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 The utilization of nanotechnology in civil engineering applications is relatively new and 
its use is expected to increase rapidly. The objective of this study was to investigate and 
evaluate the rheological properties of 80/100 penetration asphalt binder containing 
various percentages of nanoparticles (3.0, 5.0, 7.0, and 9.0% by weight of asphalt) 
before and after a Short-Term Ageing (STA) process. The rheological characteristics of 
these unaged and short term aged binders were tested using Dynamic Shear Rheometer 
(DSR). The viscoelastic behavior of the samples corroborated the results for the 
classical properties and varied according to the sample composition. The results of the 
experiments indicated that the addition of nanoparticles reported a remarkable 
improvement on the rheological properties and does have an obvious effect on complex 
modulus G*, phase angle δ, storage modulus G', loss modulus G'', Tan δ, modification 
index, and deformation resistance under oscillation frequency sweep and temperature 
step test. However, nanoparticles have a notable effect on rutting factor (G*/sin δ). 
Thus, nanoclay particles could be successfully used as asphalt modifier. Moreover, at 
medium and high tested temperatures, the experimental results indicate that the 
nanoparticles have tremendous effect on viscoelastic behavior of STA residue and that 
the nanoparticle percentage plays an important role in determining the influence of a 
short-term ageing process on the G*/sin δ value. 
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INTRODUCTION 

 
 Nanotechnology is the study of the control of matter on an atomic and molecular scale. Generally 
nanotechnology deals with structures of the size 100 nm or smaller and involves developing materials or devices 
within that size. It is a relatively new field in science dealing with structures that are on the nanoscale and has 
evolved rapidly since the first discovery of the buckminsterfullerene by Kroto et al. (1985). Nanotechnology has 
the potential to create many new materials and devices with wide-ranging applications in many engineering or 
related fields (Buzea et al., 2007). Nano-sized particles are used in numerous applications to improve various 
properties. Nanoparticles of various materials are generally employed to modify the surface of materials, 
migrate to the surface, thereby minimizing the total energy of the system, and increase its cross-linking bond in 
polymer industry. However, due to the cost of production and purification and lack of applications, nanosized 
particles have seen very little use in the construction field. 
 Bitumen has the characteristics of high temperature rutting and low-temperature cracking. Moreover, 
fatigue and aging of bitumen limit its industrial application. On the other hand, bituminous pavements undergo 
important distresses not only under extreme temperature but also with increasing heavy traffic loads. Therefore, 
the modification of bitumen is necessary (Hossain et al., 1999; Airey et al., 2002; Mull et al., 2002; Airey, 
2003). Few researchers adopt the nanomaterial in the asphalt pavement with the expected more enhancement 
result comparing to 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. Recently, Zare-Shahabadi et al., (2010) have found that bentonite clay and 
organically modified bentonite were used to reinforce and modify a bituminous paving asphalt binder and 
significantly improve low temperature rheological properties and cracking of asphalt binder. 
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 In addition, some materials such as polymer/layered silicate nanocomposites have showed significantly 
enhanced mechanical and thermal properties compared with the pure polymer matrix with addition of a minimal 
amount of filler (Chen et al., 2007, Suguna Lakshmi et al., 2008, Zare-Shahabadi et al., 2010). Since there are 
many challenges for researchers and engineers to explore if the optimum physical characteristics of clay 
nanoparticles can exhibit the best performance as an asphalt binder modifier. Therefore, the objective of this 
study was to investigate the effects of a short-term ageing procedure on the rheological and behavior properties 
of an asphalt binder containing various percentages of nanoclay (3.0, 5.0, 7.0, and 9.0% by weight of virgin 
binder) blended with 80/100 penetration asphalt binders. The following properties were obtained and analyzed: 
rutting resistance factor, complex modulus, phase angle, elastic modulus, viscous modulus, modification index, 
deformation resistance, and effect of frequency and temperature variation on nanoclay modified samples at 
intermediate and high temperature. 
 

