
Asphalt mixture performance and testing

Comparison of the effects of anti-stripping fillers and nanomaterials on 
moisture resistance of asphalt mixes
Amir Kavussi, Seyed-Hamed Razavi
Faculty of Civil and Environmental Engineering, Tarbiat Modares University, Tehran, Iran

Abstract

hydrated lime provided similar effects on mixes that 20% hydrated lime filler had.

The role of some active fillers in increasing moisture resistance of asphalt mixes has 
been proved since few decades back. Nanomaterials have recently been used to 
modify bitumen binders and enhance properties of asphalt mixes. The aim of this 
research was to compare the effects of active fillers (such as hydrated lime), and these 
in their nano size conditions. In order to produce nano-hydrated lime in laboratory, a 
planetary rotary ball mill was used and nano-hydrated lime was produced from 
hydrated lime filler. In addition, calcium carbonate filler and a nano-calcium carbonate 
material were selected too. The particle size distribution of produced nano-hydrated 
lime was determined using Scanning Electron Microscope (SEM) and Dynamic Light 
Scattering (DLS) techniques. With applying these methods, it was possible to determine 
the approximate sizes of the tested nanomaterials, although some differences were 
observed in the two methods. For the produced nano-hydrated lime, sizes of 125 and 
208 nm were recorded, respectively in these methods. In this study, nano-hydrated 
lime, nano-calcium carbonate, nano-bentonite and nano-silica, and two types of 
antistripping fillers, namely hydrated lime and calcium carbonate as additives were 
selected. Each of the above additives was mixed with a 60-70 pen bitumen at different 
concentrations, using a conventional mixer. With using FE-SEM testing machine, it was 
assured of the good distribution and homogeneity of all the filler-bitumen and 
nanomaterial-bitumen blends. A hard and siliceous aggregate type was selected and 
the above blends were used to prepare compacted bituminous samples. Indirect 
Tensile Stiffness Modulus (ITSM) testing was performed and a parameter named “Index 
of Retained Resilient Modulus (IRMr)” was determined for comparison purposes and for 
ranking the various mixes. The findings of the research indicated that when 
nanomaterials were used, a lower rate of material (compared with the same material in 
its filler size) would be needed in the mix so that to produce similar effects in terms of 
resistance against moisture damage. For hydrated lime, for example, 4% nano-
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1. I NTRODUCTION 

 

Moisture damage is a complicated distress in bituminous pavements that results in reduced stiffness and reduced structural 

strength [1]. Researchers are looking to find methods for eliminating or reducing this problem [2]. Stiffness and moisture 

resistance of Hot Mix Asphalt (HMA) is improved by addition of hydrated lime [3]. 

In order to increase coating of aggregate particles, researchers started to use nano-scale materials as new anti-stripping 

additives in hot mix asphalt [4]. International System of Units (SI) accounts nano as a prefix to show 10-9 part of a unit and 

nanomaterials are conventionally defined as materials having at least a dimension between 1 and 100 nm. Nevertheless, 

considering 100 nm as an upper limit for a nanomaterial is not always accepted and still a matter of debate [6]. There are two 

methods of producing nanomaterials, namely, the top-down approach and the bottom-up approach. The top-down approach 

consists of two methods. In the first, bigger structures are diminished in size until these reach to nano-scale. The second approach 

consists of deconstruction into their composite parts. The bottom-up approach is used where nanoparticles are made from atomic 

or molecular fragments [7].  

The addition of nano hydrophobic silane silica is a decent method for reducing F-T cycle damage in asphalt pavements [8]. 

Resilient Modulus (Mr) of asphalt mixtures improved as the amount of nano-silica and hydrated lime were increased [9]. Using 

Zycosoil and lime slurry as additives enhanced resilient modulus ratio and ITS of the mixtures [10]. Nano-clay, that is composed 

of layered mineral silicates, is considered as an inexpensive and abundant material. Nano-clay, based on its chemical composition 

and nanoparticle morphology, is classified into different groups, including montmorillonite, bentonite, kaolinite, hectorite, and 

halloysite [11]. Bentonite was used as nano-additive in bituminous concrete mixture and the result showed that mechanical 

performance of mixes improved when 20% bentonite (by weight of bitumen) was added [12].   

