al [25]. Once the changes of the measured data versus time plotted, the methodology of raw data selection was applied 
to calculate the range of emissions. 

The purpose of the data analysis methodology is to study the measurements variability carried out, to understand the 
respective influence of the emissions sources (bitumen, fuel) and to associate HMA formulas with an environmental 
“values” according to the conditions of manufacture (interval of emissions). Two scales of the methodology, elaborated 
from all the tests carried out, are presented for the HMA Plant and the laboratory mixer.   
In order to validate emissions data of the HMA Plant (1st stage – Figure 5A), it is necessary to eliminate the values 
which are not consistent with time; to eliminate all the values included in start, production's breaks and the change 
phases of formula manufactured; to check if the measurements are consistent with the various analyzers, linked with 
fuel consumption; to carry out corrections of the drifts of equipment and to homogenize the measurement units. 
To check the conformity of the HMA produced (second stage), it is necessary to define conformity periods in the HMA 
Plant operating range, where considerations related to the manufacturing process are used. In particular two aspects are 
taken into account: Firstly, complying with the equipment standard (NF P 98-701) specifications and, secondly 
complying with the product standard specification – HMA (NF P 98-150) 
To define a stabilized period (third stage), it is important to understand that beyond the standards requirements, 
producing during a stabilized period also means to have a manufacturing in the range of burner adjustment which 
complies with the selected production rate and which allows consistency between the data. Even if standard NF P 98-
150 deals neither about the adjustment of the burner, nor of the generated emissions, a production out of the adjustment 
generates emissions (even extremely higher) above those obtained in the regulated interval. 
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Figure 5A –  Stages of the data analysis' methodology 
 in HMA Plant 

Figure 5B –  Stages of the data analysis' methodology 
 in laboratory 

Figure  5 – Multi-scales approach methodology 

To take into account a combustion quality indicator (4th stage), it is necessary to analyze the peaks of [CO] emission, 
the continuous fuel consumption and the intensity of the burner. The peaks are related to a bad combustion and the data 
obtained can be faded. Fuel consumption and intensity of the burner are indicators of combustion problems, related to 
the adjustment realized. In order to generate a minimum of pollution, it is necessary to have the most complete 
combustion. The quality of combustion can be assessed by a follow-up of the carbon monoxide concentration. Starting 
from a level of CO (measured) and a CO2 level (measured or calculated according to the oxygen content), we obtain a 
ratio CO/CO2 that is an indicator of the combustion quality. The appearance of CO indicates that the excess of air, the 
temperature of flame or the residence time of gases in the zone of combustion are insufficient [23]. A bad quality of 
combustion also results in the formation of other pollutants such as the VOC and heavy hydrocarbons present primarily 
in particulate state [24]. In the case of the use of the portative combustion analyzer, the CO2 is calculated by considering 
the assumption of a complete combustion with excess of air where the percentage of CO2 is deducted from the 
measurement of O2 and is expressed according to the volume of dry fume. The indicator of combustion is IC  : 

2CO
COIC �

         (1)  
The combustion indicator IC consists in classifying the data interval according to “good or bad” combustion, to verify 
emissions and parameters of operation in the course of time. The data classified as linked to a bad combustion must be 
identified. The study of the process difference is carried out to obtain average values, that can help to determine this 
difference. 

3.5. Emissions measurements in the laboratory  

This section presents the laboratory tests (Figure 5B and Figure  6), with HMA manufacturing and generated fume 
sampling and characterisation. At this stage, the purpose of the study was to identify the effect of materials alone on the 
emissions according to various manufacturing factors. The generation and sampling of gas emissions are carried out 
mainly in two parallel stages. The first stage consists in mixing the aggregates and bitumen (binder), heated beforehand, 
using a thermo regulated mixer, during 30 min, according to selected parameters. During the second stage, an isokinetic 
sampling is carried out. Then the produced bituminous mix is used for the production of slabs and a sample is taken for 
the binder recovery test. 
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The epicycloidal propeller mixer which is the emissions 
generating centre, has a storage capacity of bituminous 
mix of 80kg. During mixing, the hot binder (bitumen) is 
closely mixed with the previously heated aggregates at the 
required temperature (reference temperature Tr). It is 
checked that this temperature remains constant during the 
whole mixing process using the mixer thermo regulating 
process. The heating tank of the mixer is cylindrical flat-
bottomed. The sampling devices for TOC have its own 
aspiration systems (integrated pumps). The purpose of the 
stack, entirely built out of stainless steel, is to lead 
bituminous mix fumes towards the sampling devices. Its 
main sizes are: overall length of 150 cm and internal 
diameter of 30 cm. Two openings allow the positioning of 
the sampling probes.  

Figure  6 – Mixer and stack   
 
The sampling and continuous analysis of TOC are carried out by portable and automatic total hydrocarbon equipment 
(model 901 MET-NMET/TOC Mercury). The evaluation and separation are carried out by a column (Gas 
Chromatography) and a flame ionization detector (FID). A sampling system makes it possible to collect the sample 
directly in the stack. The pump integrated with heated head, sucks up the sample from sampling point towards the 
analyzer. The analyzer used presents the following characteristics: a sampling flow of approximately 2,500ml.min-1, a 
H2 consumption of 50ml.min-1 and air consumption for combustion of 400ml.min-1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  7 – Emissions Potential in laboratory 

The evolution of TOC emissions at a given temperature 
maintained constant inside the mixer is represented by a 
bell shaped curve as shown on Figure  7. By definition, 
the peak value (PV) is the maximum concentration 
measured by the analyzer during the test;  peak time 
(Tp) is time corresponding to PV, TT is the total time 
of sampling and analysis fixed to 30 min, residual value 
(RV) is the emission residual value and the TOC fumes 
emission potential (PE) is the surface contained under 
the curve of TOC emissions delimited by initial and 
final times of measurement carried out : 

8 	�
TT

dttCOTPE
0

)(
   (2) 

 
The existence of a residual value Residual Value was checked during long duration tests. After 2,5h of mixing, the 
residual value Residual Value is of approximately ¼ of the Peak Value of TOC emission and it follows an asymptote.  
 

4. RESULTS AND DISCUSSION 

4.1 Hot mix plant scale  

According to the methodology described in the previous section, it was necessary to consider corrections in relation to 
1) the equipment – daily drift corrections; 2) the units – measured values in ppm have been converted in mg/Nm3 dry or 
wet; 3) the time – analyzers synchronization ; 4) the reference oxygen content – comparison of results; 5) the stabilized 
period and 6) the combustion  indicator. The data methodology application brings a limited experimental data set. This 
reduction was not foreseeable. The production transient phases were removed from the data before analysis. However a 
complete analysis is possible by removing the first stage criterion in the methodology. All the results presented in this 
part are related to a dense HMA for base course (grave-bitume) 
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In this context, (Figure  8) shows NOx emissions 
versus TOC emissions in “stabilized and not 
stabilized” periods of production. The decreasing 
tendency in NOx emissions when TOC emissions 
increase is visible after data methodology 
implementation.  
The combustion indicator, ICO/CO2, is an indicator 
always available to start with measurements on site. 
Moreover it is more relevant than the burner 
adjustments interval.  
Indeed, it is proven in experiments that one can be 
out of the adjustment interval and have a good 
combustion indicator. In addition, being inside the 
interval of adjustment always corresponds to a good  
combustion indicator. 

Figure  8 – NOx emissions according to COT  

The combustion indicator, which is characteristic of a HMA Plant burning natural gas, is 0,53 in a period in conformity 
and 0,22 in a stabilized period of production. In the case of fuel oil, the representative combustion indicator is 0,93. For 
future experimental campaigns and emissions measurements to the atmosphere, this indicator is a practical and highly 
efficient criterion for combustion quality valuation.  
The results obtained for all emissions data over a given period of time, gives the following information: 
� 50% of the measurements (versus time) correspond to a very good indicator of combustion (ICO/CO2 < 0,63) within 
the interval of combustion adjustments; 
� 15% of measurements (versus time) show a good indicator of combustion (ICO/CO2 near of 0,63) but are out of 
interval of combustion adjustments;  
� 35% of measurements (versus time) show a bad indicator of combustion (ICO/CO2 > 0,63). 
 
The average values of released pollutants are gathered in Table 1 after applying the methodology to select the good raw 
data, according to the combustion indicator as expressed above, both for gas and fuel plants , whereas table 2 gives the 
range of pollutant mass flows obtained with the dedicated conditions with the gas HMA plant. For the periods in 
conformity, the CO values taken into account exclude the values corresponding to the analyser overloading. 
 
