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Abstract: This study explores the effect of the addition of various concentration of organic nanoclay 
on the physical and rheological properties of asphalt binder. Two types (N3 and N4) of Organic 
Montmorillonite Nanoclay (OMMT) were used and blended with 80/100 penetration grade asphalt in 
various concentrations (0%, 3%, 5%, and 9%) by weight of bitumen. The physical properties of 
unaged base and nanoclay modified asphalt were characterized using viscosity, softening point, and 
penetration tests. The rheological properties of unmodified and nanoclay modified asphalt were 
determined using Dynamic Shear Rheometer (DSR) in accordance with AASHTO T315 in order to 
evaluate the effectiveness of OMMT type and concentration on the physical and rheological 
properties of asphalt binder. The results indicated remarkable increment in softening point; viscosity 
and decrement in asphalt binder’s penetration for both types and contents of organic nanoclay as 
compared with unmodified bitumen. By increasing the amount of nanoclay content, the DSR results 
showed tremendous improvement on the rheological properties of nanoclay modified asphalt such as 
Complex Shear Modulus G* and Phase Angle δ at medium and high temperatures. As a consequence, 
the results showed that the organic nanoclay modified asphalts had higher rutting resistance and lower 
dissipated energy per load cycle this may contributed to the dispersion of the silicate platelet in 
bitumen that reinforce the binder. In comparison, N3 showed better effect in improving physical and 
rheological properties of asphalt binders and rutting resistance than N4, which may contributed to the 
homogenously dispersion of nanoclay  particles that led to form an exfoliated structure in OMMT 
modified asphalt. The two-way ANOVA statistical analysis was carried out which indicated that 
OMMT concentration was more significant than OMMT type on rutting parameter, viscosity at high 
and intermediate temperature, and softening point while nanoclay type was more significant on 
penetration. 
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INTRODUCTION 
 
 Modified asphalt binder has broadly been used in the asphalt pavements. Generally speaking, fibers and 
polymers are the two most commonly used modifiers in the asphalt binder, such as microfiber, crumb rubber, 
Styrene-Butadiene-Styrene (SBS), and Ethylene Glycidyl  Acrylate (EGA). It is well known that fibers are used 
in Stone Matrix Asphalt (SMA) and Open-Graded Friction-Course (OGFC) (Yildirim, 2007). Also, SBS 
modified asphalt binder has been widely utilized in the highway construction and its performance was 
investigated by many researchers. Recently, Crumb Rubber Modified (CRM) asphalt binder was being used in 
the asphalt pavement, where it presented the good high-temperature performance in the laboratory testing (Liu 
et al., 2009). 
 Nanomaterials have at least one dimension measuring less than 10 nanometer (nm) at least. Due to their 
small size, usually nanomaterials have the higher reactivity ability and special surface properties, which can be 
used for industry products. Due to the special properties of the above-mentioned, nanomaterials, they are good 
candidates for implementation into asphalt pavements. In recent studies where nanoclay material was added to 
modify the base asphalt binder, it was found that nanoclay could increase the shear complex modulus and 
reduce the strain failure rate of base asphalt. Furthermore, the addition of nanoclay in the base asphalt binder 
could weaken the moisture susceptibility of asphalt mixture (You et al., 2011). 
 The name of nanotechnology occupies large spaces in various fields of studies in the past decades. 
Recently, few researchers adopt the nanomaterial in the asphalt pavement with the expected more enhancement 
result comparing with unmodified bitumen since its small size give it new properties which differ from the 
origins due to the large surface to volume ratio that depends on size and shape. Researchers tried to highlight 
this promising material in their studies.  
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 The 2:1-type layer structure montmorillonite was used to modify bitumen with different mass contents. 
Two types of nanoclay, nanofill and cloisite were tested by Ghile, were the various properties of asphalt binder 
and mixture studied including indirect tensile strength, dynamic creep, and fatigue resistance for mixture, 
(Ghile, 2006). Two studies introduced by Jianying Yu, where the effect of two types of nanoclays, inorganic 
montmorillonite and organic montmorillonite that used to modify bitumen investigated, one of the study 
explored the effect of types of montmorillonite on properties of binder and the other showed the effect of 
Montmorillonite (MMT) and OMMT on oxidation temperature and on binder aging properties (Jianying Yu et 
al., 2007, Jianying Yu et al., 2009). Nanofil-15 and Cloiste-15A were also adopted by Jahromi, properties like 
the stiffness, and aging resistance where explored (Jahromi et al., 2009). Shaopeng Wu, has chosen Organic 
Montmorillonite (OMMT) to prepare the nanoclay modified bitumen, his study carried out to evaluate the 
fatigue resistance property of the modified bitumen (Shaopeng Wu, 2010). One Organic Montmorillonite was 
selected by Gang Liu with different contents, where the thermal properties and morphology studied before and 
after aging (Gang Liu, 2009). All the above research results indicated that the addition of nanoclay improves 
different properties of bitumen with respect to stiffness, rutting, aging and fatigue to some degree. In this study 
one 80/100 penetration grade asphalt binder was chosen and two types of nanoclay with three different contents 
were used to investigate their effect on physical and theological properties of asphalt binder. 
 

