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Abstract

Bituminous mixtures have a key attribute that they can be 100% recycled without 
downgrading its functionality. This represents the highest value application and has 
significant economic and environmental benefits. Every year billions of dollars are 
spent on road construction and maintenance globally. These operations produce a 
considerable amount of reclaimed asphalt pavement (RAP), which is a valuable waste. 
Its re-use reduces the depletion of quality resources in landfilled. RAP recycling is a 
step forward in the direction of sustainable approaches as defended by the recent 
policies yearns. RAP incorporation in new bituminous mixtures can be associated with 
different techniques, rejuvenators and additives. This incorporation represents the first 
cycle of the material’s life. The circular economy presupposes that materials have 
several cycles during them life. Therefore, the multi-recycle capacity of the bituminous 
mixtures need to be evaluated. The main objective of the paper is to analyse the multi-
recycled capacity of RAP in new mixtures. For that, a laboratory study involving a 
surface dense bituminous mixture will be described. A RAP incorporation percentage of 
25% was evaluated and to take advantage of the binder properties a commercial 
vegetable rejuvenator was used. The long-term oven ageing protocol was used to 
simulate the ageing of the mixtures. The stiffness modulus, resistance to fatigue, water 
sensitivity and permanent deformation resistance were assessed for different 
compositions. The study showed that bituminous mixtures have potential to be multi-
recycled. Test results confirmed that multi-recycled bituminous mixtures had at least 
an equivalent performance over the primary material.
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1. INTRODUCTION 

 

The construction is still the sector that contributes the most to waste production each year; accounting for about 34 

% of the total waste produced [1]. The transportation infrastructure sector, namely the road construction, has a 

significant impact on this percentage. It must be recalled that asphalt roads represent more than 80 % of European 

road network, with around 950 billion tonnes of asphalt being currently incorporated in the European road network 

[2]. In order to maintain the quality of road infrastructures, each year, huge amounts of money are allocated to Road 

Authorities to road construction and maintenance actions. The maintenance actions produce a considerable amount 

of Reclaimed Asphalt Pavement (RAP), which is a valuable waste. 

 

Asphalt mixtures have a key attribute that they can be 100% recycled without downgrading its functionality. This 

represents the highest value application and has significant economic and environmental benefits. 

 

RAP recycling in new asphalt presents environmental and economic benefits [2–6]. The main RAP recycling 

advantages highlighted in the bibliography are the following: (a) less emissions, (b) reduced usage of raw materials 

and consequent reduction in their exploration, (c) lower costs associated with transportation and operation of raw 

materials, (d) less energy consumption and fuel usage in transportation, (e) and less landfill disposals. RAP recycling 

is a step forward in the direction of sustainable approaches as defended by the recent policies yearns [7,8]. 

 

The applications of this material in pavement industry has become a standard practice in many countries. This is the 

most recycled construction waste product. However, its application in asphalt mixtures is still limited due to 

specifications requirements [9–17]. 

 

Despite this, with the increase of RAP incorporation in new asphalt mixtures and considering the need of periodic 

maintenance actions on the pavement structures the RAP materials can suffer multiple recycle actions. In this way, 

the evaluation of multi-recycling capacity of the mixtures presents the major importance [18]. 

 

Multi-recycling is the capacity of the materials in being subject to several recycling processes without losing their 

properties. During the recycling processes some valorisation actions can be performed, such as crushing and grading. 

These allow guaranteeing the properties of the materials and consequently having a greater control on mixture 

formulation [4,9,11,15]. 

 

The main objective of the paper is to analyse the multi-recycling capacity of RAP in new asphalt mixtures. For this 

purpose, a laboratory study involving a surface dense asphalt mixture was carried out. A RAP incorporation of 25 % 

was evaluated and to take advantage of the bitumen properties a commercial vegetable rejuvenator was used. The 

long-term oven ageing protocol was used to simulate the ageing of the asphalt mixtures. In this way, three mixtures 

were evaluated: two incorporating 25 % of RAP and one reference asphalt mixture only with virgin materials. One 

mixture with RAP was aged. 

 

2. METHODOLOGY AND MATERIALS 

 

2.1. Materials  

 

For this study, two types of mineral aggregate with different fractions were selected given the materials that are 

applied in surface layer. These were: basaltic aggregates with the fractions 0/4, 4/12 and 10/16 mm, limestone 

aggregates with the fraction 0/4 and a commercial limestone filler. The RAP was produced in the maintenance actions 

of a motorway. The surface layer was milled and replaced by a new one. 

