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High-modulus asphalt concrete (HMAC) is considered as an eﬀective paving material for addressing the increasing heavy traﬃc
and rutting problems. Therefore, one high-modulus agent was used in this study to prepare high-modulus asphalt binder with
diﬀerent dosages. The objective of this study is to investigate the performance and modiﬁcation mechanism of high-modulus
asphalt. The eﬀects of high-modulus agent on the viscoelastic properties of asphalt with diﬀerent dosages were quantiﬁed via
rheological tests as compared to base binder and styrene-butadiene-styrene- (SBS-) modiﬁed asphalt. Moreover, the modiﬁcation
mechanism of the high-modulus agent was examined using ﬂuorescence microscopy and infrared spectrum test. Based on rutting
and dynamic modulus tests, the diﬀerences of road performances between high-modulus modiﬁed asphalt mixture and SBSmodiﬁed asphalt mixture were compared. The results demonstrate that the high-modulus agent improves the high-temperature
performance and viscoelastic properties of the matrix asphalt. When the dosage increases to 6.67%, the modiﬁcation eﬀect is better
than that of the SBS-modiﬁed asphalt. Furthermore, the results of the rutting test show that the high-modulus modiﬁed asphalt
mixture has better resistance to deformation than the SBS-modiﬁed asphalt mixture. The dynamic modulus test further
demonstrates that the high-modulus modiﬁed asphalt mixture exhibits superior performance in high-temperature range.
Fluorescence microscopy shows that the high-modulus agent particles can swell in the asphalt to form polymer links that improve
the viscoelastic properties of the asphalt. Based on the results of the infrared spectrum test, it can be concluded that a highmodulus agent changes the asphalt matrix via physical blending modiﬁcation.

1. Introduction
To improve the strength of asphalt pavement and reduce its
thickness, France was the ﬁrst country to adopt highmodulus asphalt concrete (HMAC) [1]. When the complex
modulus was larger than 14000 MPa at 15°C and 10 Hz, the
asphalt concrete can be called HMAC. Practically, researchers determined that HMAC has excellent high-temperature rutting resistance, fatigue resistance, and water
stability. Due to these beneﬁts, HMAC is gradually used in
the joint and surface layers [2, 3]. The selection of highmodulus asphalt is extremely important to the production of
HMAC. Generally, there are three methods to obtain highmodulus binders that increases the stiﬀness of asphalt
concrete: (1) using hard-grade asphalt binders that have low
penetration and high softening points [1]; (2) using a
polymer modiﬁer, such as styrene-butadiene-styrene (SBS)

and lake asphalt [4, 5]; and (3) using a high-modulus agent
[6, 7].
In recent years, in South China, rutting has become one
of the most common distresses of asphalt pavement in high
temperature and heavy traﬃc areas. Because HMAC has
excellent high-temperature rutting resistance, the investigation on the performance of HMAC has become popular
with researchers. Xiao et al. [8] added two types of highmodulus agents to 70# asphalt and SBS-modiﬁed asphalt and
studied the performance of modiﬁed asphalt and asphalt
mixture. They reported that the high-temperature performances of asphalt and asphalt mixture improved after
adding a high-modulus agent, but their low-temperature
performances slightly decreased. Cao et al. [9] used SBSmodiﬁed asphalt and an antirutting agent for compound
modiﬁcation of asphalt concrete and similar conclusions
were obtained. Considering that high-modulus admixture
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may reduce the performance of asphalt concrete, Cheng [10]
examined the eﬀects of diﬀerent types of admixtures on the
cracking resistance of HMAC and concluded that a mineral
ﬁber admixture could eﬀectively improve the cracking resistance of asphalt concrete. Wang [11] studied the fatigue
performance of a high-modulus asphalt mixture and determined that the inorganic modiﬁer calcium sulfate crystal
improved the fatigue resistance of HMAC. By investigating
and analyzing 80 normal asphalt pavements with HMAC
base or conventional asphalt concrete base in Poland, Rys
et al. [12] concluded that pavements with high-modulus
asphalt bases had a 2.45 times higher probability of being
cracked compared to pavements with conventional asphalt
concrete bases. Some researchers have investigated the
mechanical characteristics of HMAC in the pavement
structure and suggested that when HMAC is applied to the
middle surface layer, it can bear the maximum shear stress
generated by vehicle load better and thus reduce rutting and
achieve the best combination of pavement performance and
cost. Wang et al. [13] tested the uniaxial penetration and
compressive resilient modulus of HMAC, SBS-modiﬁed
asphalt concrete, and 70# asphalt concrete at 15°C, 20°C,
40°C, and 60°C. They reported that HMAC has relatively
high shear strength and compressive resilient modulus at the
diﬀerent temperatures. Si et al. [14, 15] established the
structural models of high-modulus asphalt pavement and
conventional asphalt pavement. Using the ﬁnite element
method and the discrete element method, they investigated
the mechanical properties of high-modulus asphalt pavement and reported that HMAC pavement can improve the
deformation resistance of asphalt pavement and reduce the
deformation of asphalt material in each layer and the rutting
potential. Wang et al. [16] and Yang [17] explored the
modiﬁcation mechanism of the high-modulus modiﬁer using
scanning electron microscopy, diﬀerential scanning calorimetry (DSC), and Fourier transform infrared spectroscopy
(FTIR). They explained the mechanism for improving the
dynamic modulus of asphalt mixture from the perspective of
the interaction between functional groups, additives, and
aggregates. To summarize, most of previous research on highmodulus asphalt and HMAC focused on their macroscopic
performances and engineering applications. However, there
have been very few studies on the mechanism of the highmodulus agent and the rheological properties of highmodulus asphalt. Therefore, the scarcity of relevant research
makes it more diﬃcult to determine the function of the highmodulus agent in the asphalt mixture accurately, leading to
unstable quality of the high-modulus asphalt mixture.
The study evaluates the eﬀect of the high-modulus agent
on the rheological properties of asphalt, along with its
mechanism and performance in the application process. The
main objectives of this study are (1) to introduce a highmodulus agent as a modiﬁer to improve the performance of
asphalt and asphalt mixture, (2) to investigate the inﬂuence
of high-modulus agent on the rheological properties of
asphalt binder, (3) to determine the rutting resistance and
dynamic modulus of HMAC, and (4) to study the mechanism of high-modulus agent and its role in improving the
performance of asphalt in the process. To achieve these
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objectives, 70# asphalt was selected as base asphalt and was
modiﬁed with a high-modulus agent to obtain high-modulus asphalt. In comparison, the rheological properties of
high-modulus asphalt and SBS-modiﬁed asphalt at high and
low temperatures were studied via rheological testing. The
mechanism of high-modulus agent modiﬁcation in the asphalt was analyzed via ﬂuorescence microscopy and FTIR.
Furthermore, the rutting test and dynamic modulus test of
the asphalt mixtures were conducted to investigate the road
performance. Figure 1 shows the ﬂowchart of the steps and
tasks followed in this research project.