MATERIALS AND METHODS 
 
Materials: 
 In this study 80-100 penetration grade bitumen was selected to make sure there are no additional properties 
derived from additives if modified binders such as 60/70 and PG 76 were use. The bitumen used was provided 
by Kajang Rocks Innopave Premix Company (KRIP) in Malaysia. Two types of organic montmorillonite 
nanoclay named in this study as (N3 and N4), were obtained from Fenghong Clay Chemical Factory, Zhejiang, 
China. The study was done in two stages; in the first stage the effect of nanoclay type and content on the 
physical properties of unaged asphalt binder was studied using one asphalt binder 80-100 penetration grade; the 
second stage was done to evaluate the rheological properties of unaged nanoclay modified and unmodified 
asphalt binder. 
 
Preparation of OMMT Modified Asphalt: 
 To prepare the nanoclay modified asphalt for physical and rheological testing, asphalt binder was heated in 
an oven until melted and poured in a container. The blend was prepared by adding the predetermined amount of 
nanoclay material gradually around 1g/minute to the hot binder at established mixing temperatures of 150±5°C 
at speed of 500 rpm; the blend was mechanically mixed on an electric hot-plate set using IKA Labortechnik, 
RW 20 DZM.n mechanical mixer. After all the nanoclay materials was added to the asphalt binder, the material 
was stirred for 60 minutes at speed of 2000 rpm while maintaining a temperature of 150°C to insure that the 
nanoclay particles were homogenously and well dispersed inside the medium of bitumen binder. 
 
Physical Properties Test of the Base and OMMT Modified Asphalt: 
 The physical properties tests of the base and OMMT modified asphalt that carried out including penetration 
according to ASTM D 5, Softening Point according to ASTM D 36, and Viscosity using Brookfield viscometer 
at two different temperatures of 135°C and 165°C according to ASTM D 4402. 
 
Rheological Properties of the Base and OMMT Modified Asphalt: 
 Dynamic Shear Rheoemeter (DSR) (HAAKE, RheoStress RS1, Phoenix) has been adopted for measuring 
the rheological properties and the viscoelastic behavior of unaged base and OMMTs modified binder. The DSR 
is used to measure the rheological prosperities of asphalt binders at high and intermediate temperatures. The 
DSR measures the complex shear modulus, G* value and phase angle δ of the binder at the desired temperature 
and loading frequency. Complex shear modulus G* can be considered as the total resistance of the binder to 
deformation when repeatedly sheared. The phase angle represents the immediate elastic and the delayed viscous 
responses of the binder obtained from the lag between the measured shear stresses and the induced strains in a 
strain- controlled test. For elastic materials, the phase angle value is zero, whereas for purely viscous materials, 
the phase angle is 90°C. Thus, the phase angle is important in describing the visco-elastic properties of a 
material such as asphalt (The Asphalt Institute, 2007, Y. Richard Kim, 2009). 
 