Gas plant CO2 SO2 CO NOx COT 
 % mg/Nm3 mg/Nm3 mg/Nm3 mgEqC/Nm3 
in conformity and stabilized 
periods 

Conf Stab Conf Stab Conf Stab Conf Stab Conf Stab 

Mean value 3,6 3,5 14 11 698 36 21 19 75 58 
Coef. of variation  9,9 5,6 71,2 75,9 128,1 40,1 30,3 45,4 47,6 23,0 
           
Fuel plant CO2 CO NOx COT 
 % mg/Nm3 mg/Nm3 mgEqC/Nm3 
in conformity periods Conf Conf Conf Conf 
Mean value 6,3 434 177 86 
Coef. of variation  3,2 23 11 53,5 

Table 1:  Average values and coefficient of variation of the emissions, at a rate of 17% O2 for all 
manufactured periods (both gas and fuel plant)  

 

 

CO2 CO NOx NMGOC CH4 SO2 range 
kg/hr g/hr g/hr g eq. C/hr g/hr g/hr 

Minimum  1174 688 239  1896  57  497  
Maximum 1613  3133 1139  1491  3801  1130  

Table 2 : Range of pollutant mass flows, at a rate of 17% O2 for the dedicated manufacturing periods 
with the gas HMA plant. The test number is given for each minimum or maximum value. 

 

Finally, discussing the reliability of measurements at all study levels comments are as follows. The O2, CO2, CO, SO2, 
COT, CH4 concentrations were measured in the two HMA Plants for all parameters in specific manufacturing 
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conditions and for a part of them in usual conditions. Some measurement difficulties were found related to the chimney 
with FID, mainly concerning gas sampling. It was not possible to measure correctly gas speed at mobile unit due to 
trapdoor position at that last parameter. Specific works should be necessary before considering a satisfying 
determination of pollutant flows.  

 

4.2 Laboratory scale 

The emissions potential indicator allows comparing different HMA emissions (GB and BBSG) during mixing. The 
emissions curves obtained are presented in Figure  9 and the values of the emissions potential in Table 3. The results 
obtained show the influence of the mixing temperature and the binder content on the intensity of the emissions of TOC. 
In a general way, the GB emissions are higher than BBSG emissions for the same temperature due to a thinner binder 
film that can be characterized by the richness modulus. 
 
 Temperature Potential of 

emission 
Formulas used °C mgEq.C.s/Nm3 

132 471800 Gravel Bitumen (GB) 
with 3.75% bitumen 182 621000 

132 439000 Asphalt concrete 
(BBSG) with 5.10% 
bitumen 

182 562000 

 
Table 3   Values of the Potential of Emissions  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  9 – Comparison of the emissions’ evolution for GB and BBSG HMA during 30 min mixing 
 
 

4.3  Synthesis at both scales 

The carried out studies and analysis have allowed to measure the emissions at different levels and to take over the skills 
on the process monitoring in an industrial site. This includes the studies of emissions which were carried out on HMA 
Plants (stacks) with measurements that were done continuously versus time for the CO2, CO, NOx, SO2, TOC and CH4. 
Emission values are then available in stabilized and in conformity period of HMA production.  
Most of the results gather measurements of pollutants concentrations according to studied process and equipments: 
� according to kinetics which are different, then it is not possible to compare coating process in HMA Plant and the 
mixing in laboratory; 
� under conditions of turbulent flow (at the stack of the HMA Plant), it is necessary to have a reliable characterization 
of gas speed, that was carried out partially, and it is important to go thoroughly into future prospects. 

 
To near the evaluation of flows, only environmental parameter will allow to compare different productions, it will be a 
question of choosing among the available measured data, the ones which are representative of a “stabilized” reference 
period. The choice of this period could be carried with the help of the data sorting methodology developed in this work. 

It was previously shown that the relevant indicators depend on the studied process which may be  Drum Mix coating 
type (with bitumen renewal) or in-laboratory mixing type (with a given bitumen mass). For all analysis scales, the 
indicator is at least related to the equipment used and can’t be presented as an intrinsic characteristic that allows directly 
to compare one plant to the other or one equipment to the other. However, considering a given equipment or plant, the 
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effect of fuel or formula change can be investigated, namely the influence of the running-in parameters. Tests with other 
equipments of same sort are in addition necessary before allowing a larger use of the referred indicator. 

 

5. CONCLUSIONS 

This presented study is based on a sustainable development context applied to road infrastructure in order to participate 
in environment preservation [Environment code, general principles]. The main part of road works in urban or rural 
regions uses HMA for construction and maintenance. The main objective of this paper consists in analyzing the global 
characteristics of the coating process starting site data. More precisely, HMA emissions were studied on two similar 
HMA Plants (mobile and fixed units), with different fuel (natural gas and oil).  
As far as the influence of production conditions, the kind of manufactured formulas and the possible aging of HMA are 
concerned, a multi-scales approach methodology was developed. 
On a HMA plant scale, an analysis and processing of data methodology allowed to identify conforming and stabilized 
data at combustion level. That methodology was applied in usual and special manufacturing conditions in order to 
evaluate the emissions and to determine concentration intervals associated to the different production conditions. 
Emissions data of the studied HMA Plants are available for both mobile and fixed units, according to the processing of 
data methodology and according to the stabilizing data at combustion level (at adjustment interval of the burner). A 
sorting of data in function of the combustion conditions was carried out, relating particularly to the adjustment interval 
of the burner. An indicator linked to combustion was proposed, making it possible to give an account of combustion 
quality. Indicator determination, based on CO and CO2 measurements, needs the use of a portable equipment 
(combustion analyzer), generally used for the adjustment of burners, which is quite simple and perfectly adapted to site 
measurements.  
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ABSTRACT 
 
For the last four years, with support from international financial backers and local companies, the Malagasy 
government has focused on improving its road network, as a means to enhance the country’s rapid, sustainable 
development policy.  In this way, work has been done on roughly 6,000 kilometers.   
 
In parallel to this increase in road works projects, new requirements in terms of quality, safety and environment on 
work sites have been set by the Public Works Minister.   
 
Our company that has been operating in Madagascar since 1950, now has the ways and means to meet this challenge.  
This socially-minded company set up programs on its largest project currently underway in order to limit and prevent 
the environmental and social impact of its operations by: : 
- reducing pollution, recycling, optimizing natural resources, reforestation, using alternative resources such as natural 
gas; 
- creating base camps for workers with running water and electricity along with a free clinic run by a skilled doctor, 
launching campaigns on sexually-transmitted diseases, infections and malaria. 
 
Keywords : environment, social and economic cost-benefit analysis 
 
 
1. INTRODUCTION 
 
The project presented in this paper involves a 310-km section on National Route 6 (RN 6) between the towns of Port-
Bergé and Ambanja in the north-east of Madagascar, the only link between the capital city Antananarivo and the main 
city in the north Diego-Suarez.    
 
RN 6 is made up of 158 km of roadway that is currently paved or had once been paved, showing different degrees of 
damage, along with 152 km of dirt road that become untraffickable during the rainy season (5 months per year). 
 

Slated to last 44 months, the 100 million-euro project is 
financed by the European Development Fund and consists 
in earthworks (> 2 million m3), road building (> 1.6 million 
t crushed aggregates) and roughly one thousand hydraulic 
structures. 
 
The project, which is exceptional for Madagascar required 
the roll out of major resources, both in terms of people and 
equipment, along with a rigorous organization to prevent 
and limit environmental and social impact that could come 
from the work.   
 
 
 

Figure 1 – Location of project 
 
The biological and physical characteristics of the project are as follows: 
 
According to the environmental impact assessment  carried out by the World Wildlife Fund (WWF) [1], the Port-Bergé 
– Antsohihy section, 109 km in length, is home to 27 endangered species (fragile, in danger, threatened, endemic and/or 
regional endemic). This number includes reptiles, birds and mammals such as primates. It is also important to note that 
there are roughly ten rivers in the area as well, the largest of which is the Sofia River, whose drainage basin measures 
27,300 km².    
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The region between Antsohihy and Maromandia boasts three environmentally-sensitive zones:   
 
- the Bora forest reserve (special reserve category), 
- the Loza mangrove (exceptional biological importance category: marshlands with major ornithological 

importance), 
- dense dry forest of Andolokova (priority site for research on plants). 
 
According to the WWF impact assessment one notes the presence of Periophthalmus Koelreuteri on the Maromandia-
Ambanja section, which is an intermediary species between fish and amphibians, endemic to Madagascar.  It lives in 
mangroves and breathes in the open air.  The destruction of its natural habit would be a direct threat to the survival of 
the species.    
 
The company also has a contractual obligation to respond to environmental regulations determined by the project 
manager and the Malagasy government, as stipulated in particular in the following:  
 
- Law no. 97 017 dated July 16 1997 on forestry law, 
- Law no. 98 029 dated December 19 1998 : Law on water, 
- Law no. 99 021 dated August 19 1999, about industrial pollution management and control policies,  
- Decree no. 99 954 dated December 15 1999, on mandatory environmental assessments (Mise En Compatibilité des 

Investissements avec l’Environnement -  MECIE), 
- Decree no. 2000-383 dated June 7 2000 on replanting forests, 
- Inter-ministerial decisions no. 4305/97 dated March 15 1997 and no. 4355/97 dated May 13 1997, with the 

definition and delimitation of sensitive areas, 
- Circulaire no. 911-46 dated June 13 1991 on the limitation of nuisance caused by works in cities, towns and 

villages.  
 