2. Materials and Methods
2.1. Materials
2.1.1. Asphalt Binders and Modiﬁers. In the comparative
study, the 70# asphalt and SBS-modiﬁed asphalt used in the
test were provided by Shell and came from the same production batch, and the content of SBS was 4.5%. Highmodulus modiﬁed asphalt was prepared using 70# asphalt
that was selected as base binder. The main technical indexes
of 70# asphalt and SBS-modiﬁed asphalt were tested by the
standard test method of asphalt and asphalt mixture [18].
Table 1 shows the basic properties of the two types of
bitumen. It can be seen from Table 1 that the main technical
indexes of base asphalt and SBS-modiﬁed asphalt meet the
requirements of Chinese speciﬁcation [19].
Crumb rubber has been successfully applied into asphalt
pavement as a performance enhancer for many decades, and
many studies have proved that asphalt rubber (AR) can
provide better rutting and fatigue resistance [20–22]. It was
also found that the rubberized asphalt mixture provided
higher modulus than the mixture with hard-grade binder
and SBS-modiﬁed asphalt mixture [23]. In this study, crumb
rubber was selected as a high-modulus agent from Dongguan Yinxi Technology Co., Ltd., China. Figure 2 shows the
selected high-modulus agent, which is mainly composed of
rubber plastic alloy material, and its basic properties are
shown in Table 2.
High-modulus modiﬁed asphalt was prepared via the
high-speed shear method. Table 3 shows the dosage of the
high-modulus modiﬁer and the asphalt serial number. The
diﬀerent dosages used in this study were based on the ﬁeld
experience. In Guangdong Province, China, the dosage of
high-modulus agent is generally 0.2%∼0.4% of the total mass
of asphalt mixture. According to the optimal asphalt content
(around 4.5% for AC-20), the ratio of high-modulus agent to
asphalt binder is 4.45%, 6.67%, and 8.89%, respectively,
when the percentage of high-modulus agent by mass of
asphalt mixture was 0.2%, 0.3%, and 0.4%, respectively. To
prepare JG1, JG2, and JG3, 70# asphalt was heated to 140°C,
and the corresponding dosage of the high-modulus agent
was slowly added to the asphalt. Then, the mixture was
sheared at 3500 rpm for 15 min and then at 6000 rpm for
45 min. Both JG0 and FG0 were not mixed with highmodulus agent but high-speed sheared for 60 min and
heated at 140°C for 3 h to simulate the aging process of the
blending asphalt binders.

