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Aiming to evaluate the high-temperature performance of asphalt binders and asphalt mixtures and to investigate the reliability of
the standard technical indexes to evaluate the performance of the asphalt, six typically used asphalt types were employed in this
study.+e standard high-temperature rheological test, the multiple stress creep recovery (MSCR) test, and the zero-shear viscosity
(ZSV) test were employed to characterize the high-temperature performance and non-Newtonian fluid properties of the asphalt.
Meanwhile, the high-temperature performance of the asphalt mixture was evaluated through the rutting tests based on the
mixture design of AC-13. In general, the modified asphalt performed better than the unmodified asphalt according to the high-
temperature rheological properties tests.+e ranking of the six kinds of asphalt was confirmed to be different in various laboratory
tests. +e test results of the asphalt binders showed that the Tafpack Super- (TPS-) modified asphalt performed best in the MSCR
and ZSV tests, while the low-grade asphalt PEN20 had the best technical indexes in the dynamic shear rheometer (DSR) test.
Besides, the relation between the asphalt and the asphalt mixture was analyzed by gray relational analysis (GRA) method. +e
present rutting indicator (G∗ /sin δ andG∗ /(1 − (sin δ · tan δ)− 1)) for evaluating the asphalt mixtures’ high-temperature per-
formance might no longer be suitable. +e Cross/Williamson model was the most suitable for calculating and fitting the ZSV,
which could be used as the key indicator of the high-temperature performance evaluation of the asphalt. +is work lays a
foundation for the further study of the high-temperature performance evaluation of asphalt binders.

1. Introduction

At present, the Superpave asphalt performance evaluation
system is widely used, which is a main outcome of the
Strategic Highway Research Program (SHRP). In the
Superpave specification, the shear complex modulus (G∗),
the phase angle (δ), and the rutting factor (G∗/sin δ) from
dynamic shear rheometer (DSR) test are used to evaluate the
high-temperature mechanical performance of asphalt
binders based on the law of energy dissipation and the
rutting resistance [1–4]. For the base asphalt, some

researches indicated that the rutting factor (G∗/sin δ) had a
good relation with the rutting resistance of the asphalt
mixtures. However, for the modified asphalt, the applica-
bility of traditional rutting factor (G∗/sin δ) in the evalua-
tion of high-temperature performance has been discussed
over the years [5, 6]. It was because, under the uninterrupted
sinusoidal alternating loading in DSR test, the influence of
the delayed elasticity was neglected, which played an im-
portant role in the deformation response of the modified
asphalt [7]. In the research of National Cooperative Highway
Research Program (NCHRP), the relational coefficient
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between the rutting factor and the permanent deformation
rate of the mixture, measured by the repeated shear test
(constant height) (RSCH), was only 0.23.

Recently, some new test methods and evaluation indexes
have been proposed [8–11]. Considering the viscoelastic
properties of asphalt, the elastic and viscous terms of shear
complex modulus were defined, respectively. In the United
States, Shenoy et al. [12, 13] put forward modified rutting
factors (G∗/1 − (sin δ · tan δ)− 1) and (G∗/(sin δ)9) on the
basis of the traditional rutting factor, which were proved to
be more accurate in judging the rutting resistance of the
modified asphalt. At the same time, the repeated creep-
recovery test (RCRT) was suggested [14]. Based on RCRT,
two new evaluation indexes in the multistress creep recovery
(MSCR) test, percent deformation recovery (R) and non-
recoverable deformation compliance (Jnr), were also pro-
posed to solve the nonlinearity associated with the modified
asphalt [15, 16]. According to the AASHTO TP70 test
method [17], two stress levels (0.1 and 3.2 kPa) were adopted
as the test loads. +e stress sensitivity indexes (Rdiff , Jnr,diff )

were also calculated from the difference in R and Jnr between
two stress levels to evaluate the high-temperature perfor-
mance of asphalt. Since the loading method in MSCR test
takes into account the delayed elasticity of asphalt, this test
method is applicable for predicting the high-temperature
stability of both unmodified asphalt and polymer-modified
asphalt [18–21], especially adopting higher stress load to
simulate the actual situation [22, 23]. Besides, the zero-shear
viscosity (ZSV) test has attracted much attention in Europe.
+e polymer-modified asphalt is a typical non-Newtonian
fluid at high temperatures, and the viscosity decreases with
the increasing shear rate. Some researches found that the
viscosity of the asphalt tended to have a stable value when
the shear rate was very small or extremely large. +us, in
order to exclude the effect of shear rate on the test results, the
zero-shear viscosity (ZSV) was proposed as an evaluation
index to characterize rutting resistance of the asphalt, es-
pecially the polymer-modified asphalt [2, 24–26]. +erefore,
in this study, the ZSV and MSCR tests, as well as their
technical indexes, were used for the high-temperature
performance evaluations on both the base asphalt and
modified asphalt.