An HSE cell was created to monitor these actions.  With one expatriate French engineer, 2 Malagasy engineers, 3 
doctors, 3 nurses and 3 technicians, it has been designed to prepare for and enforce the series of protective measures 
regarding environment, hygiene, health and safety.  
 
2. ENVIRONMENTAL IMPACTS 
 
2.1.  The fight against deforestation  
 
Deforestation is a major challenge in Madagascar.  The rapid destruction of forest zones has led to catastrophic erosion, 
and the disappearance of exceptional fauna and flora that are unique in the world.  Deforestation is also making the 
Malagasy people even poorer.  It is due to two major causes: the manufacture of charcoal and farming techniques using 
fire clearing (which also has impact in terms of greenhouse gas emission and global warming). 
To help fight these phenomena, several actions have been implemented on the project. 
 
2.1.1. “Portable stove” policy  
 

To preserve the environment and limit deforestation due to an over consumption of 
charcoal and wood used for heating, the company rolled out a “portable stove” 
program on the project to favor the use of individual portable gas stove as an energy 
substitute. 
 
The implementation of this program was the result of an obligation in the project’s 
contract.    
 
As such, the site personnel that comply with certain criteria were provided with a 
portable stove and a cartridge of gas.    
 
Posters on sites and in base camps and villages were used to inform the workers about 
why the stoves should be used and how the program worked.  Those who where given 
a portable stove were trained in its use before it was handed over to them.   
 

 Figure 1 - Fatapera Gas 
 



2.1.2. Managing land and vegetation 
 
Operations involving the clearing of brush and trees as required by the project are closely monitored, in particular 
during the clearing of the land take (roads, tracks, installations).  To better preserve the flora in the regions that the road 
crosses, the following measures were implemented:  
- limiting clearing to areas where it is strictly necessary for the project, defined with control body, 
- limiting cutting of trees to those located in the land take and that would be a hindrance to the project, approved 
by the control body, 
- ban on lighting fires along the roadside to prevent the risk of wildfire. 
 
After they have been cut down, certain trees are handed over to the private owners or the administration to whom they 
belong, and others are given to the villagers for firewood (thus limiting the number of additional trees cut down).  
 
In addition, in the framework of the project, nearly 16,000 trees of different types are being planted:   
 
- fruit trees: avocados, lemons, jambuls, etc. 
- ornamental trees: Caesalpinia pulcherrima, palm trees, mentali, … ; 
- alignment trees: eucalyptus, bamboo, jatropha, … 
 
When trees are cut down to widen roads, the operation is strictly controlled.   
 
Awareness-raising programs have enabled the company’s personnel and the neighboring residents to be informed of the 
issues involved.  
 
Working closely with NGOs, the project’s HSE team went on local radio to discuss the topic.   
 
Company’s main partners are the Direction interrégionale des Eaux et Forêts (inter-regional water and forest division) 
and the inhabitants of reforestation zones.  Involving local populations is important for several reasons:   on the one 
hand, they offer substantial help in the program, and on the other, they are the first to reap the benefits of reforestation, 
as it helps protect farm lands and crops.  
 
Base camps, offices, industrial sites along with a number of site machines have been equipped with fire-fighting 
equipment (extinguishers, etc.). 
 
2.2. Preserving resources 
 
The high degree of biodiversity and endemism of its flora and fauna make Madagascar one of the world’s leading 
attractions in terms of preserving natural resources.  Almost all the island’s groups of fauna and flora offer unparralleled 
endemism; if one compares the number of species observed on the island to its surface area, Madagascar is without a 
doubt a land of mega-diversity.  Madagascar’s environmental equilibrium is however very fragile.  Preserving the 
environment is one of the project’s main priorities.  
 
2.2.1. Managing waste 
 
Wastes are evacuated to management and disposal centers that have been approved for each type of waste:  
• Non-hazardous waste (banal industrial and household waste or Déchets Industriels Banals, according to French 

terminology) is collected in dedicated trash cans and receptacles.  They are disposed of in a dedicated landfill that 
will be covered at the end of the project.  

• Hazardous waste (special industrial waste (oils, etc.) or Déchets Industriels Spéciaux, according to French 
terminology) is mainly produced during the maintenance and operation of site machines and asphalt plants.  This 
waste is collected in watertight drums and stored on dedicated sites until it is retreated (reused or recycled).   
An agreement was signed with Total to recycle oil and lubricants that are recuperated after an oil change, and 
thanks to which Total agrees to collect all used oil and lubricants for the entire RN6 project.  The oil is treated and 
reused in “Eco-fuel” by mixing it with heavy fuel.  Eco-fuel is used for cement plant furnaces. The program has 
been rolled out for the whole company in Madagascar. 

• Liquid effluents: the sanitary blocks, latrines and sinks on fixed installation are hooked up to septic tanks.  Waste 
water from the tank flows off to a cesspool where it is filtered by materials before infiltration.  

 
2.2.2. Re-landscaping 
 
The use of cut, pits and quarries can have a series of negative impacts: 
- visual impact: the working face can destroy a landscape; 



- impact on flora: work may damage existing plants and leave behind ground in which new plants may not grow 
back; 

- structural impact: excavation may make ground unstable, which could lead to landslides; 
- impact of crushing plants: dust from the crushing of aggregates is a nuisance for workers and neighboring residents.  
 
Our solutions are as follows: 
 
- visual impact: the working faces are, when possible, oriented so as to remain invisible from the road.  If this is not 

possible, the site is re-landscaped at the end of the work to reduce the impact; 
- impact on flora: topsoil is stored and put back in place when the work is over, which means that plants can grow 

back much quicker; 
- structural impact: the sites are selected if possible with little or no slope.  If there could be potential sliding, drains 

and reinforcements are used; 
- impact of crushing plant: the impact of dust is reduced by the fact that quarries are located far from villages and 

that workers wear dust masks.   Dust is also controlled by an automatic sprinkler system that is used on aggregates 
at several points and by the covering of the conveyor belts.  

 

       
  
 Figure 2 –  Borrow pit Figure 3 – Re-landscaped 
 
In order not to perturb the natural habitat as much as possible, the worksite installations are demolished when they are 
no longer needed.   
 
Once the borrow pit is no longer needed, it is re-landscaped using the topsoil that was stored near the site when the pit 
was opened.  The surface is leveled to allow for proper drainage of rainwater runs, for plants to grow on the slopes and 
for new plants to be brought in if required.  
 
2.2.3. The fight against pollution 
 
- All liquid polluting agents are stored in retention tanks built in compliance with European standards to prevent 
any accidental pollution.  
 
- Washing zones are equipped with hydrocarbon separators.  
 
3. HUMAN IMPACTS 
 
The construction work coupled with the arrival of new workers could have major socio-economic impact on the region 
that the roadway crosses.  In order to reduce this negative impact as much as possible, a certain number of measures 
have been taken for the duration of the project.  
 
3.1. Building base camps 
 
The company’s personnel come from every region on the island, and in particular the highlands.  The wide variety of 
locations of road construction projects means that the company has to ask its workers to move around the entire 
country, which could create problems if nothing concrete is done regarding the following: 
 
- separation of families, 
- financial problems due to the management of two households, 
- feeling lost due to new surrounding and integration in new social framework 



- problems regarding a change in cultures, customs, and languages (dialects). 
 
The company is aware of what is at stake and cares about the well-being of its people, so it set up a series of programs 
to accompany people and facilitate their social integration.   
 

  
  
 Figure 4 – Worker’s house Figure 5 – Base camp for workers 
 
Roughly 2,000 people are needed to carry out the works.  People are hired, when possible, directly in the region where 
the work is taking place.  However, given the size of the project and the requirement for specially qualified personnel, 
the company had to hire part of its personnel outside of the work zone and train 400 machine operators.    
 
In the end, the personnel is recruited 50% locally and 50% outside the region.  To house all of the away-from-home 
personnel near the project, three worker villages were built next to the company’s main base camps.  These villages are 
equipped with a sufficient number of latrines and septic tanks and drinking water tanks so as to guarantee employees a 
level of hygiene that is compliant with legislation.  
 
In addition, three medical centers – each run by their own doctor and nurse - were built near the three worker base 
camps.  
 
3.2. Raising awareness about sexually-transmitted diseases and malaria 
 
In partnership with PSI (Population Service International), the medical service and chief medical officer of the company 
presented a number of awareness-raising sessions on the prevention of serious diseases such as sexually-transmitted 
infections, malaria and diarrhea.  
 
The project has brought in a great number of people, which could be an aggravating factor in the spread of HIV.  The 
medical centers have been provided with free condom distributors.  Anonymous testing was made available one year 
after the launching of the site.  50% of the workforce has participated in this program and up to now, no one has been 
tested HIV positive.  These results have encouraged the company to pursue its effort.  
 