Advances in Materials Science and Engineering

3

Base binder
High-modulus
agent
Fluorescence
microscopy

Temperature
sweep

Different
dosages

Modification
mechanism

High-modulus
modified
asphalt

Frequency
sweep

Rheological
properties

FTIR

MSCR
SBS-modified
asphalt

BBR

Rutting test
High-temperature
performance

Asphalt mixtures

Dynamic modulus test

Figure 1: Flowchart of the test program.
Table 1: Technical indexes of 70# asphalt and SBS-modiﬁed asphalt.
Test properties
P25°C, 100 g, 5 s (0.1 mm)
TR&B (°C)
Ductility (cm)
RTFOT (163°C, 85 min)

5° C
10°C
Mass loss (%)
Penetration ratio
Ductility (cm)
5°C
10°C

70# asphalt
Test results
Technical index
61
60–80
48.5
≥46
—
—
18.3
≥15
0.092
±0.8
72
≥61
—
—
6.2
≥6

SBS-modiﬁed asphalt
Test results
Technical index
55
40–60
81
≥60
34.4
≥20
—
—
−0.047
±1.0
80
≥65
22
≥15
—
—

Table 3: High-modulus agent dosage and asphalt serial number.
Asphalt type
High-modulus agent dosage
(%)
Serial number

70#
asphalt
0
JG0

SBS-modiﬁed asphalt
4.45 6.67 8.89

0

JG1 JG2 JG3 FG0

Note. The high-modulus agent content is the ratio of the high-modulus
agent to the asphalt quality.

Figure 2: High-modulus agent used in this study.

which is commonly used in the middle surface of asphalt
pavement, was selected to explore the eﬀect of the highmodulus modiﬁer on the high-temperature performance of
asphalt mixture. Table 4 shows the gradation used in the test.
The asphalt consumption is 4.14%, and the designed void
ratio is 4.1%.

Table 2: Technical indexes of the high-modulus agent.
Particle size (mm) Density (g/cm3) Particle morphology Color
1–6
0.92–0.98
Granular solid
Black

2.1.2. Mixtures. To prevent rutting, the high-temperature
stability of the middle surface of the asphalt pavement is
crucial [14]. To evaluate the practical eﬀect of the highmodulus modiﬁer in road performance, the AC-20 mixture,

2.2. Test Methods
2.2.1. Dynamic Shear Rheological Test. The dynamic shear
rheological test is considered as an important method to
investigate the inﬂuence of the loading conditions and
temperature on the properties of the asphalt as well as to
analyze the viscoelastic properties of asphalt [24, 25]. The
Malvern Kinexus dynamic shear rheometer (DSR) was used
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Table 4: Gradation of the AC-20 asphalt mixture.

Sieve size (mm)
Passing rate (%)

26.5
100

19
96.4

16
85.2

13.2
73.2

9.5
57.1

in the temperature-sweep test and the frequency-sweep test.
In the temperature-sweep test, the diameter of the plates was
25 mm and the gap between two plates was 1 mm, the
control strain was set at 0.1%, the control frequency was
1.592 Hz (10 rad/s), and the temperature range was from
58°C to 112°C with an interval of 6°C. For the frequencysweep test, the diameter of the plates was 25 mm with a gap
of 2 mm. The control strain was set at 0.1%. The selected
temperatures were 5, 20, and 35°C, and the frequency range
was 0.1–100 rad/s. Each order of magnitude had 10 frequency points, thus yielding 30 frequency points. Based on
DSR frequency-sweep test results, the sigmoidal function
[26, 27] was used to ﬁt the master curves of the complex
shear modulus of the asphalt, as shown in equation (1).
Considering 20°C as the reference temperature, based on the
time-temperature superposition principle, the Williams–Landel–Ferry (WLF) equation was used to calculate
the shift factor of the complex shear modulus at diﬀerent
temperatures. The WLF equation is shown in equation (2).
 
α
LgG∗  � δ +
,
(1)
β+cLgf
r
1+e
where |G∗ | is the complex shear modulus (GPa); fr is the
reduced frequency at the reference temperature (Hz); and δ,
α, β, and c are constants.
LgαT � −

C 1 T − Τ0 
,
C2 + T − Τ 0 

(2)

where T is the test temperature (°C); αT is the shift factor at
temperature T; T0 is the reference temperature (°C); and C1
and C2 are constants. Two replicates were prepared and
tested for each type of binder.
2.2.2. Multistress Creep Recovery Test. Many studies have
shown that G∗ /sinδ cannot be used to evaluate accurately the
high-temperature properties of the polymer-modiﬁed asphalt [28, 29]. NCHRP 9–10 proposed a method of evaluating the performance of modiﬁed asphalt based on
multistress creep recovery (MSCR) tests [30]. The creep
recovery rate (R) was used to characterize the elastic deformation capacity of the asphalt binder, the unrecoverable
creep compliance (Jnr ) was used to characterize the resistance potential of asphalt binder to permanent deformation
accumulation, and the unrecoverable creep compliance
diﬀerence (Jnr−diff ) was used to characterize the sensitivity of
asphalt binder to loading stress. Note that the higher R value
implies the improvement of elastic deformation capacity of
the asphalt binder, lower Jnr indicates the increase of permanent deformation resistance, and Jnr−diff decreases with
the decrease of stress sensitivity. The loading mode of the
MSCR test is close to the actual situation of the pavement
load, which can demonstrate the viscoelastic characteristics
of asphalt well. In this study, the temperature of 60°C was