 

The RAP material was also selected and its characterisation performed. Firstly, was characterized the grading of the 

RAP sample, representative of the stock pile, was characterized according to the EN 933-1. After the RAP was 

divided in fractions using a high capacity sieve shaker, in order to represent the typical values for of aggregates 

fractions that are used in Portuguese paving industry. The 3 used fractions were designated as RAP 1, having particles 

dimensions between 0 mm and 4.75 mm, RAP 2 having particles dimensions between 4.75 mm and 12.5 mm and 

RAP 3 which particles dimensions varies between 12.5 mm and 19 mm. In Figure 1 are presented the three fractions 

used in this study. Moreover, for the mixture formulation will be used the grading curves of the aggregates recovered 

from RAP. 

 

A standard road bitumen (bitumen pen 35/50) according to the standard EN 12591 was used [19]. The rejuvenating 

agent is a pine chemical derived from the renewable raw material, Crude Tall Oil (CTO), a by-product of the paper 

industry. 
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RAP1 (0/4.75 mm) RAP2 (4.75/12.5 mm) RAP3 (12.5/19 mm) 

Figure 1: RAP fractions in use in the study 

 

2.2. Testing methods 

 

The volumetric and mechanical characteristics of the asphalt mixtures were tested according to the standards 

presented in Table 1. To evaluate the mixtures’ performance stiffness modulus, fatigue behaviour and permanent 
deformation characteristics were assessed. Bitumen content, penetration and softening point were evaluated on the 

recovered bitumen of the RAP fractions. These tests were also performed in order to determine the optimum content 

of rejuvenator to be added in the mixture. 

 

The stiffness modulus and fatigue behaviour were assessed on beams, which were sawed from a slab prepared on the 

roller compactor equipment, and the tests were carried according to the procedures described in the European 

Standards presented in Table 1. 

 

Table 1. Overview of test methods 

Material Test method European standard 

RAP Soluble binder content (difference between 

mass of mix and aggregates) 

EN 12697-1 

Aggregate size distribution (wet sieving) EN 12697-2 

Recovered 

bitumen 

Binder recovery (rotary evaporator) EN 12697-3 

Penetration EN 1426 

Softening point ring and ball EN 1427 

Penetration index IP EN 12591 

Aggregates Aggregate size distribution (wet sieving) EN 933-1 

Asphalt mixture Maximum density  EN 12697-5 

Bulk density (saturated surface dry) EN 12697-6 

Void content  EN 12697-8 

Marshall stability and flow EN 12697-34 

Stiffness modulus EN 12697-26 

Fatigue life EN 12697-24 

Wheel tracking (permanent deformation) EN 12697-22 

 

2.3. HMA production and artificial ageing 

 

The hot mix asphalt (HMA) AC14 surf used in the study was a typical dense graded asphalt for surface layers in 

Portugal with maximum aggregate size of 14 mm. A reference mixture (0%RAP) was produced with natural 

aggregates and a penetration grade 35/50 bitumen. The formulation of the recycling mixes containing 25% RAP 

(25%RAP), a rejuvenator dosage, 35/50 bitumen and virgin aggregate. The mixtures were produced in 10-20 kg 

batches with a large laboratory mixer and a mixing temperature of 155-165 ºC. 

 

Figure 2 shows the grading curves of the reference and recycled mixtures, as well as, the grading envelope for an 

AC14 surf mixture. In terms of gradation both mixtures presented similar aggregates dimension distribution, which 

allows to have similar aggregates skeleton. 

 

The mixture with 25 % of RAP obtained from milling was the starting point of the repeated recycling experiments. 

The 25 % recycled hot bituminous mixture was considered as the stage 1 of the recycling process. This mixture was 
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produced and divided in two parts: one was taken to performance characterization without ageing process and the 

other part was taken to performance characterization after the ageing process. 

 

The defined ageing conditions take in consideration the short-term ageing (STA) and long-term ageing (LTA) of an 

asphalt mixture during its life period. To simulate the STA, the loose asphalt was placed in a pan and spread to a 

thickness ranging between 25 mm to 50 mm. The pan with the mixture was placed in a ventilated oven at 155 ºC for 

2 h according to the standard AASHTO R30-02 [20]. 