The effects of nano-clay and nano-hydrated lime as additives were evaluated on asphalt mixes. Results showed that 5% nano-

hydrated lime and 2% nano-clay increased TSR of asphalt mixes to 52% and 49%, respectively [13]. In another research, different 

percentages of nano-silica were added to asphalt mixtures and these were tested against moisture susceptibility. They concluded 

that the addition of 4% nano-silica (by weight of asphalt binder) was the optimum content to reduce susceptibility of mixes to 

moisture damage [14]. In ITS and ITSM tests, the addition of nano-silica at 6% led to increase ITS and Mr values of 29% and 

31%, respectively [15]. In another research, moisture resistance was tested on mixtures containing limestone and siliceous 

aggregates, and two anti-stripping agents (nano-organosilane and hydrated lime). Their findings showed that using both anti-

stripping additives, increased adhesion bond between aggregate particles and bitumen [10]. A study was performed on the impact 

of nano-CaCO3 on asphalt mixtures. In this study, different amounts of nano-CaCO3 and two sources of aggregates were used. 

Multiple freeze-thaw cycles were imparted and samples were subjected to Surface Free Energy (SFE) and modified Lottman 

testing. Their findings showed that this nanomaterial could be used as an additive to reduce water sensitivity of HMA mixes 

[16].  

 
2. RESEARCH OBJECTIVES 

 

The main purpose of this study was to investigate the effects of two different filler types at their conventional sizes and their 

nano sizes on moisture susceptibility of asphalt mixes. In addition, in this research, by performing a stiffness test (ITSM) as a 

nondestructive and more sensitive test than the indirect tensile strength moisture susceptibility of bituminous mixes was 

evaluated. 

 
3. EXPERIMENTAL WORKS 

3.1. Materials 

3.1.1. Asphalt binder and aggregates  

 

A 60-70 penetration grade bitumen from Refinery of Tehran, was used to prepare HMA mixes. Properties of the bitumen are 

reported in Table 1. A siliceous type of aggregate, with nominal maximum size of 12.5 mm, was used. Gradation was based on 

ASTM Standard for dense aggregate gradation, as shown in Fig. 1 [17].  

 

     3.1.2. Additives 

In order to investigate and compare the effects of various additives on moisture susceptibility of the HMA mix, the following 

additives were utilized at different percentages: 

a) A calcium carbonate filler (passing 75-micron sieve size) with CaCO3 molecular formula  

b) A hydrated lime filler (passing 75-micron sieve size) with Ca(OH)2 molecular formula. Physical and geometrical properties 

of the fillers used in this research are reported in Table 2. 
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Table 1. Characteristics of the asphalt binder 60-70 penetration grade used in this research. 

Properties Value Test Method 

Penetration (100g, 5s, 25℃), 0.1 mm 62 ASTM D5 

Ductility (25℃, 5 cm/min), cm 110 ASTM D113 

Ring and ball softening point, ℃ 51 ASTM D36 

Specific gravity at 25℃, g/cm3 1.016 ASTM D70 

Viscosity at 135℃, cSt 292 ASTM D2170 

Flash point, ℃ 269 ASTM D92-78 

 

 

Figure 1. Gradation of the aggregate used in this research. 

 

 

  

Fig. 2. SEM image of nano-CaCO3 at 100 000x magnification. 
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Table 2. Physical and geometrical properties of the fillers used in this research. 

Properties 
Filler of the 

aggregates 
Hydrated lime filler CaCO3 filler 

Retained on sieve #200 (%) 0 3.4 4.1 

Chemical name Granite 
Hydrated lime or 

calcium hydroxide 

calcium 

carbonate 

Physical form Powder Powder Powder 

Color Gray White White 

Shape of particle Angular Hexagonal Hexagonal 

Molecular formula - Ca(OH)2 CaCO3 

Formula Weight (g/mol) - 74.09 100.09 

Melting/decomposition 

temperature (℃) 
- 580 825 

Specific gravity (g/cm3) 2.66 2.34 2.71 

Specific Surface Area (m2/g) 1.79 4.82 3.28 

Rigden voids (%) 38 62 34 

 

c) Nano-hydrated lime of 125 nanometer size, produced using a rotary ball mill. 

d) Nano-calcium carbonate with CaCO3 molecular formula that was designated as CAS registry number 471-34-1. This nano-

CaCO3 was manufactured by American Elements US Corporate Headquarters. Properties of this nanomaterial are reported in 

Table 3. Fig. 2 shows its SEM image.  