4.75
33.2

2.36
25.2

1.18
18.8

0.6
14

0.3
10.4

0.15
8.2

0.075
6

selected, and MSCR test was conducted to evaluate the
viscoelastic characteristics of high-modulus modiﬁed asphalt according to AASHTO TP-70. Two replicates were
prepared and tested for each binder.
2.2.3. Bending Beam Rheological Test. The bending beam
rheometer (BBR) test is a grading test method of evaluating
the low-temperature performance of asphalt recommended
by the Strategic Highway Research Program (SHRP) [18, 25].
In the test, the deﬂection values were used to calculate the
stiﬀness of asphalt binder; the equation is shown as follows:
S(t) �

PL3
,
4bh3 δ(t)

(3)

where P is the applied constant load (100 g or 0. 98 N); L
represents the distance between beam supports (102 mm); b
represents beam width (12.7 mm); h is beam thickness
(6.25 mm); S(t) represents asphalt binder stiﬀness at a
speciﬁc time (MPa); and δ(t) is the deﬂection at a speciﬁc
time (mm).
Stiﬀness value was calculated at 60 s, and the slope of
stiﬀness versus time is called m-value. The creep stiﬀness
from the BBR test is a measure of the development of
thermal stresses in the asphalt binder. The two parameters
are used as indicators of asphalt binder to characterize the
thermal cracking potential at the low temperature. With a
higher S, the asphalt becomes more brittle at low temperature, and it is more likely to crack at low temperature. With
a higher m value, the stress relaxation performance the
asphalt is better, and the possibility of low-temperature
cracking decreases. The grading standard is that the stiﬀness
modulus (S) should not exceed 300 MPa, and the creep rate
(m) should not be less than 0.3. In this study, CANNON BBR
was used and the test temperature was −10°C. Two replicates
were prepared and tested for each binder.
2.2.4. Fluorescence Microscopy. Fluorescence microscopy
was used to observe the distribution of the modiﬁer in the
asphalt. By using excitation light of diﬀerent colors, the
ﬂuorescent dye samples, which are diﬃcult to be observed
using an ordinary microscope, were clearly observed and
identiﬁed. In Figure 3, the magniﬁcation of the objective lens
was 10–100 times and that of the eyepiece was 10 times.
Three replicates were tested for each prepared binder.
2.2.5. Infrared Spectrum Test. In this experiment, the attenuated total reﬂection method was used in the Agilent
Cary 630 FTIR (Figure 4) to conduct infrared spectrum
detection on the high-modulus modiﬁer, 70# asphalt, and
high-modulus modiﬁed asphalt samples, so as to determine
the basic chemical composition and modiﬁcation
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Figure 3: Fluorescence microscope.

(a)

(b)

Figure 4: Infrared spectrum test of asphalt: (a) infrared spectrometer; (b) asphalt samples.

mechanism of the high-modulus modiﬁer. Three replicates
were tested for each prepared binder.
2.2.6. Rutting Test. The rutting test was used to test the hightemperature antirutting capacity of the asphalt mixture by
simulating the actual wheel movement on the asphalt
pavement by the reciprocating movement of the wheel on
the plate-shaped test piece. HMAC is widely used in South
China to address the serious rutting problem. Considering
these two factors including high temperature and precipitation in this area, two sets of rutting tests were conducted at
60°C and 70°C to evaluate the high-temperature rutting
resistance of the asphalt mixture. Furthermore, a drying
group and a soaking group were set to analyze the water
stability. Additionally, considering the overload phenomenon, the test loading was increased from 0.7 to 0.9 MPa for
three comparative analyses. Following the rutting test
method of asphalt mixture (T0719-2011) [18], the size of the
rutting test samples was 300 × 300 × 50 mm, and dynamic
stability (DS) was calculated as follows:
42 ×(60 − 45)
DS �
,
(4)
d60 − d45
where DS is the dynamic stability in cycle/mm; d60 is the
rutting depth at 60 min in mm; and d45 is the rutting depth at
45 min in mm. Two replicates were tested for each prepared
sample.