MATERIALS AND METHODS 

Materials: 
 80-100 penetration grade bitumen was used in this study as a base asphalt binder; the properties of the 
unaged virgin binder are shown in Table 1. 

Table 1: The Physical Properties of Base Bitumen 80/100 Grade. 
Physical 

Properties 
Penetration 

@ 25°C 
( dmm) 

Softening 
Point 
(°C) 

Viscosity 
@135°C 

(Pa.s) 

Viscosity 
@165°C 

(Pa.s) 

G*/ sin δ 
@ 64 °C 
(unaged) 

(kPa) 

G*/ sin δ 
@ 64 °C 

RTFO aged 
(kPa) 

Ductility 
@ 25 °C 

(cm) 

Specific 
Gravity 
(g/cm3) 

Result 80 46.5 0.379 0.113 1.21 3.93 >100 1.03 
 
 One type of commercially available nanoparticles (N4) was utilized in this research. The organic 
montmorillonite nanoclay, (OMMT) supplied by Fenghong Clay Chemical Factory, Zhejiang, China. The 
nanoclay was treated by Dimethyl di (hydrogenated tallow alkyl) ammonium cations. The OMMT has a density 
of 1.8 g/cm3. 

Sample Preparation: 
 The control asphalt binder and the nanoclay particles was heated at the same blending temperature then the 
nanoclay particles was gradually added (wet process) and blended with 500g of hot binder using a propeller 
mixer at established blending temperature of 150±5°C for 30 minutes at speed of 500 rpm, then after completion 
of the addition of nanoclay, the speed of the propeller mixer increased to 2,000 rpm and the blending process 
was continued for 1 hour at the target temperature and the mixer speed was maintained at 2,000 rpm throughout 
the mixing process to ensure the homogenous dispersion of nanoclay inside asphalt binder. The nanoclay 
contents used were 3.0, 5.0, 6.0, and 9.0% by mass of asphalt binder. 

Binder-Nanoclay Aging Protocol: 
 For simulation of the aging condition, the pure (unmodified or control) and nanoclay modified asphalt 
samples were artificially aged at 163°C for 85 minutes using the Rolling Thin-Film Oven (RTFO) test in 
accordance to ASTM D2872 standards to simulate short-term aging (STA). 

Rotational Viscometer: 
 Viscosity is a fundamental characteristic of fluids that indicates its resistance to flow. At elevated 
temperatures, asphalt binders behave as viscous fluids. A Brookfield rotational viscometer was used to 
determine the viscosity of nanoclay modified asphalt samples. A No. 27 spindle was used at a rotational speed 
of 20 rpm at shear rate of 6.8 1/sec according to Superpave test parameters (Asphalt Institute, 2001). For each 
test, three readings were recorded and the mean value was accepted as the test result. Test temperature in the 
rotational viscometer tests commenced at 135°C and was increased up to 165°C.In addition, temperature 
susceptibility of bituminous binders has been calculated in terms of penetration index (PI) using the results 
obtained from penetration and softening point tests. The classical approach related to PI calculation has been 
given in the Shell Bitumen Handbook (Read et al., 2003) as the following equation (1): 
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 Where Pen25 is the penetration at 25°C and SP is the softening point temperature of bituminous binders, 
respectively. 
 
Evaluation of Viscosity–Temperature Susceptibility: 
 Viscosity–Temperature Susceptibility (VTS) is a parameter to quantify the temperature susceptibility of 
binder samples (Roberts et al., 1996). Equation (2) expresses the viscosity–temperature susceptibility 
(Rasmussen et al., 2002): 
 

 
 
 Where T1 and T2 are temperatures of the asphalt binder at two given temperatures in Rankine (°R); and ηT1 
and ηT2 are the asphalt binder viscosity in centipoises (cP) at the same temperature. VTS is the gradient of the 
viscosity versus temperature relationship in logarithmic scale whereby higher VTS numbers denote greater 
susceptibility to temperature. 