 

Table 3. Properties of nano-calcium carbonate. 

Properties Nano-CaCO3 

Molecular Weight (g/mol) 100.09  

Appearance Powder 

Melting Point (℃) 825 

Boiling Point (℃) Decomposes 

True Density (g/cm3) 2.93  

Bulk Density (g/ml) 0.68  

Average Particle Size-APS (nm) 10-80  

Morphology Cubic or Hexagonal 

Color  White 

 

e) Nano-silica with SiO2 molecular formula (i.e. silica fume), that was produced by Evonik Industries AG – Germany. 

Characteristics of this nanomaterial are reported in Table 4. In order to investigate practical size distribution of nanoparticles, 

Transmission Electron Microscopy (TEM, EM 208 Philips) was performed. Fig. 3, shows a TEM image of the nano-SiO2.  
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Table 4. Properties of nano-hydrophilic fumed silica. 

Properties Nano-silica 

Purity 99+% 

Average Particle Size – APS (nm) 11-13  

Specific Surface Area – SSA (m2/g) 200  

Color White 

Bulk Density (g/cm3) <0.10  

True Density (g/cm3) 2.4  

 

 

 

 

Fig. 3. TEM image of Nano-SiO2.  

 

f) A Nano-Clay, namely, bentonite with H2Al2O6 Si molecular formula, produced by Sigma-Aldrich, USA, assigned with 

designation CAS registry number 1302-78-9. The SEM (LEO 440i) image of this nanoparticle is shown in Fig. 4. Table 5 reports 

properties of nano-clay, bentonite. 

 
Table 5. Properties of nano-clay, hydrophilic bentonite. 

Properties Nano-bentonite 

Color Light Tan to Brown 

Appearance Powder 

Loss on Drying (%) ≤18.0 

Bulk Density (kg/m3) 600 – 1100  

Average Particle Size (micron) ≤25  

)   Thickness of silicate layers (nm) 1-2   
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Fig. 4. SEM image of Nano-clay bentonite at 60 000x magnification. 

 

According to previous research works, the amounts of nanoparticles which were used in asphalt mixes were between 1% and 

8% by weight of binder. These amounts were enough to modify properties of bituminous concrete mixes [16,18]. As the 

nanomaterials have very high surface area, in this research these were added first to the control asphalt binder at 2% and 4% by 

weight of bitumen. In contrast to the nanomaterials and nano-fillers, conventional fillers, such as calcium carbonate (CaCO3) 

and hydrated lime (Ca(OH2)) fillers were used as anti-stripping agents. These were used at the amounts of 5, 10 and 20% (by 

weight of asphalt binder). 

 

3.2. Preparation of modified asphalt binders 

In order to prepare modified asphalt binders, the aforementioned percentages of additives were added to the neat asphalt 

binder. As homogenous distribution of the additives (especially where nanomaterials were used) was of great importance, a high 

shear rate mixer, at high rotation rate and at high temperatures was utilized. Mixing conditions, including mixing time, rotation 

speed and mixing temperatures are reported in Table 6. In order to maintain the similar condition, the neat binder was stirred too 

applying temperature 160℃, time 35 min, and speed 4000 rpm as the average values from Table 6 results. 

 
       Table 6. Mixing conditions for preparing the modified binders. 

Additive 
Mixing 

Time (min) Speed (rpm) Temperature (℃) 

CaCO3 Filler 25 3600 165 

Nano-CaCO3 35 5200 160 

Hydrated lime Filler 25 3600 165 

Nano-hydrated lime 35 5200 160 

Nano-silica 50 2600 160 

Nano-clay (bentonite) 45 4000 160 

            
3.3. Mixture Design 

Optimum asphalt binder content of the mixture was determined based on Marshall Method with 75 blows on each side of the 

cylindrical samples for high traffic loading condition [19]. It is necessary to mention that mixture design was performed using 

the neat asphalt binder (i.e. without using any additives). Therefore, optimum binder contents of mixes were taken equal in all 

mixtures, eliminating the role of binder contents in analysis of the test data. 