2.2.7. Dynamic Modulus Test. Due to the fact that the
modulus of HMAC is diﬀerent from that of conventional
asphalt concrete mixture [14, 26], the dynamic modulus test
was used. The multifunctional material testing machine
(UTM-100) was used for this test, and the test samples were
100 mm in diameter and 150 mm in height. The dynamic
modulus test was performed with the loading frequencies of
0.1, 0.5, 1, 5, 10, and 25 Hz at 4°C, 15°C, 25°C, 35°C, 45°C, and
60°C. The test was conducted from low temperature to high
temperature with the decrease of loading frequencies so as to
enhance the testing accuracy. The dynamic modulus test was
conducted with constant strain, making sure that the stressstrain relationship within the loading range remained linear.
In the control mode, sinusoidal load was applied to the
samples, and the strain was controlled between 85 and 115 με.
The room temperature was selected as the reference temperature. According to the time-temperature superposition
principle, the master curve of the dynamic modulus of the
asphalt mixture was ﬁtted using the sigmoidal function. Two
replicates were prepared and tested for each type of sample.

3. Results and Discussion
3.1. Rheological Properties of Asphalt
3.1.1. Analysis of Temperature-Sweep Test Results.
Figure 5 shows the temperature-sweep test results. In
Figure 5(a), it can be seen that the complex modulus (G∗ ) of
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Figure 5: Relationship between the viscoelastic properties of asphalt and temperature: (a) complex modulus versus temperature; (b) fatigue
factor versus temperature; (c) rutting factor versus temperature; (d) phase angle versus temperature.

the asphalt decreases with the increase of temperature, indicating the poor deformation resistance of asphalt at high
temperature. Compared with JG0, the complex modulus of
JG1, JG2, and JG3 with the high-modulus modiﬁer considerably improved. And with the content of the high-modulus
agent increasing, the complex modulus increases. Taking the
temperature of 70°C as an example, the complex modulus of
JG1, JG2, and JG3 increases by 2.4, 9.9, and 15.1 times, respectively, compared with the ﬁgure for JG0. If the content of
the high-modulus agent is equal to that of SBS (4.5%), SBSmodiﬁed asphalt has a higher complex modulus as the
temperature surpasses 64°C. With the content of the highmodulus agent increasing to 6.67%, the complex modulus of
the high-modulus modiﬁed asphalt is higher than that of the