To limit the number of cases of malaria as much as possible, the company takes great care to avoid creating stagnant 
water sources near base camps or local villages whenever possible. In addition, mosquito nets were provided for 
personnel in the villages. 
 

   
  
 Figure 5 – Medical center  Figure 6 – Purifying water  



 
Information conferences and awareness-raising sessions on health and hygiene are given four times a year by Doctor 
Isabelle Rakotoarisoa for the worksite personnel, their families and the neighboring residents. 
 
The workers’ drinking water is systematically treated in water purifiers.  
 
3.3. Safety of staff 
 
All site staff has been provided with the appropriate personal protective equipment, in line with the specific 
requirements of each job: protection of the body, feet, head, hands, eyes.  
 
An extremely strict safety policy has been implemented on the RN6 project, the goal being to prevent accidents for both 
workers at the company and for road users and local populations. 
 
The personnel have regular awareness-raising sessions via toolbox talks and posters in each workshop, designed to 
highlight good practice in accident prevention.  
 
Audits are undertaken on a regular basis to anticipate any possible divergence from the policy. 
 
4. CONCLUSIONS 
 
Thanks to the rehabilitation of National Route 6, the Sofia region is opening up.  Up to now, local production was 
exploited on a very small scale.  Today, the region can now play an active part in the country’s economic development.   
 
The regions crossed by the roads that link Port-Bergé and Ambanja will now again be in a position to enjoy a large-
scale economic boost, based on the once-thriving cotton, peanut, cacao, tobacco, spice, and ylang-ylang industries, 
along with the exploitation of chromite, fishing, etc.  RN 6 was untraffickable nearly 6 months of the year, which meant 
that production had dropped considerably.    
 
Conditions for development in the region will soon be met.  
 
Opening up Sofia region will also build a link between the northern point of Madagascar, in particular Anstiranana 
(Diego-Suarez) and the rest of the country.  This region has great economic potential and can develop currently 
unexplored sectors such as tourism, with environmental sites in the bays along the Mozambique canal, archeological 
and historical sites and natural reserves.   
 
The region may also host, as is the case in the rest of the Island, scientific research teams working on the various 
endemic plant and animal species.    
 
From an environmental and socio-economic viewpoint, the positive impacts of the rehabilitation of RN6 will appear 
progressively over time.  Concrete results will be observed in the long-term.  In fact, even if economic expansion in a 
region does not occur overnight, the existence of a road network that can ensure the transport of goods and people does 
guarantee rapid, sustainable development in a region, and in  the country as a whole.  
 
REFERENCES 
 
[1]  Environmental impact assessment. Construction and rehabilitation of RN 6 between Port-Berger and Ambanja.  

Report  July 2002 
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ABSTRACT 
+ì 

It has been universally acknowledged for many years that air polluters produced by vehicle traffic, residential and 
industrial heating systems, which especially in highly urbanized places have brought about drastic measures such as 
total traffic stop in an attempt to cut down concentration rates, cause damages to people’s health. There are 
photocatalysts, such as special titanium dioxide crystals contained within the TiO2 System technology, which are able 
to accelerate the reactions of oxidation (destruction) of polluting agents and thus solve the problem as a whole or in 
part in an effective manner.  

Keywords: air pollution (control), emissions 

1. INTRODUCTION 

The “Antismog TiO2-System (Itertiodue) technology” has been the result  of long studies in order to cut down air 
pollution on the roads, a problem which, especially in the latest years and in highly urbanized areas, is a major issue for 
public health, as it particularly damages men’s respiratory tract, the nervous and the cardiovascular systems. 
The polluting agents produced by the combustion of hydrocarbons in internal-combustion engines, in industrial and 
residential boilers, or in other systems, mainly include CO, NOx, SOx and COV. 
Indeed, the World Health Organisation considers Nitrogen dioxide (NO2) as dangerous, since it may compromise lung 
functions and increase risks of respiratory diseases. The VOC (Volatile Organic Compounds) is a group of about a 
thousand volatile organic compounds containing carbon, products generated by the combustion of fossil fuels in motor 
vehicles, coal-fired power plants and incinerators and by the evaporation of solvents and fuels. Among the most 
dangerous ones are benzene (a carcinogenic substance), toluene and xylene. 
CO and SOx also damage man’s lungs and organism. 
The weapons that have been used so far to fight air pollution in big cities mainly consist of passive measures: reduction 
of heating hours, restriction of motor car traffic.
The technology that has been developed to fight this problem focuses on photocatalysis, based on Titanium Dioxide 
(TiO2), a non-toxic product, absolutely unharmful to human health, so unharmful that it is already largely used in the 
food industry, in the production of chewing gum and icing sugar. Indeed, TiO2 has successfully passed all the strict 
international and Italian validation and certification tests (Ministry of Health, Ministry for the Environment, CNR, etc.). 
The TiO2 System consists of nanoparticles dispersed in inorganic silicon resins that are able to suspend active particles; 
it should by applied by spraying using special micronized nozzles so as to place over the treated surface a curtain of 
transparent material that is also breathable and non-flammable.  
 Silicon resins perform the bonding of photocatalytic particles to the photocatalytic particle bitumen and simultaneously 
prevent bitumen oxidation.   



The “Antismog TiO2-System” is a new system that uses solar energy and a set of crystals featuring photocatalytic 
properties, to oxidize the polluting agents so as to downgrade them to forms that are no longer damaging for the human 
health, such as CO2, nitrates and sulphates. 

      

Figure 1:  TiO2 System dispersion 

As a matter of fact, ultraviolet radiation bands with wavelength ranging between 200 and 400 nm, present in the solar 
radiation spectrum, energize the electrons of nanomolecular process titanium dioxide crystals featuring a special crystal 
structure and particle size, which are present in the TiO2 System. 
The electrons that are found to be within the valence band in these crystals, once irradiated by solar ultraviolet (UV) 
rays, which give them the required activation energy (Ea), pass on to the conduction band, leaving a hole behind (+) in 
the valence band. In the presence of oxygen and atmospheric humidity, the O2 molecule changes into an O2

. radical, 
whereas the OH- anion coming from water is turned into the OH. radical, oxidized from the positive charge of the 
valence band, as schematized in the figure below. 

Figure 2:  Electronic transition 

The OH., along with oxygen, perform an oxidation action towards polluting agent such as carbon monoxide, nitrogen 
oxides, sulphur oxides and COV, whose family also includes toxic substances such as formaldehyde. 

Figure 3: Degradation of formaldehyde oxidants to CO2 and H2O 
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The “Antismog TiO2-Sistem” is applied with a proper dosing machine, endowed with a sprayer bar with ceramic 
nozzles. You must lay on the product in two times, the second layer after 0.5-2h, it depends on the field temperature, 
that must be 	15°C, let dry 2-24h, it depends on the field temperature, and then you can open the street to traffic.
The “Antismog TiO2-Sistem” is used in the following proportion: 
1 kg of finished product per 15-25 m2 of road as a function of the treated pavement structure, our current sprayer 
machine is able to lay on 10000-12000 m2/h  of “Antismog TiO2-Sistem " on the streets.  
The road bed to be exposed to the foregoing treatment shall be properly and previously cleaned, so that a perfect 
adhesion of the photocatalytic substance to the road surface may be guaranteed.  
For increased effectiveness over time, it would be better to use it on new wearing coarse with semi-open or porous 
pavement characteristic, which main peculiarities are high air voids percentages (from 8% up to 25% ).  
As regards surfaces exposed to high traffic, long-term tangential stress and static loads, it is advisable to use antiskid 
and/or SMA type SplittMastik courses.      
The “Antismog TiO2-Sistem” may also be applied to existing paved surfaces. 
The treatment can also be applied to cement bases, namely tunnel parts or arches.  

Figure 3: The SS Lecco Ballabio, ANAS 

Figure 4: The SS Lecco Ballabio, ANAS 

2. EXPERIMENTAL 

2.1 Laboratory test 

Laboratory tests carried out in special chambers into which NO2 is blown revealed 90% reduction of Nox compounds.  
Several nitrogen monoxide (NO) reduction tests by means of TiO2 System photocatalytic material samples were carried 
out by: Tecnotessile - Società Nazionale di Ricerca Tecnologica r.1. The reduction tests related to the samples were 
carried out by using the UAPS (Urban Air Pollution Simulator) device designed by Tecnotessile. 
The test is performed in a watertight chamber with a sample irradiated by an UV lamp for 75 minutes to make it reach a 
state of equilibrium, then the NO2 polluting gas is insufflated and the test goes on for another 180’. The radiant power 
set for the test amounts to a 1-month exposure of the sample to solar radiation. 