 
3.4. Laboratory tests  

3.4.1. XRD Test 

One of the most important non-destructive tests that is performed to identify crystalline phases of materials is X-ray 

diffraction spectrometer (XRD). X-rays are directed toward samples by applying the voltage and reflected X-rays are gathered 

by the detector. Results are usually reported in an XY plot; x-axis showing the angle between the radiated and reflected X-ray 
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and y-axis depicting the counts of reflected X-ray. Compositions of the aggregates used in this study, as determined by XRD 

analysis (Explorer, G.N.R, Italy) are reported in Fig. 5. XRD pattern was measured using a scintillator detector over the 2θ range 

of 5°-50°. X-ray source was a conventional X-ray tube with a Cu-Kα target operated at 1.541874 Å, 40 kV and 30 mA. 

Regarding the XRD pattern in Fig.5, it can be seen that main mineralogical constituents of the aggregate were Silicon Oxide 

(SiO2) and magnesium calcium carbonate. In addition, most of the peaks and the maximum peak value at 2theta of 27° were for 

silicon oxide. Therefore, as can be seen in Fig.5, the aggregates consisted of almost 70% SiO2. The main cause of this selection 

was that siliceous aggregates are more susceptible to moisture damage due to their mineralogy and surface structure. In this case, 

the effectiveness of using anti-stripping additives will be more pronounced. 

 

3.4.2. FE-SEM Test 

FE-SEM is one of the useful tools for high resolution surface imaging that characterizes nanomaterials and nanostructures in 

asphalt mixes. In this study, in order to show the effects of mixing time and to make sure of homogenous distribution of the 

additives, FE-SEM (FEI-Nova Nano SEM 450) images were taken at different mixing time and processing. 

 

 
Fig. 5. Result of XRD test on the aggregates. 

 

 
3.4.3. Production of Nano-Hydrated Lime 

The milling process that was adopted in this research was a top-down approach for producing nano-hydrated lime from 

hydrated lime filler [20]. This technique has the advantage of using conventional milling units to produce nano-size fillers. In 

fact, as for definition, planetary rotary ball mills are low-cost laboratory units that can reduce particle sizes into nano-size 

materials. In these mills, a high centrifugal force is applied, achieving appropriate mixing and homogenization of materials. The 

planetary rotary ball mill used in this study is shown in Fig. 6. The steel ball mill has two or four ball grinding containers that 

are mounted eccentrically on a turn plate. Direction of the plate movement is opposite to the grinding containers. When the plate 

spins, the container axis makes the planetary movement, and the balls and samples inside the containers are impacted strongly 

in high-speed movement. Samples are then ultimately grounded into powder. Three types of milling methods are available, 

namely, dry mill, wet mill, and vacuum mill. Two or four grinding tanks can work together. In order to perform the process a 

small amount of Process Control Agent (PCA) is introduced into the jar of the apparatus together with powders and steel balls. 

PCAs create notable influence on the particle size, likewise on the structural behavior and thermal stability of the milled powders, 

when compared with milling synthesized materials without presence of a surfactant [21]. 
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Fig. 6. Planetary ball mill apparatus. 

 

 

In a research work, the effect of applying uniform size balls, compared with different diameters balls, was investigated. The 

results showed that producing CaCO3 in planetary ball mills will be improved when uniform-size balls are used [22]. In this 

research, nano-hydrated lime was manufactured, using a vertical laboratory planetary ball mill set (Feritsch, Pulverisette 5 Classic 

Line-Germany). The main parameters that affected particle size reduction, consisted of rotation speed, milling time, size of balls, 

medium of milling and Ball to Powder Ratio (BPR). These parameters were optimized, applying trial and error method. Based 

on previous studies, 2-Propanol material (at 5% by weight of hydrated lime) was used as PCA. In addition, uniform steel balls 

and a 5:1 ratio as BPR were selected [13,23,24]. Hydrated lime filler was milled for 9 hours at 250 rpm speed. Using Dynamic 

Light Scattering (DLS, ZSP, Malvern Instruments Ltd., Worcestershire, UK) and SEM (Leo 1450VP, Zeiss, Germany) machines. 

The average particle size of this nanomaterial was measured at different milling times. The diameter and weight of each of the 

uniform steel balls were 5 mm and 33 g, respectively.    