Physical Properties Tests: 
 The conventional physical tests (empirical tests), including needle penetration at 25°C (ASTM D5), 
softening point (ASTM D36), ductility at 25°C (ASTM D113), and viscosity at 135°C and 165°C (ASTM 
D4402) were conducted on base bitumen as well as each of the nanoclay modified asphalt samples. 

Rheological Properties Tests: 
       Four percentages (3.0, 5.0, 7.0, and 9.0% by weight of the binder) of nanoparticles were employed and 
these particles were blended with virgin asphalt binder. These blended materials were conditioned in Rolling 
Thin Film Oven (RTFO) for a short-term ageing in accordance with ASTM D2872/AASHTO T240. The aged 
residues were used for further rheological tests. The intermediate temperature rheological properties of each 
nanoclay modified asphalt samples were measured using a HAAKE RheoStress RS1, Dynamic Shear 
Rheometer (DSR) according to AASHTO T315 specification. In this study, a 1mm gap and 25mm diameter 
plate for unaged and RTFO aged nanoclay modified asphalt samples were used to obtain DSR values at the 
intermediate temperatures. Each nanoclay modified asphalt sample was measured in terms of the complex shear 
modulus (G*) and phase angle (δ) values. DSR was used to characterize both viscous and elastic behavior by 
measuring complex modulus (G*) and phase angle (δ) of an asphalt binder in a Superpave mix design. G* was 
obtained from the ratio of the stress amplitude to the strain amplitude and is the ‘sum’ of the elastic component 
and the viscous component. δ is the time lag between the applied stress and resulting strain (Marateanu and 
Anderson, 1996, Lu and Isacsson, 2000). In this oscillation test, the phase angle value is often employed to 
characterize the elastic or viscous behavior of an asphalt binder. The G*/sin δ, rutting factor, was selected to 
measure the intermediate and high temperature stiffness and rutting resistance of asphalt binders. The SHRP 
Superpave Performance Grade (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). 
 In addition, some tests such as oscillation frequency sweep at different frequencies range (0.01 to 10Hz) 
were performed at the lowest possible strain (stress proportional to root frequency) at the intermediate 
temperature of 50°C and oscillation temperature step tests were also performed at intermediate to high 
temperature range (40 to 82°C )with 6 degree increment, at fixed frequency of 10 rad/sec (1.59 Hz) and 
controlled stress mode in accordance with Superpave mix design specifications for both unaged and short term 
aged nanoclay modified asphalt specimens. Typically, a frequency of 1.59 Hz simulates the shearing action 
corresponding to traffic speed of about 55 m/h. 
 

RESULTS AND DISCUSSIONS 

Physical Properties Test: 
 The consistency of the virgin asphalt binder and nanoclay modified asphalt samples were measured using 
the empirical tests (penetration and softening point) according to ASTM specification (ASTM D5, 1997; ASTM 
D36, 1995). The variation of penetration and softening point value between unmodified and various 
concentration of OMMT modified asphalt binder before and after aging are shown in Figure 1(a) and (b). The 
viscosity using Brookfield viscometer was carried out on unmodified and OMMT modified bitumen according 
to (ASTM D 4402) specification before and after short term aging and the test result is shown in Figure 1(c) and 
(d). 
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(a)               (b) 

 

  
(c)  (d) 

 
Fig. 1: Penetration and Softening point (a) before aging process (b) after short term aging, Viscosity @ 135°C 

and 165°C (c) before aging (d) after short term aging process of the nanoclay modified asphalts with 
various concentration of OMMT. 