SBS-modiﬁed asphalt. This indicates that the high-modulus
modiﬁed asphalt has better high-temperature stability when a
certain content of the high-modulus agent is used. With highmodulus agent content increasing, the slopes of the complex
modulus curves rapidly decrease and then remain stable,
which indicates that the addition of the high-modulus agent
may lead to the decline of the temperature sensitivity of the
asphalt. When the content increases to 6.67% or more, no
signiﬁcant diﬀerence in the slopes of curves can be found
among the high-modulus modiﬁed asphalt and the SBSmodiﬁed asphalt. This means that the two types of asphalt
show similar temperature sensitivity.
Figures 5(b) and 5(c) show the fatigue factors and the
rutting factors of the samples versus temperature. The
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change trends of both are consistent with the complex
modulus, which demonstrates that the high-modulus
modiﬁed asphalt containing 6.67% high-modulus agent or
more has better high-temperature performance and fatigue
performance than the SBS-modiﬁed asphalt. The result of
better rutting resistance of high-modulus modiﬁed asphalt is
consistent with previous ﬁnding in the literature [23]. In
Figure 5(d), it can be observed that the phase angle of asphalt
signiﬁcantly decreases with the increase of high-modulus
agent content, from 89.0° of JG0 to 68.2° of JG2 at 70°C; it
means that the addition of the high-modulus modiﬁer can
contribute to the improvement of the elastic performance of
asphalt at high temperature. However, when the content was
higher than 6.67%, the decrease of the phase angle is not
obvious. It may be attributed to the formation and enhancement of a polymer link network with relatively small
content, which improves the elastic properties of the asphalt.
But the additional increase has no signiﬁcant eﬀect on the
link network, indicating that the improvement of the elastic
properties of the asphalt with the addition of the highmodulus agent is limited. It also can be found that the SBSmodiﬁed asphalt shows the lowest phase angle, which indicates that SBS-modiﬁed asphalt has better elastic recovery
performance than 70# asphalt. And the addition of the highmodulus modiﬁer can narrow the gap between the two types
of asphalt to some extent.
3.1.2. Analysis of Frequency-Sweep Test Results. Selecting
20°C as the reference temperature, the master curves of the
complex shear modulus and the main curve of the phase
angle are shown in Figure 6.
As shown in Figure 6(a), compared with the SBSmodiﬁed asphalt, 70# asphalt has a higher modulus at higher
frequencies (100–104 rad/s) and a lower modulus at low
frequencies (10−3–10° rad/s). According to the time-temperature superposition principle, low frequency is equivalent
to a temperature increase. Similar to the results obtained
before, the SBS-modiﬁed asphalt shows lower temperature
sensitivity and better high-temperature performance. After
the addition of the high-modulus modiﬁer, the master curve
of the complex shear modulus of the asphalt reﬂects a
positive correlation. In the high-frequency band
(102–104 rad/s), the complex shear modulus of the asphalt
somewhat changes with the content. In the low-frequency
band (10−3–102 rad/s), if the content of the high-modulus
agent is not more than 6.67%, the complex shear modulus of
the asphalt signiﬁcantly increases with the increase of the
content under the same loading frequency, indicating that
the high-temperature performance of the high-modulus
modiﬁed asphalt considerably improves. When the dosage is
further increased, the complex modulus does not continue
to increase, which conﬁrms that the improvement of the
high-temperature performance of the asphalt is limited
despite the addition of the high-modulus agent. Similar to
Figure 6(a), the master curves of the phase angle in
Figure 6(b) show that the addition of the high-modulus
agent can eﬀectively improve the viscoelasticity of the asphalt, reduce the phase angle of the asphalt, and enhance the
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elastic recovery ability of the asphalt. In the low-frequency
band (10−3–10−1 rad/s), the phase angles of JG0 and JG1 are
signiﬁcantly higher than those of the SBS-modiﬁed asphalt,
which indicates that JG0 and JG1 are more similar to viscoelastic ﬂuids at high temperature and more likely to ﬂow
compared to the SBS-modiﬁed asphalt. With further increase in the high-modulus agent content, the viscoelasticity
of the asphalt signiﬁcantly improves. When the content is
6.67%, the modiﬁed asphalt has the best elastic performance
and viscoelasticity. The increase in the content of the asphalt
makes the phase angle of the asphalt increase, which may be
attributed to the heterogeneous dispersion of the highmodulus modiﬁer and the weakening of the link with the
asphalt, leading to the increase of the phase angle of the
asphalt.
3.1.3. Analysis of the MSCR Results. The MSCR results are
shown in Figure 7. In both stress conditions (0.1 kPa or
3.2 kPa), with the increase of high-modulus agent, the shear
strain of the asphalt gradually decreases, and when the highmodulus agent content increases to 6.67%, the strain response of the asphalt remains stable, which demonstrates
that the addition of the high-modulus agent improves the
deformation resistance of the asphalt. It is also found that
JG2 showed lower strain response compared with the SBSmodiﬁed asphalt, indicating the high-temperature deformation resistance of JG2 is better than that of the SBSmodiﬁed asphalt. Moreover, comparing the shear-strain
curves of the 70# asphalt, the high-modulus modiﬁed asphalt, and the SBS-modiﬁed asphalt, it can be seen that the
shear strain of the 70# asphalt increases gradually during the
loading time but does not signiﬁcantly recover during the
unloading time. However, the shear strain of SBS-modiﬁed
asphalt during the loading time is signiﬁcantly less than that
of 70# asphalt, and the residual shear strain of creep stress
after unloading is smaller, which shows that SBS-modiﬁed
asphalt has better elastic recovery performance than 70#
asphalt at high temperature.
Table 5 shows the calculation results of the rheological
parameters of the 70# asphalt, the high-modulus modiﬁed
asphalt, and the SBS-modiﬁed asphalt based on the MSCR
test. With the increase of high-modulus agent content, R
value increases considerably and then tends to remain stable,
and Jnr decreases ﬁrst and then tends to remain stable. This
demonstrates that the addition of the high-modulus additive
can lead to the enhancement of the high-temperature elastic
deformation recovery capacity and the improvement of the
antirutting ability. At 0.1 kPa, the R values of JG2 and JG3 are
higher than those of SBS-modiﬁed asphalt, whereas Jnr
values of JG2 and JG3 are lower than those of the SBSmodiﬁed asphalt. At 3.2 kPa, the Jnr values of JG2 and JG3
are 0.184 kPa−1 and 0.154 kPa−1, respectively, which are
lower than those of the SBS-modiﬁed asphalt. Moreover, the
R value of JG3 is 48.2%, which is slightly lower than that of
the SBS-modiﬁed asphalt. With the increase of high-modulus agent content, the Jnr−diff value of the high-modulus
modiﬁed asphalt increases gradually, which is greater than
those of the 70# matrix asphalt and the SBS-modiﬁed
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Figure 6: Frequency-sweep test results: (a) master curve of complex shear modulus; (b) master curve of phase angle.