Rutting Performance: 
 The Superpave specification of rutting parameter (G*/ sin δ), was identified as a term to be used for high 
temperature performance grading, usually larger than 46°C, of paving asphalts in rating the binders for their 
rutting resistance. Basically, (G*/sin δ), was recommended as the Superpave specification parameter to provide 
a measure of the rutting resistance of asphalts. The higher the G* value, the stiffer and thus the more resistant to 
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rutting the asphalt binder is. The lower the δ value, the more elastic the binder, knowing that an increase in 
elasticity makes the asphalt binder more resistant to permanent deformation. Strategic Highway Research 
Program (SHRP) researchers consider that, with each traffic load cycle, work is being done to deform the Hot 
Mix Asphalt (HMA) pavement surface. Part of that work recovered  due to the elastic stored energy if it has 
enough time, while the remaining work is dissipated through permanent deformation that contribute to the 
rutting in pavement layers (Bahia et al., 1995, Bahia et al., 2001). 
 In order to minimize permanent deformation (rutting), the amount of work dissipated during each loading 
cycle must be minimized (NCHRP Report 465, 2002). It has been found out that the rutting susceptibility should 
decrease with the increase of the (G*/sin δ) values, thus the Superpave parameter is intended to control rutting 
by controlling the total energy dissipated per cycle which can be calculated from the strain-stress curve, using 
equation (1) and (2). 
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Where: 
Wc = work dissipated per load cycle 
σ  = stress applied during load cycle in kPa 
ε      = strain during load cycle 
G*   = complex shear modulus 
Δ     = phase angle in degree 
 
Dynamic Shear Rheometer Testing Procedures: 
 The DSR rutting factor, G*/sin δ, was used to measure the intermediate and high temperature stiffness and 
rutting resistance of asphalt binders. The SHRP Superpave PG binder specifies minimum values for G*/sin δ of 
1000 Pa for original asphalt binder, 2200 Pa after Rolling Thin Film Oven (RTFO) aging and 5000 kPa after 
Pressure Aging Vessel (PAV) procedure (AASHTO TP5-93). After placing the OMMT modified specimen into 
the DSR device, Bohlin software was used to perform the test oscillation. Using 25mm diameter spindle and gap 
of 1mm, the unaged asphalt sample is compressed between two parallel plates, one of which is fixed and the 
other is oscillates. The temperature steps test was conducted between 40 and 82°C with 6 degree increment, at 
fixed frequency of 10 rad/sec in controlled stress mode of 120 Pa. in accordance to Superpave specification. 
 
Statistical Analysis Using Two-Way ANOVA: 
       Two-way ANOVA analysis of variance was adopted in order to determine which type of variables (content 
/or type) is significantly affecting the response and to confirm whether the interaction of two factors (content 
and type) affects the physical and rheological properties of the asphalt binder.  
 

RESULTS AND DISCUSSIONS 
 
 This section presents analysis and discussion of the results, which are obtained from the physical tests and 
the Dynamic Shear Rheometer (DSR) for unaged base and OMMTs modified binder at three different N3 and 
N4 concentrations, one loading frequency, and eight different temperatures. The tests results were used to 
evaluate the improvements of physical and rheological properties; complex shear modulus, phase angle, and 
rutting parameter of asphalt binder with respect to concentration proportions (by weight of asphalt) of nanoclay. 
 
Physical Properties Test Results: 
 The results of the laboratory tests of physical properties of asphalt binder and nanoclay types are shown in 
Table 1 and 2. 
 
Table 1: Physical Properties of Base Asphalt 80/100 Penetration Grade. 