3. RESULTS AND DISCUSSION 

3.1 Laboratory results 

Laboratory tests made it possible to measure the reduction undergone by the treated asphalt sample. The reduction 
achieved after about 90’ from the steady-state condition was 3,72 ppm. Considering that the operating settings adopted 
during the tests amounted to exposing the sample to the solar radiation for 1 month, and that the exposed surface of 
each sample was 0,0377 m2, we can say that the daily purifying power is 3,29 ppm/m2, which equals 6600 �g/m3 (0.05 
ppm = 100 �g/m3). This result demonstrates the possibility of purifying 220 m3/gg per m2 of treated surface, 
considering the maximum limit value admitted by the law for concentrations of pollutants in the air (daily limit value 30 
�g/m3/gg NO2). This performance should be considered as the maximum limit attainable in saturated polluting gas and 
optimum exchange conditions. 
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Pattern 1: ITERTIO2 anti-smog asphalt sample – NO2 fall 

Product performances are subject to different parameters among which: the concentration of pollutants, light exposure 
and all of the weather-related factors such as wind and temperature. The results on site need to be regularly checked and 
monitored. 
Moreover, the same tests were carried out on asphalt concrete samples treated with TiO2 System, which had the surface 
removed upon contact with tyres, to simulate the abrasion caused to the course by vehicle traffic. 
The results showed that the TiO2 System is effective even after this treatment, since photocatalytic crystals that are 
inside the pavement surface, in the proper concentrations, perfectly accomplish the photo-oxidation of polluting agents. 
Tests carried out on various works performed for Italian provinces and municipalities highlighted, after several months 
of monitoring and testing activities agents over polluting agents in highly traffic-congested areas, an average 30% 
decrease of NOx and a 50% decrease of SOx could be observed; the example we provide here concerns the monitoring 
activity of a municipality in Italy (see tables below). 

          

              
Table 1:  Surveys with CNR pads 

Pattern 2: TiO2 System technology application in Via Benacense –  
                             Rovereto (TN) - Italy 

    NO2 (�g/m3) SO2 (�g/m3) 

FROM TO 
TiO2

System 
NOT 

treated % 
TiO2

System 
NOT 

Treated % 

26/08/05 19/09/05 149.7 193.8 -23% 1.5 3.1 -52%

19/09/05 24/11/05 117.7 166.7 -29% 1.2 4.9 -76%

24/11/05 19/12/05 104.0 425.7 -76% 2.4 4.5 -47%

15/01/06 10/02/06 111.2 150.3 -39% 1.7 3.9 -56%

18/08/06 11/09/06 125.4 170.3 -26% 1.2 2.4 -50%

12/02/07 01/03/07 96.2 132.0 -27% 1.1 2.0 -45%

Limit by Law 30 30 20 20



Moreover, results that are similar in quality can be obtained by analyzing the pattern of the pollution index as measured 
by the station of via Benacense at Rovereto (BLUE CURVE) with reference to the network index (RED CURVE), 
which is the mean value as measured by 8 stations located in high-traffic locations of the same town. 

               

                             (Rovereto – via Benacense) 

Figure 5: Rovereto via Benacense TiO2 System application 

The analysis of the chart reveals how organic pollutants making up a high percent value of the Pm10 decrease with 
reference to the mean concentration values of the same at Rovereto. It shows how weather agents (wind, sunshine, 
temperature) affect the variation of the purifying power exerted by the TiO2 System: indeed, on 19/12/06 and 03/01/07, 
which were windy days, no differences showed up between the network index and the pollution index; whereas on 
01/01/07 and 09/01/07, when the breeze was light, a reduction by about 50% in polluting agents can be seen. 
Other results checked by NO2 detectors in Via Benacense-Rovereto, after one year from the application, show a 
reduction of NO2 concentration since 23.5% (in the border line with the street without TiO2 System) to 49.7% (in the 
middle of the photocatalytic application). 

Pollutant NO2 SO2 COV 

Mean concentration measured on the 
street without antismog system (reference) 

�g/m3

187 Behind detection limit Behind detection limit 

Concentration at border line with the 
street modify with antismog system 

�g/m3

143 Behind detection limit Behind detection limit 

Concentration in the heart of the street 
modify with antismog system 

�g/m3

94 Behind detection limit Behind detection limit 

% of pollutant decreased at the  border 
line with the street modify with antismog 

system 

23.5% - - 

% of pollutant decreased in the heart of 
the street modify with antismog system 

49.7% - - 

Table 2:  (Results of via Benacense – Rovereto (TN) after 1 year from the application) 

Further treatments were also performed in the port of San Benedetto del Tronto, at Piazza San Felice in the municipality 
of Bologna, in via Grandis in the down town of Rome, in Milan and in other municipalities of Emilia Romagna, and in 
other Lombardy municipalities, like at Piazza Monte Bianco in Cesano Moderno, totalling 70000 m2. However many of 
these applications are very recent and in the first step of monitoring or  in the last phase of application. The TiO2 
System in fact is a new technology and consequently quite recent, the first application was done in august of  2005, so 
the most recent data are those of via Benacense.  

4. CONCLUSIONS 

Ultimately, the treatment described in the article ensures the reduction of the main polluting agents by high rates, which 
brings a better air quality, a result which is however achieved in an active manner, not only passively as it happens 
when motor traffic limitation measures are taken. The TiO2 System photocatalytic product also proves to be easy to 
use, as Iterchimica has automated equipment that can operate applications rapidly and without any significant 
interferences with the traffic. The product is compatible with asphalt and cement substrates without modifying their 
quality, is transparent, breathable and theoretically resistant throughout the service life of the road surface.  
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500-058 WARM-MIX ASPHALT IN THE U.S.A.  
STATE OF THE PRACTICE 
 
M. ACOTT, National Asphalt Pavement Association, 5100 Forbes Boulevard, Lanham, MD 20706-4407, UNITED 
STATES 
 
ABSTRACT 
 
Warm-mix asphalt technologies are various processes and products that permit the highest quality, hot applied asphalt 
paving materials, which are normally manufactured at 140-170ºC (284-338ºF), to be produced at lower temperatures.  
Asphalt mix produced at these lower temperatures ranges from 102-135ºC (215-275ºF) depending on the process used.  
Lower production temperatures can result in many benefits. 
This paper is a review of the ongoing development of warm-mix asphalt in the U.S.A.  Warm-mix asphalt is the next 
logical step in the asphalt pavement industry’s commitment to take actions that continually improve environment, 
health and safety features of our industry. This follows successful initiatives with engineering controls on pavers and 
the use of best management practices to minimize emissions. 
Significant progress has been made in the U.S.A. towards the implementation of this technology.  The paper provides an 
overview of the current state of the practice and a vision for the future direction. 
 
Keywords: warm-mix asphalt, emissions, energy, working conditions 
 
1. INTRODUCTION 

 
For the period from 1960 to 1999, asphalt tonnage in the U.S.A. increased by 250 percent, but emissions decreased by 
97 percent.  Continuous improvement has been a key factor for the success of the asphalt pavement industry.  As global 
environmental awareness, including climate change consideration, expanded regulations, and increased activism brings 
new challenges, we must continue to take action and encourage innovations that make our facilities an even better 
neighbor, improve working conditions, and continue to protect the environment [1].   
So are there any breakthroughs on the horizon, or do we see incremental change and improvement?  There have been 
many positive developments over the years, but in my estimation, warm-mix asphalt technology has the potential for 
being one of the most important breakthroughs for the asphalt industry in over 50 years.  It could rank with recycling, 
milling machines, the floating screed, stone-matrix asphalt (SMA), and Perpetual Pavements. 
 