asphalt, indicating that the high-modulus additive increases
the sensitivity of asphalt to load.
3.1.4. Low-Temperature Performance of Asphalt. Figure 8
shows the BBR test results for the high-modulus modiﬁed
asphalt. With the increase of high-modulus additive content,
the creep stiﬀness of the asphalt increases, whereas the mvalue gradually decreases. This indicates that the addition of
the high-modulus agent increases the stiﬀness of the asphalt
but reduces its ﬂexibility, which makes it stiﬀer and more
brittle and thus causes damage to its low-temperature
performance. Therefore, the determination of the content of
the high-modulus agent needs more caution. According to
the test results for the high- and low-temperature performance of the high-modulus modiﬁed asphalt with diﬀerent
high-modulus agent contents, adding 6.67% high-modulus
agent to 70# asphalt is recommended for preparing HMAC
in engineering applications.
3.2. High-Temperature Performance of Asphalt Mixtures
3.2.1. Analysis of Rutting Test Results. The rutting test was
conducted on three types of asphalt mixtures using 70#
asphalt, SBS-modiﬁed asphalt, and JG2 as binder, and the
test results are shown in Table 6. Obviously, the addition of
the high-modulus agent can signiﬁcantly improve the DS of
the 70# asphalt mixture. Moreover, the improvement eﬀect
of high modulus-modiﬁed asphalt is better compared with
SBS-modiﬁed asphalt under all test conditions. Under the
standard test conditions (0.7 MPa, 60°C), the DS of the highmodulus modiﬁed asphalt mixture is 6.8 times more than
that of the base asphalt mixture, whereas there is 5.2 times
increase in the SBS-modiﬁed asphalt mixture. Under hightemperature and heavy-load conditions (0.9 MPa, 70°C), the

high-modulus agent has a particularly prominent eﬀect on
the high-temperature performance of the mixture. After
adding the high-modulus agent, the DS of the asphalt
mixture increases signiﬁcantly. Compared with the base
asphalt mixture, there is 12.4 times increase in the highmodulus asphalt mixture. And the DS of JG2 mixture is
about 40 percent higher than that of the SBS-modiﬁed asphalt mixture, which demonstrates that the HMAC has
better rutting resistance under special conditions such as
high temperature and heavy load. When the humidity increased during the test, the DS of the three asphalt mixtures
decreased. However, the decrease in the DS of the highmodulus modiﬁed asphalt mixture was only 11.1%, which
was considerably lower than those of the 70# asphalt mixture
(22.2%) and the SBS-modiﬁed asphalt mixture (19.9%),
conﬁrming that the asphalt mixture modiﬁed by the highmodulus agent has good water stability.
3.2.2. Analysis of Dynamic Modulus Test Results.
Figure 9 shows the dynamic modulus master curves of
HMAC and the SBS-modiﬁed asphalt mixture; it can be seen
that HMAC has higher modulus under both high- and lowtemperature conditions. This conclusion is consistent with
the results of the asphalt frequency-sweep test, which further
conﬁrms that high-modulus modiﬁed asphalt has good
applicability in high-temperature range.
3.3. Modiﬁcation Mechanism
3.3.1. Fluorescence Microscopic Observations. The mechanical properties of polymers come from the entanglement
between chains. Only when the entanglement between
diﬀerent molecules is formed in the interface area, can the
interface have a certain mechanical strength. Based on the
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Figure 7: MSCR test curves at 60°C: (a) 0.1 kPa; (b) 3.2 kPa.
Table 5: MSCR test results.
Rheological parameters
R (%)
Jnr (kPa−1)
Jnr−diff (%)

Stress
0.1 kPa
3.2 kPa
0.1 kPa
3.2 kPa
—

JG0
2.3
−0.3
2.907
3.222
10.8

minimum energy principle, the addition of modiﬁers causes
redistribution in the system, and the system tends to a new
equilibrium by reducing the surface energy [28]. Moreover,
some polymer segments of the modiﬁer particles diﬀuse into
the asphalt phase to form an interface layer, which slows
down the movement of the molecules. Furthermore, some
polymers have high stability and strong network structure
with the asphalt molecular chain, which helps improve the
mechanical properties of the asphalt mixture. In addition,

JG1
48.4
3.4
0.400
1.096
174.2

JG2
95.4
41.3
0.007
0.184
2409.5

JG3
98. 1
48.2
0.002
0.154
6354.9

FG0
89.2
77.8
0.095
0.211
122.9

the polar graft copolymer component present in the
high-modulus agent can lead to the formation of a stronger
polymer link between aggregate surface and asphalt compared to the structural asphalt and can improve the modulus
and the high-temperature performance of the asphalt
mixture. According to previous studies [31, 32], one highmodulus modiﬁer (a polyoleﬁn modiﬁer) tends to form a
network in the binder system possibly because of the
swelling through ﬂuorescence microscope observation.
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Table 6: Dynamic stability results (cycle/mm).
Test conditions
0.7 MPa,
0.7 MPa,
0.7 MPa,
0.9 MPa,

60°C,
60°C,
70°C,
70°C,

dry
wet
dry
dry

Asphalt binder type
SBS-modiﬁed asphalt (FG0)
9856
7892
6524
2112

70# asphalt
1866
1452
868
233

Dynamic modulus (MPa)

1E + 05

environment, absorb the light components of the asphalt,
form polymer links, distribute more homogeneously in the
origin asphalt, and improve the viscoelastic properties and
high-temperature performance of asphalt.