Physical Properties Result Specification 
Penetration@ 25°C, 0.1mm 80 ASTM D 5 

Softening Point ,°C 46.5 ASTM D 36 
Viscosity@ 135°C,  Pa.s 0.379 ASTM D 4402 
G*/ sin δ @ 64 °C , kPa 1.21 AASHTO TP5 
Ductility @ 25 °C, cm >100 ASTM D 113 
Specific Gravity, g/cm3 1.03 ASTM D 70 
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Table 2: Nanoclay Physical Properties. 
Physical Properties Nanoclay  Type 

N3 N4 
Organic Montmorillonite Treatment Dimethyl benzyl (hydrogenated tallow 

alkyl) ammonium cations 
Dimethyl di (hydrogenated tallow alkyl) 

ammonium cations 
CEC 90-120 mmol/100g 90-120 mmol/100g 
Color White White 

Appearance Fine Fine 
X Ray Diffraction Properties d001nm d = 2.8 d = 3.8 

Moisture < 3% < 3% 
 
 The results of the laboratory tests of rheological properties of asphalt binder and OMMTs modified binder 
containing different content of nanoclay are presented in Table 3. The consistency of the binder was measured 
using the empirical physical tests: penetration and softening. The variation of penetration and softening point 
value between unmodified and various concentrations of OMMTs modified asphalt binder are shown in Figure 1 
(a) and (b). The viscosity using Rotational Brookfield Viscometer was carried out on unmodified and OMMT 
modified asphalt binder and the test results are shown in Figure 1(c) and (d). 
 
Table 3: The Physical Properties of Organic Montmorillonite Nanoclay Modified Binder. 

Blend Type Penetration@ 25°C Viscosity@ 135°C,  Pa.s Viscosity@ 165°C,  Pa.s Softening Point, °C 
Base AC 80 0.379 0.113 46.5 

AC-N3-3% 70 0.508 0.138 47.8 
AC-N3-5% 64 0.608 0.201 48.1 
AC-N3-9% 57 0.867 0.375 49.1 
AC-N4-3% 72 0.463 0.125 47.5 
AC-N4-5% 68 0.500 0.150 47.8 
AC-N4-9% 62 0.608 0.238 48.9 

 
 It can be noticed from Figure 1 that there is a remarkable improvement in penetration and softening point of 
the OMMTs modified bitumen binder compared to the base asphalt binder. The addition of OMMT to base 
asphalt have led to decrease in penetration, increase in softening point and viscosity at both testing temperatures, 
this improvement is due to the increased amount of nanoclay content in the binder. The binder with 9% 
nanoclay particles showed the highest viscosity, softening point and lower penetration values compared to other 
modified binders and all samples were within the specified maximum viscosity of 3 Pas at 135 °C. The main 
reason of this improvement after adding the various OMMT concentrations might be due to the better dispersion 
of the OMMT layers in the binder which increased the bonding strength through restrict the flow of bitumen 
made it stiffer and led to improve its physical properties. In terms of nanoclay type, N3 performed way better 
than N4. 
 
Dynamic Rheological Properties: 
 The viscoelastic behavior of asphalt binders was characterized at medium to high temperatures using the 
Dynamic Shear Rheometer (DSR). The test results are shown in Figures 2 which illustrate the complex modulus 
and phase angle, respectively, versus different OMMTs concentrations in the binder. 
 In general, according to Figure 2, it can be clearly seen that; all specimens showed decrease in complex 
modulus values and an increase in phase angle, as the temperature increases. Both OMMTs modified bitumen 
showed higher complex modulus throughout the temperature range compared to base asphalt binder and it can 
be seen that with increasing organic montmorillonite contents, the G* value of the modified asphalt increased 
and the Phase Angle δ decreased significantly, this might be due to the availability of layered silicate that 
reinforced the asphalt binder samples by made it more elastic and stiffer. In terms of OMMT type, N3 showed 
higher G* and lower δ values than N4 cross the entire temperature range which indicated that N3 had greater 
stiffness effect than N4.  It is noticed that the OMMTs had improved the stiffness property of asphalt binder, 
which gradually increased with the increasing of nanoclay content concentration. 
 