 

 
3.4.4. ITSM Test 

One of the major factors in analysis and design of asphalt pavements is stiffness modulus (or resilient modulus) which 

indicates the ability of asphalt layers to spread traffic loads on the underlying layers. Resilient modulus is defined as the ratio of 

deviator stress to recoverable strain of a sample under cyclic loading. 

The resilient modulus is directly affected by loss of adhesion and cohesion [25]. In order to investigate susceptibility of 

asphalt mixtures to water damage, resilient modulus is more sensitive than the tensile strength [26]. This non-destructive test 

was performed according to ASTM D4123 procedure [27]. Using a Universal Testing Machine (UTM-14P), samples were tested 

at 25℃ by applying a haversine loading waveshape consisting of 0.1-s loading time and 0.9-s rest time and frequency of 1 Hz. 

Samples were kept at the test temperature for 24 h in the temperature control chamber before testing. The chamber was equipped 

with a reference specimen containing two thermometers to measure and record the core and skin temperatures. Each sample was 

tested twice, at a 90-degree rotation, and the mean values of both tests were reported as stiffness modulus. The load was induced 

along the vertical diametric axis of the cylindrical sample and two Linear Variable Differential Transducers (LVDTs) measured 

its horizontal deformation. Specimens were preconditioned by initial load cycles; 75 preconditioning pulses were applied to 

resilient deformations become stable. Then 10 pulses of maximum loading were applied along the diameter. Resilient modulus 

of samples was calculated by the software connected to the test set up using the following equation: 

Mr = 
𝑃 (𝜗+0.27)𝑡 × ∆𝐻                                                                                                                      (1) 

Where Mr is resilient modulus (MPa), P is cyclic load (N) that was 2500 N in this study, 𝜗 is the Poisson’s ratio (assumed 

0.35), t is the specimen thickness (mm), and ∆𝐻 is the recoverable horizontal deflection (mm). 
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3.4.5. Index of Retained Resilient Modulus (IRMr) Test 

In order to evaluate moisture susceptibility of asphalt mixtures, index of retained resilient modulus (IRMr) was defined as in 

Eq. (2) below: 

IRMr = Mr  of conditioned specimenMr  of dry (control) specimen × 100                                                                                    (2) 

Where Mr is resilient modulus. 

IRMr is an indicative of mix’s resistivity to moisture damage. The greater IRMr, the better the mix resistance to damage. 

IRMr value of 70% was taken as a minimum acceptable value to ensure good performance against stripping of HMA mixtures 

[25]. For conditioning test specimens in the determination of the IRMr, Lottman procedure was employed. In this test, asphalt 

specimens with diameter of 100±2 mm and height of 55±2 mm were utilized. 

 
4. RESULTS AND DISCUSSION 

4.1. FE-SEM test results 

Fig. 7 shows FE-SEM images of mixes at different mixing times. These at magnification of 4000 times showed that when 

2% nano-silica were mixed with the binder, after 10 minutes the accumulated nanomaterials could still be seen quite clearly; 

while these rarely could be seen after 50 minutes of mixing. The 4% nano-bentonite modified binder when it was mixed for 5 

minutes, was not homogenously mixed with the binder. It was well-dispersed after 45 minutes of mixing. With using this 

technique, it was confirmed that the adopted circumstances were appropriate for mixing these nanomaterials with the bitumen 

binder. A previous study revealed that by applying a mechanical mixer at 1500 rpm speed and a mixing temperature of 145℃ ± 

5℃, the optimum mixing time will be around 45 minutes for nano-silica and 60 minutes for nano-clay [28]. FE-SEM images of 

Figs. 8 and 9 at magnification of 600 times indicate that all the other additives were homogenously mixed with bitumen. 

  
            (a) Nano-SiO2 modified asphalt-10 min mixing                          (b) Nano-SiO2 modified asphalt-50 min mixing 

 

  
(c) Nano-clay modified asphalt-5 min mixing                             (d) Nano-clay modified asphalt-45 min mixing 

Fig. 7. FE-SEM images of nano-modified binders mixed at different mixing times. 
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             a) 2% nano-hydrated lime modified asphalt                                  b) 2% nano-CaCO3 modified asphalt                            

Fig.8. FE-SEM images of nano-modified binders at magnification of 600 times. 