 
 The effect of adding OMMT on physical properties of nanoclay modified asphalt samples can be seen in 
Table 1 and graphically in Figure 1 (a, b) as a decrease in penetration values and an increase in softening points 
with increasing nanoclay contents regardless aging state. It is observed that the penetration decreased 
dramatically and the softening points noticeably increased when asphalt-nanoclay samples subjected to short 
term aging. The increase in softening point and decrease in penetration are a result of the stiffening effect of 
nanoclay. In the original state, viscosity of base binder becomes higher with addition of OMMT in both 
temperatures (135 and 165°C). On the other hand, the short term aging of nanoclay modified asphalt samples 
showed remarkable increment in viscosity compared to the unaged samples as shown in Figure 1(c, d). The 
increase in viscosity is a result of the stiffening effect of nanoclay. The movement of bitumen molecule chains 
might be limited by the layers of OMMT at high temperature during formation of an exfoliated structure, which 
led in viscosity increased. In addition, the temperature susceptibility of the nanoclay modified asphalt samples 
was calculated in terms of Penetration Index (PI) (equation 1) using the results obtained from penetration and 
softening point tests and Viscosity Temperature Susceptibility (VTS) (equation 2). Temperature susceptibility is 
defined as the change in the consistency parameter as a function of temperature (Sengoz and Isikyakar, 2008). 
Asphalt mixtures containing bitumen with higher PI are more resistant to low-temperature cracking as well as 
permanent deformation (rutting). 
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Table 1: Physical Properties of Base, Unaged, and Short Term Aged (STA) Nanoclay Modified Asphalt. 

Nanoclay 
content (%) 

Penetration 
(%) 

Softening Point 
(°C) 

Viscosity @ 135°C 
(Pa.s) 

Viscosity @ 165°C 
(Pa.s) 

unaged STA unaged STA unaged STA unaged STA 
0 80 50 46.5 51.5 0.379 0.554 0.113 0.146 
3 72 48 47.5 52.2 0.463 0.671 0.125 0.185 
5 68 46 47.8 52.4 0.500 0.722 0.150 0.219 
7 65 44 48.1 52.5 0.550 0.785 0.188 0.243 
9 62 42 48.9 53.0 0.608 0.871 0.238 0.292 

 
 The results in Table 2 indicates that the short term aged nanoclay modified asphalt samples exhibit higher 
PI values and less temperature susceptibility with increasing nanoclay content due to formation of exfoliated 
structure. From Table 2 the improvement in Penetration Index of the nanoclay modified asphalt samples can be 
clearly noticeable when the content of OMMT found to be above 3.0%. The difference between penetration 
index after and before aging is increased by 22, 18, and 11% for 5.0, 7.0, and 9.0 % of nanoclay content 
respectively. On the other hand, Table 2 showed a reduction in temperature susceptibility for both unaged and 
STA aged samples with increasing nanoclay content compared to virgin asphalt binder. 
 
Table 2: Penetration Index and Viscosity-Temperature Susceptibility of Base, Unaged, and Short Term Aged Nanoclay Modified Asphalt.  

Nanoclay 
content 

(%) 

Penetration Index (PI) 
(%) 

Viscosity–Temperature Susceptibility 
(VTS) 

unaged STA unaged STA 
0 -0.988 -0.838 1.136 1.182 
3 -0.983 -0.764 1.196 1.099 
5 -1.047 -0.814 1.073 0.997 
7 -1.079 -0.889 0.929 0.964 
9 -0.981 -0.875 0.788 0.877 