Rutting Performance: 
 The rutting factor, G*/sin δ results are shown in Figure 3 at reference temperature of 64°C where rutting is 
concern. This factor was selected according to SHRP specifications to express the contribution of the asphalt 
binder to permanent deformation (SHRP-A-410, 1994). Regardless nanoclay type, a general trend was observed 
that the rutting parameters increased as the amount and concentration of OMMT increases as illustrated in 
Figure 3 which reflects the increment of the binder resistance to deformation under repeated load. The results of 
DSR tests also showed that N3 gave higher G*/sin δ values than N4 at the three selected nanoclay contents 
which indicated better performance of N3 when permanent deformation is concern, this can be contributed to 
the type of surface modifier that chosen to treated the montmorillonite nanoclay to convert it to organic 
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monmorillonite, that made N3 gives better dispersion through its layer silicate inside bitumen matrix, forming 
an exfoliated structure at nano level. 
 

   
(a)                                                                                       (b) 
 

   
(b)                                                                                      (d)  
 
Fig. 1: (a) Penetration (b) Softening point(c) Viscosity @ 135°C (d) Viscosity @ 165°C of the Modified 

Asphalt Binder with Various Concentration of OMMT. 
 

  
(a)                                                                                    (b) 
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        (c)                                                                                       (d) 
 
Fig. 2: (a, b) Complex Shear Modulus (G*) and (c, d) Phase Angles (δ) against Temperature for both Type of 

Nanoclay Modified Asphalt. 
 

 
 
Fig. 3: Rutting Parameter Variation of OMMT Unaged Modified Asphalt with Three Different Concentrations 

at 64°C for both Nanoclay Types. 
 
 The dissipated energy per loading cycle results is shown in Figure 4. It can be noticed that the dissipated 
energy decreased as the amount of OMMT increases for both types of nanoclay due to the increasing the amount 
of recoverable work that related to improvement in the elastic stored energy. In another word, the dispersion of 
nanoclay layers in to bitumen matrix led to more recovery performance than the non-modified bitumen made it 
more resist to deformation. In terms of nanoclay type; N3 showed less energy dissipated per loading cycle than 
N4 which is confirm once again the finding from the rutting parameter results.  
 
The Analysis of Variance (ANOVA) Results: 
 In order to show the significance effect of the type and concentration of OMMT on physical and rheological 
properties results, a two-way statistical analysis ANOVA was conducted at level of significance (α = 0.05). The 
analysis results can show in Table 4 and 5. 
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Fig. 4: Dissipated Work per Loading Cycle Behavior against Various OMMT Contents. 
 
 
Table 4: ANOVA Analysis Result of effect of OMMT Type and Concentration on Physical and Rheological Properties of Binder. 

ANOVA: Penetration      
Source of Variation SS df MS F P-value F crit 
Sample 60.5 1 60.5 9.5526316 0.0093496 4.7472253 
Columns 399 2 199.5 31.5 1.68E-05 3.8852938 
Interaction 7 2 3.5 0.5526316 0.5894039 3.8852938 
Within 76 12 6.3333333 

   Total 542.5 17         
ANOVA: Softening Point      
Source of Variation SS df MS F P-value F crit 
Sample 0.4355556 1 0.4355556 0.388696 0.544654 4.747225 
Columns 6.2477778 2 3.1238889 2.787804 0.101304 3.885294 
Interaction 0.0411111 2 0.0205556 0.018344 0.981851 3.885294 
Within 13.446667 12 1.1205556 

   Total 20.171111 17         
ANOVA: Viscosity @135°C      
Source of Variation SS df MS F P-value F crit 
Sample 0.084872 1 0.084872 62.162109 4.36E-06 4.7472253 
Columns 0.203737 2 0.1018685 74.610718 1.70E-07 3.8852938 
Interaction 0.036283 2 0.0181415 13.287231 0.0009063 3.8852938 
Within 0.016384 12 0.0013653 

   Total 0.341276 17         
ANOVA: Viscosity @ 165°C      
Source of Variation SS df MS F P-value F crit 
Sample 0.020268 1 0.0202676 342.2289 3.46E-10 4.747225 
Columns 0.099648 2 0.0498241 841.3068 1.26E-13 3.885294 
Interaction 0.012178 2 0.0060891 102.8171 2.81E-08 3.885294 
Within 0.000711 12 5.922E-05 