2. CONTINUOUS IMPROVEMENT   
 
In the mid-1990s, the National Asphalt Pavement Association (NAPA), the National Institute for Occupational Safety 
and Health (NIOSH), the Occupational Safety and Health Administration (OSHA), the paving equipment 
manufacturers, the Federal Highway Administration (FHWA), the Laborers’ International Union of North America, and 
the International Union of Operating Engineers developed a partnership to explore the idea of using engineering 
controls on paving machines for fume reduction. All of the manufacturers of highway-class asphalt pavers devised 
ventilation systems to collect asphalt fumes from the screed area and vent them away from workers.  These controls 
have now been in use for over a decade. 
In this time period, mix production temperatures were edging upwards as a result of the implementation of Superpave, 
SMA, and the wider use of polymer-modified asphalt.  In 2000, a coalition of NAPA, the Asphalt Institute, and the 
State Asphalt Pavement Associations published Best Management Practices To Minimize Emissions During HMA 
Construction [2], which provided guidance on the selection and control of plant mixing temperatures.  Also, NAPA and 
the State Asphalt Pavement Associations funded research at the National Center for Asphalt Technology (NCAT) on 
the effect of temperature on emissions and odors.  NCAT’s research showed that temperature is a significant driver 
affecting the quantity and chemistry of fumes [3].  Similar conclusions have been reported by NIOSH [4] and 
Eurobitume [5]. 
By collecting and venting away emissions, the engineering controls could be considered a first-generation “end-of-pipe 
technology.”  However, it was clear that there would be additional benefits if emissions could be controlled at the 
source.  Based on the findings from the NCAT study, one option was to pursue technologies that could lower 
production and placement temperatures.  Lower temperatures would result in lower emissions, cooler working 
conditions, and a reduction in energy consumption. 
In the late `90s NAPA made contact with Dr. Reinhold Ruhl, who chaired a broad industry, labour union, government 
coalition known as the German Bitumen Forum.  This is very similar to the coalition NAPA had formed in the U.S. for 
the engineering controls project.  The German Bitumen Forum had an active Temperature Reduction Working Group 
that was evaluating technologies that saved energy, reduced CO2 production, and lowered emissions.  In addition to the 
work in Germany, similar initiatives to reduce temperatures were occurring in France, Holland, Norway, South Africa, 
and elsewhere. 
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Given the developments in Europe, a team made up of producer/contractors, NIOSH, and the Laborers’ Health and 
Safety Fund of North America conducted a warm-mix asphalt Study Tour of Germany, Denmark and Norway in 2002.  
The technologies viewed included Aspha-min (synthetic zeolite), Sasobit (synthetic paraffin wax) and WAM Foam 
(foamed bitumen technology).  At one production facility we observed a side-by-side comparison of warm mix and hot 
mix.  With the warm mix, there were no fumes, no odors, lower energy consumption, lower CO2  production, and no 
discernable differences in mix workability compared to hot mix.  The potential benefits of warm mix for the U.S. 
industry were self-evident.  NAPA’s leadership decided to work with its partners to encourage and evaluate various 
warm-mix technologies in a U.S. setting.  
 
3. CURRENT STATUS 
 
Considerable progress has been made in the five and a half years since the 2002 European Study Tour.  The various 
technology vendors have been very responsive.  They have invested in research and have worked with contractors and 
DOTs to conduct numerous field trials.  Several new technologies have evolved, and some hot-mix producers have 
developed their own in-house technologies.  A summary of the firms who are providing warm-mix technologies in the 
U.S. is shown in Table 1.  The technologies have been divided into two categories, namely techniques that use a small 
quantity of water to create foamed bitumen and technologies that use a chemical additive. 
 

Foaming Methods Chemical Additive 
� Advera – PQ Corporation � Evotherm – MeadWestvaco Asphalt 

Innovations 
� Aspha-min – The Hubbard Group � Rediset WMX – AKZO-Nobel Surfactants 
� Double-Barrel Green – Astec Industries � Revix – Mathy Technology & Engineering 

Services Paragon Technical Services 
� Low Emissions Asphalt 

- McConnaughay Technologies 
� Sasobit – Sasol Wax Americas 
 

� Terex Roadbuilding  
� WAM Foam – BP Bitumen  

 
Table 1:     Warm-Mix Asphalt Technology Providers in U.S.A. 
 
The National Center for Asphalt Technology (NCAT) has conducted research on mix characteristics using several of 
the warm-mix technologies.  This has included sections on the NCAT Test Track.  Initial results have been favorable.  
In addition, approximately 75 demonstrations/test sections have been constructed in 18 states.  Dense-graded warm mix 
has been used on most of these projects.  Also, warm mix has been used successfully with SMA, recycled asphalt 
pavement (RAP), open-graded friction course (OGFC), crumb rubber, polymer-modified mixes, and thin surface mixes.  
Experience on these field projects has been positive with regard to construction and short-term performance.   
A Warm-Mix Asphalt Technical Working Group was formed by FHWA and NAPA in 2005.  This includes 
representatives from the state departments of transportation (DOTs), contractors, Laborers’ Health & Safety Fund of 
North America, the National Institute for Occupational Safety & Health, the Asphalt Institute, and the State Asphalt 
Pavement Associations. The group’s charge is to foster proper implementation through the evaluation and validation of 
warm-mix technologies and to guide the development of a performance specification.  NAPA has formed its own Task 
Force to provide a forum for members to share their experiences with WMA and to provide input to the Technical 
Working Group.   
There has been considerable interest by the state DOTs, and they have supported two major national research projects 
on warm-mix design, performance, and environmental characterization through the National Cooperative Highway 
Research Program (NCHRP).  This research should be completed within the next two to three years.  Also, AASHTO, 
FHWA and industry conducted an international technology scanning program in 2007 to evaluate warm-mix asphalt in 
Belgium, France, Germany, and Norway [6].  The general consensus was that WMA should provide equal or better 
performance than hot-mix asphalt.  Following on the success of the successful scanning tour, an International 
Conference on Warm-Mix Asphalt is scheduled for November 11-13, 2008, in Nashville, Tennessee. 
Industry and its partners have moved from curiosity and some skepticism to a genuine interest in this technology.  In the 
U.S.A., warm-mix asphalt is the hot topic at just about every state and national asphalt meeting.  Ongoing progress has 
been reported through NAPA workshops, the World of Asphalt Show and Conference, and demonstration events. 
To assist contractors to keep up to date on this technology, NAPA has published Warm-Mix Asphalt: Best Practices [7].  
This guide describes the current technologies used in the U.S.A., experience to date, and best practices for the 
production and placement of WMA.  It also outlines several research needs including the development of mix design 
practices, long-term performance evaluation, use with high percentages of RAP, and product approval.  Since this 
technology continues to evolve, we anticipate that this guide will be updated annually.  Also, a WMA Web site, 
warmmixasphalt.com, was launched in 2007 to provide an additional method for communicating the latest 
developments.  The site is designed to promote the understanding of warm mix and includes a bibliography, articles, 
presentations, and suggested test framework for evaluating material properties and emissions and energy reductions. 
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4. FUTURE DIRECTION 
 
The current environment in the U.S.A. includes high energy prices, pressures on highway funding, the likelihood of 
more restrictive environmental regulations, and continued pressure on plant zoning/permitting.  Warm-mix asphalt will 
help with all these issues because it can: 
� Improve working conditions at the plant and paving site. 
� Minimize fumes, emissions, and odors. 
� Permit higher RAP content without excessive emissions or poor workability.  Also, less aging of the virgin binder 

in warm-mix production may allow higher percentages of recycled asphalt pavement. 
� Provide energy savings of 10-20 percent. 
� Reduce the carbon footprint of asphalt pavement production and construction by reducing greenhouse gas 

emissions. 
There have been several operational benefits from field projects that are yet to be fully evaluated or understood.  These 
include more time for compaction, improved density, better joint construction, the ability to store and haul the mix for a 
longer time, and the opportunity for extending the paving season.   
The environmental benefits are a given.  The challenge is clear.  We need to continue to evaluate warm-mix 
technologies and confirm through field observation and ongoing research that warm mix has the same aggregate 
coating, the same workability, the same air voids, and the same long-term performance as hot mix.  In essence, warm 
mix must equal or exceed hot mix.  We must not lose any of the performance benefits achieved with Superpave, SMA, 
and open-graded friction courses. 
In the short term, it is likely that contractors will start using this technology in their private sector/commercial work.  In 
addition, many state DOTs have sponsored demonstration projects or have plans to sponsor projects.  In the 2008 
paving season, some state DOTs are now allowing the use of warm mix.  An effort is under way to develop a template 
for permissive specification and use.  Public agencies are showing great interest in technologies that are “green” or use 
sustainable construction practices and materials.  For example, more than 600 city mayors in the U.S.A. have agreed to 
meet the Kyoto targets and are looking at ways to reduce greenhouse gas emissions. In addition, climate-change 
legislation has been introduced in at least 17 states.  Public officials will hear about warm mix and will be eager to try 
it.   
Since the 2002 Study Tour, the proactive work that has been done with all of the partners has positioned the industry for 
long-term strength and success.  The industry, in partnership with its customers, now has a golden opportunity to keep 
several steps ahead in an ever changing and difficult operating environment.  From our observations, the advantages 
outweigh the concerns. 
 
REFERENCES 
 
[1]   Acott, Mike.  Bold Initiatives in the Asphalt Industry To Safeguard Health, Safety and the Environment.   
        National Asphalt Pavement Association, Information Series 133, 2007. 
 
[2]   Best Management Practices To Minimize Emissions During HMA Construction.  Asphalt Paving 
        Environmental Council, EC 101, 2000. 
 
[3]   Lange, C.R. and Stroup-Gardiner, Mary.  Temperature-Dependent Chemical-Specific Emission Rates of Aromatics 
        and Polyaromatic Hydrocarbons (PAHs) in Bitumen Fume.  Journal of Occupational and Environmental  
        Hygiene, September 2007. 
 
[4]   Hazard Review, Health Effects of Occupational Exposure To Asphalt.  National Institute for Occupational Safety  
        and Health, December 2000. 
 
[5]   Soraas, Knut.  A European Industry Strategy on Compliance with Legislation on Health Effects of Exposure to 
        Bitumen.  Conference on Asphalt Pavements for Southern Africa, Gaborone, Botswana 2007. 
 