 

     
                a) 10% hydrated-lime filler modified asphalt                                b) 10% CaCO3 filler-modified asphalt 

Fig.9. FE-SEM images of fillers modified binders at magnification of 600 times. 

 

4.2. Production of nano-hydrated lime results 

Several methods are available to characterize Average Particle Size (APS) of nanomaterials. Each technique has its own 

advantages and limitations. Therefore, a combination of at least two methods, one of which should be a microscopic method, is 

highly recommended [29]. 

During ball mill processing of nano-hydrated lime, the APS of this material was determined at various milling times applying 

SEM and DLS tests. The results are reported in Table 7. Since hydrodynamic diameters of the particles are measured in DLS 

test, in this research, SEM test was performed to measure APS values beside DLS test. Results of DLS and SEM tests indicated 

that APS values of all samples in DLS technique were bigger than their SEM measurements. The finest particle size was observed 

in sample that was milled for 5 hours in both techniques. According to SEM images (analyzed by Image-J software) and DLS 

test, the minimum achieved particle sizes were 125 and 208 nm, respectively. As it can be seen from Fig. 10, morphology and 

size of the powders were severely changed after 5 h ball-milling. With this processing, the produced nanomaterial showed semi-

spherical shape and considerably smaller sizes than those that were produced after ball milling for 1 and 3 hours. Particle sizes 

did not exhibit a significant change for 9 hours of milling, compared with 7 hours. The reason might be that during ball mill  

processing, the fine materials experienced cold welding (i.e. particle adhesion and sticking). Morphology and microstructure of 

the milled powders changed with changing the milling time. Considering SEM images of the samples before and after ball mill 

processing, it was resulted that the flat and smooth plates of hydrated lime particles were changed into semi-spherical shape with 

high specific area. 
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                                             (a) 0 h                                                                                               (b) 1 h   
   

          

                                      (c) 3 h                                                                                             (d) 5 h 

   

                                              (e) 7 h                                                                                             (f) 9 h 

 

Fig. 10. SEM images of hydrated lime after different ball milling times. 
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Table 7. APS of hydrated lime in ball mill processing as determined with SEM and DLS methods. 

Ball milling time (h) APS* – SEM (nm) APS – DLS (nm) 

0 1942 4059 

1 770 1639 

3 521 967 

5 125 208 

7 204 309 

9 216 324 
                                       * APS: Average Particle Size. 

 

 

4.3. Resilient modulus test results 

Findings of the resilient modulus test for dry and conditioned HMA mixes at 25℃ are shown in Fig. 11. As can be seen, the 

stiffness modulus of modified samples is greater than the control mix. Each additive contributes to stiffen the binder which 

results in increased resilient modulus. In dry samples, the addition of nano-additives up to 4% and anti-stripping fillers up to 

10%, the stiffness modulus increased. In contrast with adding 20% hydrated lime or calcium carbonate fillers the resilient 

modulus decreased. The reason might be that the high amounts of these fillers caused agglomeration, leading to a negative effect 

on performance of the modified binder [5,30]. The reason for the increased Mr value in the dry samples containing high amounts 

of nanomaterials could be attributed to very high surface area of nanoparticles. As a result of this, more interaction might exist 

between bitumen and nanoparticles. In fact, excessive absorption of the oils in asphalt cement, leads to greater stiffness values 

[31]. 

 Other researchers observed a similar trend of increased Mr in dry condition for hydrated lime filler modified mixes [9].  The 

reason for increased stiffness of hydrated lime filler might be that hydrated lime has greater porosity than other mineral fillers. 

This property differentiates hydrated lime from other fillers. Mineral fillers generally have 30-34% air voids in dry compacted 

state (Rigden voids); while hydrated lime filler has this between 60 and 70% [32]. As reported in Table 2, hydrated lime filler 

had Rigden voids of 62% which is greater than all the other fillers. 

 As can be seen in Fig.11, Mr in a dry state increased as a result of increased nano-SiO2 content. This is similar to the results 

of previous researches [14,31,33]. Among mixes, 4% nano-SiO2 resulted in mixes to have the most resilient modulus in dry 

conditions; while in wet conditions weak performance was observed. The reason for this fact is related to chemical properties of 

this material. 

 Generally, for all mixes resilient modulus values were decreased after F-T conditioning. However, this parameter was 

profoundly enhanced when anti-stripping additives were used. 