   Total 0.132804 17         
ANOVA: Rutting Parameter (G*/sin δ) 

    Source of Variation SS df MS F P-value F crit 
Sample 0.568889 1 0.5688889 2.744205 0.123502 4.747225 
Columns 2.968478 2 1.4842389 7.159668 0.008983 3.885294 
Interaction 0.330078 2 0.1650389 0.796114 0.473526 3.885294 
Within 2.487667 12 0.2073056 

   Total 6.355111 17     
 
Table 5: Summary of ANOVA Statistical Analysis on Effect of OMMT Type and Concentration on Physical and Rheological Properties of 

Binder. 
Properties Nanoclay type (YES/NO)? Nanoclay proportion (YES/NO)? Interaction effect 

Significant difference Significant difference Significant difference 
Penetration YES YES NO 

Softening Point NO NO NO 
Viscosity @ 135°C YES YES YES 
Viscosity @ 165°C YES YES YES 
Rutting Parameter NO YES NO 
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The results of the ANOVA analysis indicated that; 
• Nanoclay proportion is the most significant factor on the performance properties Rutting Parameter (G*/sin 
δ), and nanoclay type is only marginal. 
• Nanoclay type and proportion are both significant factors on physical properties (viscosity at high and 
intermediate temperatures and penetration). 
• Neither nanoclay type nor nanoclay proportion is significant on softening point. 
• Nanoclay proportion is more important than nanoclay type on rutting parameter, viscosity at high and 
intermediate temperature, and softening point while nanoclay type is more important on penetration. 
• The interaction of nanoclay type and content is a significant factor contributing to the viscosity response at 
both tested temperatures while for other properties is not significant. 
 
Conclusions: 
 Based upon the analysis and results of this study, the basic conclusions can be drawn: 
1. The physical properties of OMMT modified asphalt binder showed tremendous enhancement as compared to 
base asphalt binder for both types of OMMT. On the other hand, N3 OMMT modified asphalt binder showed 
greater result than N4. This enhancement can contributed to the reinforcement that the silicate layered provided 
to the asphalt binders make it stiffer to resist the rutting.    
2. From the DSR test results, it can be concluded that the Complex Shear Modulus (G*) increased and the Phase 
Angle (δ) decreased compared to the base asphalt which led to remarkable improvement in Rutting Factor (G*/ 
sin δ), in reducing the energy dissipated per load cycle and enhance the recovery ability as the amount of 
OMMT increased in asphalt binder for both types of nanoclay which result in a stiffer binder as result of 
dispersion of nanoclay particles in bitumen which made it less deformed and consequently reduced rutting 
susceptibility. 
3. As for nanoclay types N3 showed superior performance over N4 at all test temperatures, the type of surface 
treatment of montmorillonite might be the main reason that made N3 formed an exfoliated structure in asphalt 
binder. 
4. The increase in the complex shear modulus value as a result of the addition of nanoclay could be used to 
improve the Superpave high temperature Performance Grade (PG) value of asphalt binders. 
5. The statistical analysis 2-way ANOVA indicate that OMMT concentration is more significant than OMMT 
type on rutting parameter, viscosity at high and intermediate temperature, and softening point while  type is 
more significant on penetration. 

REFERENCES 
 

ASTM D 5, 1986. Standard Test Method for Penetration of Bituminous Material, Volume 04.03, Annual 
Book of ASTM Standards, American Society for Testing and Material (ASTM), USA. 

ASTM D 36, 1986. Standard Test Method for Softening Point of Bituminous Material, Volume 04.03, 
Annual Book of ASTM Standards, American Society for Testing and Material (ASTM), USA. 

ASTM D 70, 1997. Standard Test Method for Density of Semi-Solid Bituminous Materials (Pycnometer 
Method). American Society for Testing and Materials (ASTM), USA. 