 

After the STA process, the mixture was compacted using the roller compactor. The produced slabs were aged for 

more 5 days at 85ºC, in order to simulate the ageing that occurs over the service life of a pavement [20–22]. After 

they were sawed to produce specimens to the mechanical evolution characterization. The recycled aged mixture was 

designated as 25%RAP_A. 

 

For the recycling mixtures 25RAP and 25%RAP_A the aggregates were overheated to 195 ºC a to compensate the 

lower RAP temperature of 120 ºC. 

 

All mixtures were assessed after the production in order to evaluate the composition using standard volumetric and 

mechanical test methods (Table 1).  

 

 

Figure 2: Mixture’s gradation  

 

3. RESULTS AND DISCUSSION 

 

3.1. RAP characterization 

 

Figure 3 shows the grading curves of RAP and RAP fractions as well as the curves of the recovered aggregates from 

each fraction. As expected, it is possible to observe that the recovered aggregates curves present a deviation when 

compared with the respective RAP fraction curve. The grading of recovered aggregates from RAP fractions were 

smaller than the grading of RAP lumps from the fractions. 
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Figure 3: Gradation of RAP fractions and recovered aggregates from RAP fractions 

The needle penetration test was performed according to the EN 1426 in order to evaluate the penetration value of the 

recovered bitumen from each RAP fraction and the optimum percentage of rejuvenator to be used. In Figure 4 are 

presented the results of penetration values determined at 25 ºC temperature. It was evaluated the penetration value of 

recovered bitumen from two of three fractions of RAP (2 and 3). For the finest fraction this value was not determined, 

due to the high content of fine material that can have influence the penetration value obtained for the fraction 1. It 

was observed that the 2 fraction presented an average penetration value of 19x10-1 mm. 

 

In order to determine the optimum dosage of rejuvenator 3 percentages of rejuvenator incorporation were tested. The 

tests were performed in samples of recovered bitumen treated with different percentages of rejuvenator in evaluation. 

The blending protocol was the following: 

 

 Place the bitumen to be treated in oven at 130 ºC for 30 min to 1 h; 

 Once the bitumen is liquid enough, stir to homogenize and remove any bubble; 

 Weigh the bitumen and place the container on a hot plate at 100 to 135 ºC; 

 Add the additive in the right amount and stir by hand using a glass rod for about 30 s; 

 Place the container back with the sample in an oven at 135 ºC for 10 min and stir for 30 s at 5 min intervals. 

 

After the treating process the preserved recovered bitumen samples were tested. According to the rejuvenator supplier 

the optimum dosage is the one that meet the desired properties for the bitumen. As the reference asphalt mixture is 

an AC14 surf BB 35/50, in this way the desired properties for the bitumen are similar to the 35/50 virgin bitumen, 

that should vary between 35x10-1 and 50x10-1 mm at 25 ºC. For rejuvenator the optimum dosage determined was 4.5 

% per weigh of aged bitumen in new mixture. 

 

Figure 4 shows the softening temperature determined by the Ring and Ball method according to EN 1427. As well 

as performed in penetration tests, it was determined the softening temperatures of the aged binder recovered from 2 

different fractions of RAP and the softening temperatures of the aged bitumen samples treated with different 

rejuvenator dosages. For the 4.5 % of rejuvenator dosage the softening temperature obtained was 61 ºC. The typical 

values for the softening temperature for a 35/50 traditional bitumen varies between 50 ºC and 58 ºC, this was only 

obtained for a 7 % rejuvenator dosage. However, taking into consideration the obtained results, it was considered as 

an optimum dosage the value of 4.5 % of rejuvenator percentage. 
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Figure 4: Bitumen RAP fraction characterization and optimum rejuvenator percentage: (left) Penetration value; 

(right) softening temperature determined by R&B test 

 

3.2. Mixtures characterization 
 

The total bitumen content of mix 25%RAP and 25%RAP_A is 0.8 % lower when compared with the reference 

mixture, which has a direct influence on the void content that is higher in recycled mixtures. Is possible to observe 

in Table 2 the mechanical characteristics of the asphalt mixtures. The Marshall stability of the recycled mixture is 

greater than the reference mixtures, despite the Marshall flow did not show significant changes. This growth in 

Marshall stability is related with the lower bitumen content. Additionally, this increase can also have some 

contribution from the RAP aged bitumen.  