 
The Effect of Nanoclay on Rheological Properties of Asphalt Binder: 
Oscillation Temperature Step Test: 
 The isochronal plots of complex shear modulus and phase angle of unaged and STA for both base binder 
and nanoclay modified asphalt binder as a function of temperature were determined over the temperature range 
from 40 to 82°C using oscillation temperature step test are shown in Figure 2 (a) and (b) respectively. In 
general, the test results indicates that with increasing test temperature, the complex shear modulus decreased and 
phase angle increased for these four nanoclay modified asphalts regardless aging state. For nanoclay modified 
asphalt, there is only a minor increase in G* at low temperatures, but a major increase was observed at high 
temperatures as nanoclay content increased. At the same test temperature, G* of STA was higher than that of 
unaged nanoclay modified asphalt, while δ of STA was lower than that of unaged. The obvious decrease in 
phase angle by addition of OMMT at high temperatures confirmed the hypothesis that a nanostructure was 
formed and an exfoliated structure was achieved and this also indicates that the elasticity and deformation 
resisting of nanoclay modified asphalt had been improved with the addition of the nanoclay particles. Moreover, 
the phase angle and complex shear modulus of base asphalt is more sensitive to temperature than those of 
unaged and STA nanoclay modified asphalt samples, which indicates that the temperature susceptibility of 
nanoclay modified asphalt is also improved by reactive blending. 
 In Strategic Highway Research Program (SHRP) specifications, the rheological parameter G*/ sin δ is 
defined as a rut factor to demonstrate the resistance of bitumen to permanent deformation under repeated loads. 
For the original binder this term should be greater than 1 kPa at the test temperature. Variation of rut factor 
versus nanoclay content at temperature of 64°C and frequency of 10 rad/sec for unaged and short term aged 
nanoclay modified samples was plotted and is shown in Figure 3. SHRP rut factor of short term nanoclay 
modified samples were higher than unaged and base asphalt binder and the rut factor increases as the percentage 
of nanoparticles increased from 0.0 to 9.0%.  
 From Table 3 the modification index (G'Nanoclay/G'Binder) is higher than (G*Nanoclay/G*Binder) at 64°C and 
frequency of 10 rad/sec regardless aging state. This means that a continuous uniform nanoparticle network 
exfoliated structure is formed and nanoclay modified asphalt samples tends to show more elastic behavior at 
high temperatures. The modification index (G'Nanoclay/G'Binder) for STA nanoclay modified asphalt samples has a 
lower increase than unaged nanoclay modified asphalt samples this means nanoclay prevent the aging of 
modified asphalt to some extent. By changing the nanoclay content from 3.0 to 9.0%, G*, G', and G*/sin δ are 
increased, and this leads the elastic behavior to be dominant gradually. This means the higher the value of these 
modulus the better the ability of such material to resist deformation and recover to its original shape. 
 
Oscillation Frequency SweepTest: 
 Previous research work has indicated that the frequency sweep tests at various frequencies and temperatures 
could identify the linear viscoelastic response of the binder (Anderson et al. 1994, Airey et al. 2002, 2008, Nien 
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et al. 2008). The frequency sweep tests were performed under stress proportional to frequency, which employed 
a range of frequencies from 0.01 to 10 Hz. The overall frequency sweep tests were run with a 25mm diameter 
and 1mm testing gap geometry at an intermediate temperature of 50°C. In the stress proportional to frequency 
tests, complex modulus and phase angle were evaluated in accordance with various frequencies. The changes in 
the G*, δ, G', G", and Tan δ (Tan δ = G"/G') values against the frequency of the loading at a temperature of 
50°C for unaged and STA nanoclay modified samples are plotted in Figure 4 (a, b, c, d, and e) and Figure 4 (f, 
g, h, i, and j) respectively. Figure 4(a, b) and (f, g) displays the influence of frequency sweeps on the complex 
modulus and phase angle values of unaged, and STA nanoclay modified samples at 50°C, respectively. It can be 
found that, when the frequency reached 10Hz, it yields an increase in these modulus values for all nanoclay 
modified asphalt regardless of the amount of nanoparticles in the binder and the aging state. In general, the 
results indicate that the complex values of these binders are relatively close to each other and the STA samples 
exhibit a similar trend with unaged samples. In addition, the phase angle and Tan δ decreases as frequency 
change from 0.01 to l0Hz. Moreover, complex modulus values of STA nanoclay modified samples exhibit 
higher complex modulus values and lower phase angle values than the unaged nanoclay modified asphalt cross 
the entire frequency domain as shown in Figure 4(f, g). 