[6]   Warm-Mix Asphalt: European Practice.  Federal Highway Administration.  Publication No. FHWA-PL-08-007. 
 
[7]   Prowell, Brian D. and Hurley, Graham C.  Warm-Mix Asphalt: Best Practices.  National Asphalt Pavement  
        Association, Quality Improvement Series 125, 2007. 



 

500-602 BITUMINOUS BINDERS FLUXED WITH VEGETABLE OIL METHYL ESTERS 
AND ASPHALT MIXTURES WITH THESE BINDERS 
 
J. PI�AT1, I. GAWE�2, P. RADZISZEWSKI3, J. KRÓL1, M. SARNOWSKI1, �. NICZKE2 

1 Warsaw University of Technology, Faculty of Civil Engineering, Department of Building Materials Engineering,. Al. 
Armii Ludowej 16, 00-637 Warsaw, POLAND 
2 Wrocaw University of Technology, Faculty of Chemistry, Department of Fuels Chemistry and Technology, ul. 
Gda�ska, 50-344 Wrocaw, POLAND 
3 Biaystok Technical University,  Faculty of civil Engineering and Environmental Engineering, Chair of Highway 
Engineering and Building Physics, ul. Wiejska 45E, 15-351 Biaystok, POLAND
 
ABSTRACT 
 
Conventional fluxed bituminous binders contain solvents of petro- or carbochemical origin which evaporate during the 
hardening of the binder, and thus pollute the atmosphere, contributing to the greenhouse effect. In this research, 
bitumen solvents currently used were replaced with environmentally-friendly fluxes obtained from vegetable oils. These 
binders are hardened by crosslinking unsaturated fatty acids due to oxidation instead of evaporation of the solvent. The 
binders have an ignition point above 200ºC, so their application does not cause safety problems. In our study, rapeseed 
and linseed oils were used, as well as their methyl esters. Rapeseed oil and rapeseed methyl ester need oxidation in the 
presence of a catalyst before they are mixed with bitumen. A binary catalyst composed of cobalt and zirconium 
naphthenates was found to be most effective. Linseed oil and linseed oil methyl ester do not need oxidation before they 
are mixed with bitumen, but the addition of a catalyst is necessary. This study revealed that vegetable oil methyl esters 
are better bitumen fluxes than the respective oils. Of the liquid binders tested, the one with linseed oil methyl ester used 
as a flux showed the most advantageous properties. It changed its consistency with time to a higher extent than did 
other fluxed bitumens and a smaller amount of this solvent was used to obtain a binder with good properties. Using an 
ecological fluxed binder, it is possible to reduce the temperature of asphalt mix production below 110ºC and the 
compaction temperature to about 70ºC. Asphalt mixtures containing these binders fulfil technical requirements and are 
resistant to permanent deformation. 
 
Keywords: bitumen, emulsion, flux, asphalt mixtures, methyl esters 
 
1. INTRODUCTION 
 
Nowadays the main technologies used in producing asphalt mixtures for road building are hot technologies. Only a few 
bituminous pavements are made using cold and warm technologies. Each of these technologies has advantages and 
disadvantages. Despite improvements in hot technologies for making asphalt mixtures, volatile components still pollute 
the atmosphere. The high temperature of asphalt causes several safety and economic problems. In cold and warm 
technologies, bitumen emulsions and fluxed bituminous binders are used [1]. The initial consistency of the binder 
should be fluid to facilitate effective wetting of the aggregate at relatively low temperatures. A more fluid initial 
consistency of the binder is obtained by several methods: heating the bituminous binder, thinning or fluxing, 
introducing a solvent or fluxing oil, aqueous emulsification of the bituminous binder, or by a combination of the above 
methods [2]. 
The solvents currently used are of petroleum or carbon origin [3]. After the application of the binder they evaporate, in 
order to allow the latter to recover its high consistency. However, the evaporated solvent pollutes the atmosphere and 
contributes to the greenhouse effect. Furthermore, these fluxes raise safety problems because they have a relatively low 
flash point and require strict measures for protection against fire during storage and transportation. The use of these 
solvents contributes to the exhaustion of fossil fuel resources. 
The new European environmental regulations referring to the emission of volatile organic compounds necessitate 
limiting or even abandoning the use of conventional, fluxed binders and searching for environment-friendly substitutes 
of the fluxes currently used. 
World research programmes aim to replace solvents of petroleum or carbon origin by plant origin methyl monoesters 
obtained from vegetable oils. 
On the basis of current experiments, fluxed bituminous binders and asphalt mixtures produced by using cold and warm 
technological methods, are now technically available [2, 4-8]. The new generation of ecological binders is a mixture of 
bitumen and vegetable oils or methyl esters of fatty acids which existing in these oils.  
The criteria of usefulness of vegetable oils and their methyl esters of fatty acids to obtain ecological fluxes is the 
durability of oxidative polymerisation.  
Hardening of the binder after spreading is obtained not by evaporation but by crosslinking unsaturated fatty acids of 
vegetable oils and their methyl esters in the presence of atmospheric oxygen and of a catalyst [8, 9, 10]. Oxidative 
polymerisation causes an increase in the viscosity of fluxes. The chemical reaction can be catalysed by metal salts, in 
particular the organic salts of cobalt, manganese and zirconium. 



 

In our study cobalt salts proved to be the most effective catalyst. The oxidative polymerization causes increase of 
viscosity of fluxes. 
The physical changes observed in the consistency of bituminous binders fluxed with vegetable oil methyl esters are: 
hardening and drying of binders without emission of substances causing pollution of the atmosphere [1]. It is possible to 
use solvents of plant origin with non-modified bitumen or polymer-modified bitumen. Bituminous binders containing 
ecological fluxes (“biofluxes”) can be used in the following paving technologies: 

� during hot-laid pavement construction but at decreased temperature of asphalt mixture production (below 
150°C), 

� during production of bituminous emulsion in cold-mix operations, 
� for the production of asphalt mixtures which can be stockpiled; such mixtures can be produced by using 

bituminous emulsions or fluxed bitumens (bituminous binders containing fluxing oil provide several 
months workability of the mix, when properly stored), 

� for the production of a new asphalt mixtures using reclaimed asphalt pavement [8]. 
The main aim of this paper is to present the results of standard tests of the most effective fluxed bituminous binders and 
the results of Marshall tests of warm asphalt mixtures with these binders. 
 
2. EXPERIMENTAL 
 
There were two main phases in the research programme: 
� testing standard properties of non-modified bitumen and fluxed bituminous binders, e.g. 

- softening point 
- dynamic viscosity at 40, 60, 90, 110 and 135°C 

� testing mechanical properties of  asphalt mixtures made with non-modified bitumen and fluxed bituminous binders, 
according to the Marshall test, e.g. 

- bulk specific gravity 
- air voids in specimen 
- filled air voids with binder 
- stability 
- flow (deformation of specimen). 

For binder preparation 70/100 penetration grade bitumen was used, according to EN-12591. 
The bitumen was mixed with fluxing oil at 100°C for 10 min. The flux content in the mixture ranged between 10% and 
20 %.  
The fluxed bitumen was spread onto a metallic plate to form a 1 mm layer and stored for 7 and 31 days. The binders 
were analysed following sample preparation, after 7 and 31 days of storage. 
 
2.1 Materials 
 
After initial tests the most effective fluxes were chosen. Nine binders were tested with these different fluxes. In order to 
compare different properties and results, non-modified 70/100 bitumen was tested. 
The kinds of  bitumen modification and types of additives are presented in Table 1. 
 

Binder Non-modified 
bitumen Flux Additive  

(%) 

D-20 70/100 
Rapeseed oil methyl esters of fatty acids + cobalt catalyst 
(0.15%) + manganese catalyst ( 0.15%) + benzoyl 
peroxide (1.0%) 

20 

I-15 70/100 Rapeseed oil allile esters of fatty acids + cobalt catalyst 
(2%) 15 

K-10 70/100 Rapeseed oil methyl esters of fatty acids + benzoyl 
peroxide (1%) + diamethyloaniline (0.1%) 10 

0-15 70/100 Rapeseed oil methyl esters of fatty acids + hydrogen 
peroxide kumene (1%) + cobalt catalyst (5%) 15 

M-10 70/100 Linseed oil methyl esters of fatty acids + hydrogen 
peroxide kumene (1%) + cobalt catalyst (5%) 10 

M-15 70/100 Linseed oil methyl esters of fatty acids + hydrogen 
peroxide kumene (1%) + cobalt catalyst (5%) 15 

G-10 70/100 Linseed oil methyl esters of fatty acids + cobalt catalyst 
(0.15%) 10 

H-10 70/100 Linseed oil methyl esters of fatty acids + cobalt catalyst 
(0.15%) + benzoyl peroxide (1.0%) 10 

 
Table 1 : Kinds of  bitumen modification and types of additives 



 

2.2 Tests of standard properties of binders 
 
The softening point was determined by the Ring and Ball method according to EN- 1427. The increase in softening 
point was calculated according to equation (1): 
 

increase in ring and ball softening point = T2 – T1 (in °C)     (1) 
 
T1 is the ring and ball softening point following sample preparation 
T2 is the ring and ball softening point after 7 or 31 days of sample storage. 
 