Gray relation analysis (GRA)method has been applied in
many fields to explain the problems of the uncertain systems
with the multiple input, incomplete information and dis-
crete data. In road engineering fields, it is indicated that
GRA is applicable to research the performance of asphalt
and its mixture [27]. Based on gray system approach, the
relationship between composition of the asphalt and the
service performance was analyzed to study the asphalt aging
mechanism [28]. Wu et al. [29] predict normal incidence
sound absorption coefficient and tire/road noise on asphalt
pavements using the gray system model with Fourier re-
sidual correction. Zhang et al. [30] evaluated the effects of
the regenerant’s viscosity and acid value on the basic,
rheological, and chemical properties of a typical rejuvenated
asphalt by using GRA method. In Gao’s work [31], the
highest gray entropy relation between the dynamic viscosity
of bioasphalt and the dynamic stability of the mixture

provided a key index of bioasphalt’s high-temperature
performance evaluation. +ese results showed that GRA
method could be considered as an alternative to the asphalt
performance evaluation and mixture design analysis, of
which the analysis results were accurate and reliable.

Although a lot of effort has been made to investigate
high-temperature performance of various types of asphalt
including the base asphalt binders and modifiers in recent
years, the existing relationship models between the asphalt
and its mixture still have application limitations and ac-
curacy problems. Most of the existing literatures focus on the
materials and properties evolution, instead of the develop-
ment of technical indexes for characterizing the high-tem-
perature performance of both the unmodified and modified
asphalt mixtures. +erefore, aiming to evaluate the high-
temperature performance of the asphalt binders and their
mixtures and to investigate the relation between the per-
formance indexes of the asphalt binders and their mixture,
six typically used asphalt types (including three types be-
longing to base asphalt and three types belonging to poly-
mer-modified asphalt) were employed in this study. +e
standard high-temperature rheological test, the MSCR test,
and the ZSV test were employed to characterize the high-
temperature performance. Meanwhile, the high-tempera-
ture performance of the asphalt mixture was evaluated
through Marshall stability and rutting tests based on the
mixture design of AC-13. Furthermore, the relation was
determined by the gray relational analysis method. +is
study will provide a more systematic perspective for the
further study of the high-temperature performance evalu-
ation of asphalt binders.

2. Materials

2.1. Asphalt Binders. Because the applicability of the rela-
tionship between different kind of asphalt and asphalt
mixture is controversial, the study is to investigate the re-
liability of the standard technical indexes to evaluate the
performance of both the base asphalt and modified asphalt.
+us, in this study, three penetration grades of asphalt
(PEN20, PEN50, and PEN90) and three types of polymer-
modified asphalt, which are two kinds of SBS- (styrene-
butadiene-styrene-) modified asphalt named SBS I-C and
SBS I-D (from Jiangsu Sinopec) and TPS- (Tafpack Super-)
modified asphalt (from Gansu), were selected to investigate
the high-temperature performance. +e basic physical
properties of six asphalt binders are shown in Table 1. Note
that since the TPS is a kind of new modifier, one of the
objectives of the study is to compare the high-temperature
performance of SBS-modified asphalt and that of TPS-
modified asphalt.