 

Table 2. Mechanical characteristics of the hot mixtures 

Hot mix asphalt Unit 0%RAP 25%RAP 25%RAP_A 

Bitumen 

content 

New % 5 3 3 

Recovered % 0 1.2 1.2 

Total % 5 4.2 4.2 

Void content % 3.2 3.7 3.7 

Marshall 

stability kN 14.8 18 - 

flow mm 3.0 2.7 - 

coefficient kN/mm 4.9 6.7 - 

Permanent 

deformation 

RDair mm 5.9 2.4 1.8 

WTSair mm/103 0.28 0.05 0.04 

PRDair % 11.7 4.7 3.5 

Fatigue ε6 μm/m 170.8 151.2 164.4 

 

From Table 2 and Figure 5 is possible to observe a considerable reduction in terms of permanent deformation 

behaviour. The 25%RAP mixture shows a reduction greater than 50 % in terms of the final rut depth when compared 

with the reference mixture. The ageing methodology in use shows a clear effect in terms of the resistance to 

permanent deformation when comparing the aged recycled mixture with the non-aged recycled mixture. Figure 5 

chart shows also that the recycled mixture presented a tendency to a limit value, while the reference mixture presents 

a tendency to continue increasing the value of maximum rut depth. The 25%RAP_A mixture presents the best results 

for the 3 parameters measured by the wheel tracking test.  
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Figure 5: Permanent deformation 

 

From the dynamic modulus measurement obtained by 4-point bending test method (4PBT) is obtained a result 

comprising two components: complex modulus (E*) and phase angle (δ). Depending of these two values the real part 

of the complex modulus can be calculated (E1), which represents the elastic properties of the material; and the 

imaginary part of the complex modulus (E2), which represents the viscous properties of the material. 

 

The stiffness modulus was strongly affected by ageing (Figure 6). The recycled aged mixture showed a great increase 

in terms of stiffness modulus and a decrease in terms of phase angle. This higher stiffness of 25%RAP_A may result 

to lower resistance to fatigue cracking of the asphalt mixture during the in-service period. 

 

Conversely to the expected, according to the results obtained by other authors [23–28], the stiffness modulus of 

25%RAP mixture did not show significant differences when compared with the stiffness modulus obtained for the 

reference mixture. However, for the same testing conditions the results show a higher variation for the 25%RAP 

mixtures than for the reference mixture. This could be a consequence of incomplete blending between the aged binder 

of the RAP and new added bitumen. On other hand, the 25%RAP_A showed a decrease in terms of variability of 

results when compared with 25%RAP mixture, which can be related also with the blending degree between the aged 

binder and the new binder. The applied ageing methodology with the combination of short-term oven ageing with 

the long-term oven ageing can have contributed to the blending between both binders and the effect of rejuvenator. 

In terms of phase angle the 25%RAP mixture showed a reduction when compared with the 0%RAP mixture. 

 

  

Figure 6: (left) Stiffness modulus curves at 20 ºC; (right) Phase angle curves at 20 ºC  

 

In order to characterize the rheological properties of asphalt mixtures the results present the relation of complex 

modulus as a function of the phase angle (Figure 7). Lower values of phase angle indicate the prevalence of the elastic 

properties of the material. The phase angle increase reflects the participation of the viscous behaviour. The reduction 

of phase angle observed in Figure 6 and Figure 7 is related with the differences in type of binder. Both asphalt 

mixtures with RAP have a contribution of aged bitumen, as well as, the rejuvenator that reduce bitumen viscosity. 
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As the mineral skeleton in all mixtures is similar, the differences observed in stiffness and phase angle are due to the 

variations in bitumen content and the presence of aged bitumen and rejuvenator. 

 

From the Black diagram presented in Figure 7 is possible observe a reduction in terms of phase angle for both 

mixtures with RAP. It is also evident the effect of laboratorial ageing process on recycled asphalt mixtures behaviour. 

This process allowed a reduction in terms of phase angle and an increase in terms of complex modulus, which is 

related with the contribution of elastic part of the mixture. 

 

The previous considerations can be confirmed in the Cole-Cole diagram presented in Figure 7. By the analysis of the 

results presented in the Cole-Cole diagram is possible observe the increase of the elastic component in the aged 

recycled asphalt mixture (25%RAP_A) with a reduction of the viscous part for the same load, temperature and 

frequency conditions. It is possible to evaluate the laboratorial ageing effect on rheological properties of the asphalt 

mixtures. In general, the reference mixture (0%RAP) showed highest values for the elastic part (E1) and viscous part 

(E2) for the same loading and temperature conditions.  