The dynamic viscosity test was done on the Brookfield viscometer according to EN-13702-2. The rotational viscometer  
is a concentric cylindrical rheometer and evaluates the viscosity of the binder at temperatures similar to those 
commonly used during production. The temperature of 60°C is similar to the maximum temperature of a road surface in 
summer. Viscosity is determined as the ratio of shear stress to strain rate.   
 
On the basis of dynamic viscosity the following technological temperatures were determined: 
� temperature of mixing (coating aggregate by bitumen) corresponding to dynamic viscosity 0.2 Pa·s 
� pumping temperature of bitumen corresponding to dynamic viscosity 2.0 Pa·s 
� final compaction temperature corresponding to dynamic viscosity 20 Pa·s. 
 
2.3 Tests of mechanical properties of asphalt mixtures 
 
Results of testing of consistency of fluxed bituminous binders and hardening and drying of binders in function of time 
allowed us to choose two ecological binders for further tests of asphalt mixture: 

� K-10: bitumen 70/100 + 10% additive: rapeseed oil methyl esters of fatty acids + benzoyl peroxide 
(1%) + diamethyloaniline (0.1%) 

� G-10: bitumen 70/100 + 10% additive: linseed oil methyl esters of fatty acids + cobalt catalyst 
(0.15%). 

In order to compare different properties and results, specimens of asphalt were tested with non-modified 70/100 
bitumen. 
For tests of mechanical properties of asphalt samples the following mixtures was designed: 

- asphalt concrete 
- wearing course 
- grading 0/12.8 mm  
- for light traffic. 

The composition of asphalt mixtures with non-modified bitumen are presented in Table 2. 
 

Material Density  
(g/cm3) 

Content in mineral blend 
(%) 

Content in asphalt 
mixtures (%) 

Bitumen 70/100 1.02 0.0 5.0 
Mineral filler 2.70 7.0 6.7 
Sand 2.65 33.0 31.3 
Melafir grit, grading 2/6.3 mm 2.80 35.0 33.2 
Basalt grit, grading 6.3/12.8 mm 3.00 25.0 23.8 

 100.0 100.0 
 
Table 2 : Composition of asphalt mixtures for Marshall test 
 
The mixing temperature (coating aggregate by binder) was 110°C and the compaction temperature was 80°C. The 
samples was compacted using an automatic hammer by 2×50 hitting. The prepared samples were tested following their 
preparation, after 7 and 31 days of storage. 
According to the Marshall method, the mass of samples was determined on the hydrostatical scale. 
On the basis of these results, the following properties of asphalt mixtures were calculated: 

- bulk specific gravity of compacted asphalt 
- percentage of air voids in specimen 
- air voids filled with binder in mineral blend of aggregates. 

In the Marshall stability tester the following mechanical properties were determined: 
- stability 
- flow (deformation of specimen). 

On the basis of mechanical properties, the Marshall quotient was calculated according to equation (2): 
 



 

Marshall quotient = 
F
S

 (kN/mm)       (2) 

 
S is the stability (maximum resistance to deformation) in kN 
F is the flow (deformation of the molded specimen) in mm. 
 

3. RESULTS AND DISCUSSION 
 
3.1 Results of standard properties of binders 
 
The results of softening point of fluxed bituminous binders and non-modified bitumen in function of time are 
summarized in Table 3.  
The results of increase in softening point of binders after 7 and 31 days are presented in Figure 1. 
 

Softening point  
(°C) Binder 

0 days 7 days 31 days 
D-20 10.6 17.7 21.2 
I-15 15.2 25.1 28.7 
K-10 22.5 25.7 26.3 
0-15 13.9 22.3 22.0 
M-10 23.4 31.4 34.1 
M-15 13.2 21.0 27.3 
G-10 21.4 27.0 31.5 
H-10 21.9 28.1 31.8 

70/100 47.0 - - 
 
Table 3 : Results of softening point  of binders 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 : Results of increase in softening point of binders 
 
In general, all binders hardened after 7 and 31 days. The greatest increase in consistency of bitumen with rapeseed oil 
methyl esters of fatty acids is for 15 to 20% of additives. The increase of softening point with time above 6°C after 7 
days and above 8°C to 11°C after 31 days is observed for binders  D-20, I-15, O-15. However a high flux content in the 
binder (15-20%) is disadvantageous in economic terms. Optimum flux content in the binder is 10 %. It causes an 
increase in consistency about 6°C after 31 days (Figure 1). 
The most increase in consistency is for bitumen with linseed oil methyl esters of fatty acids. Additive 10 to 15% causes 
an increase in softening point of about 8°C after 7 days and 8°C to 14°C after 31 days. 
 
The results of dynamic viscosity of fluxed bituminous binders in function of time at 60°C are presented in Figure 2 and 
at 90°C are presented in Figure 3. 
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Figure 2 : Results of dynamic viscosity of binders at 60°C 
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Figure 3 : Results of dynamic viscosity of binders at 90°C  
 
The greatest increase in dynamic viscosity of fluxed bituminous binders at 60°C and 90°C after 31 days is for binders I-
15, O-15, M-10 and H-10. Hardening of the fluxed binders with time is confirmed by an increase in viscosity at 60°C, 
which is higher in the binders containing linseed oil and its methyl ester (Figure 2 and 3). 
The results of technological temperatures are presented in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 : Technological temperatures of fluxed bituminous binders 
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The temperature of mixing (coating aggregate by binder) corresponding to 0.2 Pa·s dynamic viscosity is between 
111.6°C and 118.0°C for additives of 10%. 
Additives of 15% and 20% cause a reduction of mixing temperatures to 98.5°C and 111.5°C (Figure 4). 
The final compaction temperature corresponding to 20 Pa·s dynamic viscosity is between 47.7°C and 50.3°C for 
additives of 10%.  
A higher flux content causes a decrease in technological temperatures. However, binders with a high flux content have a 
low softening point and viscosity, so their hardening time is longer. Moreover, a high flux content in the binder is 
disadvantageous in economic terms. The optimum flux content is 10 %. 
Because the compaction temperature can increase by heating bitumen during mixing, transportation and stripping 
(technological ageing of binder), the range of final compacting temperatures should be between 60°Cand 80°C. 
 
3.2 Results of mechanical properties of asphalt 
 
The mixing temperature of the asphalt mixture was 110°C and the compaction temperature was 80°C during preparation 
of the samples. 
The results of testing the mechanical properties of asphalt with fluxed bituminous binders in function of time are 
presented in Figures 5 and 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 : Results of stability   Figure 6 : Results of flow 
 
The Marshall quotient is a ratio of stability (S) to flow (F). The results of the Marshall quotient in function of time are 
presented in Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 : Marshall quotient 
 
In general, the results of testing asphalt mixtures with ecological binders K-10 and G-10 show a favourable hardening 
process (Figures 5 and 6). 
The Marshall quotient allows an initial evaluation of mechanical properties of the asphalt mixture after the Marshall 
test. When the value of this ratio is low (value of stability is low and value of flow is high), the asphalt mixture has low 
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resistance to permanent deformation. When the value of this ratio is high (value of stability is high and value of flow is 
low), the asphalt mixture has low resistance to fatigue cracking and low temperature cracking.  The sufficient range of 
the Marshall quotient, according to European Standard EN-13108-1, is between 1 and 4 kN/mm. 
The Marshall quotient for the asphalt with fluxed bituminous binders K-10 and G-10 after 7 and 31 days is between 2.1 
and 2.4 kN/mm (Figure 7). 
The correlation between stability (S) and softening point of asphalt mixtures with binders K-10 and G-10 are presented 
in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 :Correlation between stability and softening point of asphalt mixtures with binders K-10 and G-10 
 
Figure 8 shows a very good correlation between changes of stability and increase of softening point for the same 
binders. The value of the correlation factor (r) is high both for binder G-10 (r=0.9983) and for binder K-10 (r=0.9997). 
These results show that stiffness of asphalt with ecological binders in function of time could be determined and 
evaluated by the softening point test. 
High correlation is a proof of the optimal composition of asphalt specimens and the optimal method of conditioning 
ecological binders and asphalt mixtures with these binders. 
 
4. CONCLUSIONS 
 
On the basis of literature and tests of binders fluxed by vegetable oils and their esters, the following conclusions can be 
made: 
It is possible to replace non-ecological solvents by ecological fluxes of plant origin, which do not pollute the 
atmosphere and do not contribute to the greenhouse effect. 
The most effective bitumen fluxes are linseed oil methyl esters and rapeseed oil methyl esters. 
Using ecological fluxed binders, it is possible to prepare warm asphalt mixtures at temperatures below 110°C and to 
reduce the compaction temperature to 60-80°C. 
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