 

 

 
Fig.11. Resilient modulus of mixes containing various additives at dry and wet conditions. 
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Fig.12. IRMr results of mixes. 

 

 
To investigate potential of mixtures to stripping, IRMr was used, similar to what was performed in another research [10]. 

Resilient modulus ratio (IRMr) results of samples are presented in Fig. 12. Generally, IRMr values of the modified mixtures are 

greater than the unmodified mixtures. Among the specimens, those containing 20% hydrated lime filler, 5% calcium carbonate 

filler, 2 and 4% of nano-hydrated lime and nano-calcium carbonate met the required minimum 70% IRMr. 

Among various additives, nano-calcium carbonate and nano-hydrated lime had higher IRMr values and showed better 

performance in resistance to moisture damage than nano-bentonite and nano-SiO2 materials. This can be attributed to their 

chemical properties. Nano-calcium carbonate and nano-hydrated lime consisted of calcium oxide while nano-bentonite and nano-

SiO2 were of silica type. 

As can be seen in the results of resilient modulus of mixes, nano-hydrated lime and nano-calcium carbonate had greater Mr, 

compared with hydrated lime and calcium carbonate fillers at lower amounts. The reason can be attributed to physical properties 

and nanostructure of these materials. Specific Surface Area (SSA) property is related to the particle size of the filler. Hence, 

greater SSA values will be resulted in nanoscale particles. Therefore, it is expected that these materials absorb more the oily 

components of the bitumen binder, making it stiffer. 

Table 8 reports the effects of anti-stripping additives on asphalt mixes. It reports the percentage of changes in Mr and IRMr 

values of the modified specimens, compared with the control specimen. As can be seen, by adding 20% hydrated lime filler and 

4% nano-hydrated lime to bitumen resulted in improving the IRMr values of 56% and 60%, respectively. IRMr values of asphalt 

mixes increased to 48% and 54% when 5% calcium carbonate filler and 4% nano-calcium carbonate were added, respectively. 

The mix with 4% nano-hydrated lime had the highest IRMr value and showed the most resistance to moisture damage. 

 

Table 8. Percentage of increase in Mr and IRMr values of the modified mixtures. 

 
Mixture 

Control 5% HL 10%HL 20% HL 2%NHL 4%NHL 2%NL 4%NL 5%L 10%L 20%L 2%NC 4%NC 2%NS 4%NS 

Mr Dry 0 24.4 46.5 41.9 41.1 48.6 33.8 50.6 26.1 43.2 32.8 31 38.5 36.7 54.3 

MrWet 0 42.5 92.1 121.3 116.8 137.6 100.1 131.9 86.1 96.5 71.3 55.4 52.5 53.5 63.4 

IRMr 0 14.5 31.1 55.9 53.6 59.9 49.5 54 47.6 37.2 29 18.7 10.1 12.3 5.9 

HL:Hydrated Lime  NHL:Nano-Hydrated Lime  L: CaCO3  NL:Nano CaCO3  NC:Nano Clay  NS:Nano SiO2 
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5. CONCLUSIONS 

   The following conclusions were drawn based upon the experimental findings obtained from this research study: 

• Milling process as a top-down approach for producing nanomaterials was recognized as a cost-effective method. At the 

optimum condition, by performing SEM and DLS tests minimum particle sizes of nano-hydrated lime were determined 125 

and 208 nm, respectively. 

• The optimum conditions of the main parameters that affected the particle size reduction in reducing nano-hydrated lime 

were 5 hours of milling, using uniform steel balls, applying 250 rpm rotation and a 5:1 ratio as the BPR. 

• The effects of mixing time on homogenous dispersion of nano-silica and nano-bentonite in binder were evaluated by FE-

SEM test. 

• IRMr of mixes improved appreciably when anti-stripping additives were used. Mixes containing 20% hydrated lime filler, 

5% calcium carbonate filler, 2 and 4% nano-hydrated lime and nano-calcium carbonate met the required minimum 70% 

IRMr. 

• It is recommended to use nanomaterials at lower percentages rather than using high amounts of conventional anti-stripping 

fillers in reducing moisture susceptibility of asphalt mixes. 

• Nano-hydrated lime showed the best resistance of asphalt mixes against moisture damage in comparison with other 

additives. 
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