 

  

Figure 7: (left) Mixtures’ Cole-Cole diagram; (right) Mixtures’ Black diagram 

 

Figure 8 presents the fatigue laws from the tests carried out. Although the results in Figure 8 reveal that fatigue 

behaviour of the asphalt mixtures 0%RAP and 25%RAP is somehow similar, is observed that the slope for the 

reference mixture is quite higher than the 25%RAP. This finding can be analysed in more detail by calculating ε4, ε5 

and ε6, which represent the strain values to induce specimens’ failure after 1x104, 1x105 and 1x106 loading cycles, 

respectively (Figure 9). 

  

Figure 9 confirms different rankings for the tested blends depending on the number of loading cycles applied. For 

the 3 loading cycles levels the reference mixture presents the greatest strain value. The 25%RAP asphalt mixture 

obtained the second best value for the ε4, ε5. However, for the ε6 the 25%RAP_A presented a value higher than 

25%RAP and closer to the reference mixture.  

 

 

Figure 8: Fatigue curves of recycling mixes 
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Figure 9: Fatigue performance in terms of strain needed to specimen’s failure  

 

Taking into account that evaluation of fatigue resistance aims to anticipate which mixtures will behave better under 

a high number of loading cycles, ε6 is the parameter to assess the fatigue resistance of asphalt mixtures. 

  

The ε6 value shows that 25%RAP_A, the aged recycled mixture, has the best performance (only 4% less than 

reference mixture, 0%RAP). Adding RAP in asphalt mixtures slightly decreased resistance to fatigue when compared 

to the reference mixture – 11 % to 25%RAP mixture and the 4 % to the 25RAP_A mixture. Recording that both 

mixtures with RAP are the same mixture and the only difference between them is the induced ageing, is possible to 

observe a positive variation. The ε6 value of aged recycled mixture (25%RAP_A) presented an increase of 9 % when 

compared with non-aged recycled mixture.  

 

4. CONCLUSIONS 

 

The multi-recycling capacity of RAP in new asphalt mixtures was the main focus of this study aiming to verify, on 

the one hand, the behaviour of the mixture with the incorporation of 25 % of RAP and, in the other hand the long-

term performance of the recycled mixture.  

 

The results produced in this study as well as the information gathered from the literature led to the following 

conclusions:  

 

 The general performance of mixtures with 25 % RAP incorporation was very good when compared with 

reference mixture. The recycled mixture presented a slightly decrease in terms of fatigue resistance. 

 The stiffness was not strongly affected by the RAP recycling in new asphalt mixture; 25%RAP and 0%RAP 

mixtures presented similar stiffness for the same loading conditions. The ageing introduces a great increase 

in stiffness. 

 The introduction of RAP strongly affected the rutting resistance of the mixtures. Both mixtures with RAP 

presented lower values of rut depth, maximum wheel tracking rate and maximum wheel tracking slope. This 

can be related with the lower total bitumen content in the mixture and the presence of aged binder from 

RAP. The aged mixture presented the higher rutting resistance, which is related with the hardening of binder 

during the ageing period.  

 Despite the strong effect of ageing on stiffness of the mixture, the aged recycled mixture (25%RAP_A) did 

not showed a considerable reduction in terms of fatigue resistance; the strain value for 1 million of cycles 

only presented a reduction of 4 % when compared with the reference mixture. 

 

Concluding, it can be stated that RAP has potential to be multi-recycled in new asphalt mixtures. This material can 

be considered as a secondary raw material, however some tests must be performed in order to characterize its 

properties as well as a fractioning to be possible to control the grading curve to fit in grading envelope. 

 

The performance of recycled mixtures showed good results even after ageing allowing to stablish that the mixtures 

with incorporation of RAP can present good long-term performance. In this way, since a convenient evaluation is 

carried out, solutions that incorporate RAP combined with a rejuvenator in order to take advantage of the aged 

bitumen are suitable alternatives to conventional hot mix asphalt. 
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It must also be emphasized that the use of RAP as part of aggregates and bitumen in new asphalt fulfil the European 

goals of increasing circular economy, reducing the landfill deposition and increasing the valorisation of by-products 

that can be treated as a secondary raw material. 
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