1E + 04

1E + 03

1E + 02

1E + 01
1E – 6

High-modulus asphalt (JG2)
12670
11253
7624
2886

1E – 4

0.01
1
Frequency (Hz)

100

10000

High-modulus asphalt mixture
SBS asphalt mixture

Figure 9: Dynamic modulus master curve of the asphalt mixtures.

Based on this, the modiﬁcation mechanism of the high-modulus modiﬁer used in this study was investigated using
ﬂuorescence microscopic test. Figure 10 shows a ﬂuorescent
micrograph of JG3 at diﬀerent development times. There is a
clear interface between the high-modulus agent and the
asphalt before high-temperature development. With the
increase of the development time, the diﬀerence between the
yellow pattern (representing the high-modulus agent) and
the orange background (representing the asphalt) becomes
smaller, and the boundary between them becomes fuzzy
gradually. This shows that the sheared high-modulus agent
particles can swell and develop in the high-temperature

3.3.2. Infrared Spectrum Analysis. Apart from the observed
results from ﬂuorescence microscope, using infrared spectrum test can also help to investigate the modiﬁcation
mechanism of high-modulus agent in the binder. In the
previous study [17], Yang reported that there was neither
new chemical reaction nor the formation of new functional
groups in the asphalt containing one high-modulus modiﬁer
through infrared spectrum test. Figure 11 shows the infrared
spectrum of the high-modulus modiﬁer. There are four
obvious sharp infrared absorption peaks of the high-modulus modiﬁer at 715, 1468, 2847, and 2914 cm−1. The
715 cm−1 peak represents the in-plane rolling vibration
absorption peak of –(CH2)n– (n ≥ 4), the 1468 cm−1 peak
represents the bending vibration absorption peak of–CH2–,
the 1468 cm−1 peak represents the symmetric stretching
vibration absorption peak of–CH2–, and the 2914 cm−1 peak
represents the asymmetric stretching vibration absorption
peak of–CH2–. Figures 12(a)–12(c) show the infrared
spectrum of the high-modulus modiﬁer, the 70# matrix
asphalt, and the high-modulus modiﬁed asphalt JG2, respectively. The infrared spectrum of the high-modulus
modiﬁed asphalt is the superposition of the infrared spectrum of the high-modulus modiﬁer and the infrared spectrum of the 70# asphalt. There is no new infrared absorption
peak in the infrared spectrum of the high-modulus modiﬁed

Advances in Materials Science and Engineering

11

High-modulus agent

Virgin asphalt

(a)

(b)

(c)

Figure 10: Fluorescence micrograph of diﬀerent developmental times of the JG3 asphalt: (a) 0 h; (b) 1 h; (c) 1.5 h.

asphalt JG2. Therefore, it can be concluded that the modiﬁcation of the base asphalt by adding the high-modulus
modiﬁer is purely physical blending modiﬁcation, the
modiﬁer and the base asphalt are not chemically bonded,
and no new substances are formed. This behavior is consistent with the macroscopic morphology observed by
ﬂuorescence microscopy. The high-modulus modiﬁer only
exhibits physical changes such as swelling of the matrix
asphalt.
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Figure 11: Infrared spectrum of the high-modulus agent.
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Figure 12: Infrared spectrum of (a) the high-modulus modiﬁer, (b)
the 70# matrix asphalt, and (c) the high-modulus modiﬁed asphalt
JG2.

In this study, the rheological properties of high-modulus
asphalt, 70# asphalt, and SBS-modiﬁed asphalt, high-temperature performance of asphalt mixtures, and the modiﬁcation mechanism of the high-modulus agent in the binder
were discussed via a series of laboratory tests. The results
conﬁrm that HMAC has excellent road performance in
high-temperature areas, and the following conclusions could
be drawn:
(1) The addition of a high-modulus agent can signiﬁcantly improve the high-temperature performance
and viscoelastic properties of the asphalt binder and
reduce the temperature sensitivity of the matrix
asphalt to some extent. When the content of the
high-modulus modiﬁer increases to 6.67%, the
modiﬁed asphalt has better high-temperature performance than SBS-modiﬁed asphalt.
(2) The rutting resistance of HMAC is better than that of
SBS-modiﬁed asphalt mixture, especially under
high-temperature and heavy-load conditions. And
the water stability of HMAC is better than that of
SBS-modiﬁed asphalt mixture. The modulus of
HMAC is higher than that of SBS-modiﬁed asphalt
concrete under high and low temperature, which
indicates that HMAC has good applicability in hightemperature range.
(3) By using the ﬂuorescence microscopy test and infrared spectrum test, it can be found that the highmodulus agent particles develop by swelling in a
high-temperature environment, absorbing the light
components of asphalt. Some polymer chain
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segments of the modiﬁer particles diﬀuse into the
asphalt phase to form an interface layer, which slows
down the movement of the molecules; some polymers can exhibit high stability and strong network
structure with the asphalt molecular chain, which
improves the high-temperature performance and
viscoelastic property of the asphalt.
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