 

 
(a) 

 
(b) 

Fig. 2: Isochronal plots of G* and δ versus temperature at 10 rad/sec from oscillation temperature step test for 
(a) unaged and (b) short term aged nanoclay modified asphalt. 
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Table 3: Modification Index and Deformation Resistance of Asphalt Binder Following OMMT Modification for Unaged and Short Term 

Aging (STA) at 10 rad/sec. 
Nanoclay 
Content 

(%) 

Elastic Modulus SHRP Rut Factor 
Unaged STA aged G*/ sin δ 

G*Nanoclay/ G*Binder G'Nanoclay/ G'Binder G*Nanoclay/ G*Binder G'Nanoclay/ G'Binder Unaged STA 
0.0 1.000 1.000 1.000 1.000 1.21 3.93 
3.0 1.397 2.433 1.369 1.882 1.70 5.41 
5.0 1.554 2.417 1.585 2.200 1.89 6.26 
7.0 1.752 3.000 1.662 2.179 2.13 6.56 
9.0 1.934 3.283 1.728 2.593 2.35 6.85 

 

 

Fig. 3: Rut factor (G*/sin δ) versus Nanoclay Content. 
 
 The performance of asphalt paving is dependent on the asphalt binder viscoelastic behavior and the 
complex modulus (G*) and tan δ of the nanoclay modified asphalt prepared in this study were analyzed as a 
function of the frequency under shear conditions. Tan δ values have been considered to be more sensitive to the 
material composition (Gordon D. A., 2003) and, therefore, to the asphalt modification with other chemical 
compounds. The plots of tan δ versus frequency, in the range of 0.01 to 10 Hz, for pure asphalt binder (80/100), 
unaged, and STA nanoclay modified asphalt samples with different nanoclay content (3.0, 5.0, 7.0, and 9.0% by 
weight of asphalt) are shown in Figure 4(e) and 4(j). The nanoclay addition to the asphalt caused a considerable 
reduction in the tan δ values as frequency reached 10 Hz as can be seen in Figure 4(e) and 4(j) regardless aging 
state and this result signifies an improvement in the nanoclay modified asphalt elastic response. The addition of 
nanoclay particles resulted in a further decrease in the tan δ values when the samples undergo STA (Figure 4(j)) 
since this promoted its greater dispersion in the asphalt. Furthermore, tan δ is related to the G''/G' ratio and a 
decrease in this ratio indicates that the nanoclay modified asphalt has a higher storage modulus or improved 
elastic property (Xiaoho and Isacsson, 2001). The STA nanoclay modified asphalt sample with 9.0% nanoclay 
content (AC-N4 9.0%) showed the lowest tan δ values across the frequency ranges and, thus, the best elastic 
response. 
 



307                                                              Ratnasamy Muniandy et al, 2013 
Australian Journal of Basic and Applied Sciences, 7(14) December 2013, Pages: 300-310 

 

    

  

  



308                                                              Ratnasamy Muniandy et al, 2013 
Australian Journal of Basic and Applied Sciences, 7(14) December 2013, Pages: 300-310 

 

  

  

Fig. 4: Typical Complex Modulus (G*), Phase Angle (δ), Elastic Modulus (G'), Viscous Modulus (G"), and Tan 
δ values at Frequency Sweep Test: (a,b,c,d,e) Unaged and (f,g,h,i,j) Short Term Aged (STA) nanoclay 
modified asphalt. 

 
Conclusions: 
 On the basis of the experimental data obtained from Oscillation Temperature Step and Oscillation 
Frequency Sweep tests using Dynamic Shear Rheometer, the following conclusions have been reached: 
       As expected the addition of nanoclay particles to asphalt reduces its thermal susceptibility at temperatures 
close to those used in paving design procedures and ensure a greater constancy of its properties since the asphalt 
become more elastic (lower tan δ) and stiffer (higher G*). The experimental results indicate that the nanoparticle 
percentage plays an important role in determining the influence of a short-term aging process on the rheological 
properties in terms of viscoelastic behavior of modified asphalt. Furthermore, the nanoclay addition to the 
asphalt caused a considerable reduction in the tan δ values as frequency changed from 0.01 to 10Hz and this 
result signifies an improvement in the nanoclay modified asphalt elastic response. Also, The modification index 
(G'Nanoclay/G'Binder) for STA nanoclay modified asphalt samples has a lower increase than unaged nanoclay 
modified asphalt samples this means nanoclay prevent the aging of modified asphalt to some extent. 
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