ASTM D 113, 1999. Standard Test Method for Ductility of Bituminous Materials. United States: American 
Society for Testing and Materials. (ASTM), USA. 

ASTM D 4402, 1987. Standard Test Method for Viscosity Determinations of Unfilled Asphalts Using the 
Brookfield Thermo sell Apparatus, Volume 04.03, Annual Book of ASTM Standards, American Society for 
Testing and Material (ASTM), USA. 

AASHTO, TP 5-93, 1995. Standard Test Method for Determination of Rheological Properties of Asphalt 
Binder Using a Dynamic Shear Rheometer. American Association of State Highway and Transportation 
Officials (AASHTO), Washington, D.C., USA. 

Bahia, H.U. and. D.A. Anderson, 1995. The SHRP Binder Rheological Parameters: Why are they required 
and how do they compare to conventional properties. TRB, Preprint paper No. 950793. 

Bahia, H.U., H. Zhai, M. Zeng, Y. Hu and P. Turner, 2001. Development of Binder Specification 
Parameters Based on Characterization of Damage Behavior. Journal of the Association of Asphalt Paving 
Technologists, 70. 

Gang Liu, Shaopeng Wu, Martin van de Ven, Andre Molenaar, and Jeroen Besamusca, 2009. Modification 
of Bitumen with Organic Montmorillonite Nanoclay.  AES – ATEMA 2009. Third International Conference on 
Advances and Trends in Engineering Materials and their Applications/Montreal, Canada. 

Ghile, D.B., 2006. Effects of Nanoclay Modification on Rheology of Bitumen and on Performance of 
Asphalt Mixtures. Master Thesis, The Delft University of Technology, Netherlands. 

Jahromi, S.G., A. Khodaii, 2009. Effects of Nanoclay on Rheological Properties of Bitumen Binder. 
Construction and Building Materials, 23: 2894-2904. 



Aust. J. Basic & Appl. Sci., 7(9): 429-437, 2013 

437 
 

Jianying Yu, Peng-Cheng Feng, Heng-Long Zhang, Shao-Peng Wu, 2009. Effect of Organo-
Montmorillonite on Aging Properties of Asphalt. Construction and Building Materials, 23: 2636-2640. 

Jianying Yu, XuanZeng, Shaopeng Wu, Lin Wang, Gang Liu, 2007. Preparation and Properties of 
Montmorillonite Modified Asphalts. Materials Science and Engineering, A 447: 233-238.  

Liu, S., W. Cao, J. Fang and S. Shang, 2009. Variance Analysis and Performance Evaluation of Different 
Crumb Rubber Modified (CRM) Asphalt. Construction and Building Materials, 23(7): 2701-2708. 

NCHRP Report 465, 2002, Simple Performance Test for Superpave Mix Design. National Center for 
Asphalt Technology.Washington, D.C. 

Shaopeng Wu, Jingang Wang, Liu Jiesheng, 2010. Preparation and Fatigue Property of Nanoclay Modified 
Asphalt Binder. International Conference on Mechanic Automation and Control Engineering (MACE). 

SHRP-A-410, 1994. Superior Performing Asphalt Pavements (Superpave): The Product of The SHRP 
Asphalt Research Program.Strategic Highway Research Program.National Research Council, Washington, D.C. 

The Asphalt Institute, 2007. The Asphalt Handbook. Manuel Series No: 4 (MS-4) 7th Edition. USA. 
Richard Kim, Y., 2009. Modeling of Asphalt Concrete. Book of McGraw-Hill Publishers, 1st Edition, 

American Society of Civil Engineers (ASCE). 
Yildrim, Y., 2007. Polymer Modified Asphalt Binder.  Construction and Building Materials, 21: 66-72. 
You, Z., J. Mills-Beale, J.M. Foley, S. Roy, G.M. Odegard, Q. Dai and S.W. Goh, 2011. Nanoclay-

Modified Asphalt Materials: Preparation and Characterization. Construction and Building Materials, 25(2): 
1072-1078. 

 