2.2. Asphalt Mixture Design. In this study, the fine-grained
continuous gradation asphalt concrete (AC-13) mixtures
with the six kinds of asphalt binder were adopted for the
high-temperature performance evaluations, according to the
Chinese standard of JTG F40-2004 [32]. Table 2 shows the
detailed gradation of AC-13.
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Based on the gradation of aggregate for AC-13 mixtures,
different asphalt contents were selected for applying in the
Marshall test to determine the optimum asphalt content
(OAC) of the six kinds of asphalt binder. According to the
Chinese standard of JTG F40-2004 [32], the testing data of
the asphalt mixture Marshall specimen are shown in Table 3,
including the asphalt-aggregate ratio, the apparent density,
the theoretical maximum density, the air void (VV), the
voids in mineral aggregate (VMA), and the voids filled with
asphalt (VFA). +e Marshall tests mentioned earlier were
based on the SBS-modified asphalt binder.+e air void (VV)
of the Marshall specimen could be calculated through
measuring the apparent density and the theoretical maxi-
mum density. In order to ensure that the air void of the
Marshall specimen was around 4%, the different asphalt
binders had various OACs. +e final determined OAC of
AC-13 mixtures in the study was 4.6 wt% for PEN50 and
PEN90 asphalt binder, 4.8 wt% for PEN20 asphalt binder,
4.9 wt% for SBS-modified asphalt binder, and 5.1 wt% for
TPS-modified asphalt binder, respectively.

3. Testing Methods and Analysis Models

3.1. DSR Test. DSR tests were performed in accordance with
the method specified in AASHTO T315 [33]. +e complex
modulus G∗, the phase angle δ, and the rutting indicator
(G∗/sin δ) were obtained on the virgin asphalt binder
samples (except for the correlation analysis in Section 4.3)
via Kinexus Ultra+ (Malvern Panalytical) DSR at 64°C, 70°C,
76°C, 82°C, and 88°C, with the sample diameter of 25mm
and the thickness of 1mm.+e loading frequency in the DSR
tests was 10 rad/s. For the correlation analysis, the DSR tests
were conducted on both the unaged asphalt and the aged
asphalt (rolling thin film oven test (RTFOT)).+ree repeated
tests were employed to ensure the reliability of the results.

3.2. MSCR Test. MSCR tests were performed on Kinexus
Ultra+ (Malvern Panalytical) DSR at 64°C, 70°C, 76°C, 82°C,

and 88°C. +e sample was the rolling thin film oven test
(RTFOT) residue of asphalt binder, which is applied to
simulate the short-term aging condition of asphalt. +e
percent recovery and nonrecoverable creep compliance were
obtained by applying a continuous cyclic load to the samples,
with the sample diameter of 25mm and the thickness of
1mm. Each creep recovery cycle consisted of a stress loading
period (1 s) and then a zero-stress recovery period (9 s). +e
test process was under two stress levels (0.1 and 3.2 kPa).+e
first 20 cycles of creep recovery were conducted under the
shear load stress of 0.1 kPa, followed by additional 10 cycles
under 3.2 kPa. Besides, the RTFOTwere conducted at 163°C
for 85min [34]. It is worth noting that three repeated tests
were carried out on each type of asphalt binder to ensure the
reliability of the results.

3.3. ZSV Test. ZSV tests were performed on Kinexus Ultra+
(Malvern Panalytical) DSR at the test temperature of 60°C.
+e sample was the rolling thin film oven test (RTFOT)
residue of asphalt binder, with the same diameter and
thickness as those of the samples in MSCR tests (25mm and
1mm). +e steady-state flow test was used to determine the
viscosity at different shear frequencies, which ranged from
10 to 0.01 rad/s. +en the zero-shear viscosity (ZSV) was
calculated by the shear rheological fitting curve. For each
type of asphalt binder, at least ten repeated tests were
conducted within each order of magnitude to ensure the
reliability. At present, the commonly used fitting models,
which were used to calculate the value of ZSV, include the
Cross/Sybilski model, Cross/Williamson model, and Car-
reau model. +e Cross/Sybilski model, Cross/Williamson
model, and Carreau model were expressed as follows:

η
η0

�
1

1 +(Kω)
m, (1)

η − η∞
η0 − η∞

�
1

1 +(Kω)
m, (2)

Table 1: +e basic physical properties of six asphalt binders.

Asphalt binders Penetration (25°C, 100 g, 5 g),
0.1mm

Penetration index n/
a

Softening point,
°C

Ductility (5/15°C),
cm

Viscosity
(60°C), Pa·s

Unmodified
PEN20 23 0.81 64.2 10/62 3315.2
PEN50 54 0.29 52.4 1/87 393.8
PEN90 91 − 0.94 47.7 0.5/˃100 198

Modified
SBS I-C 74 0.03 66.0 56/˃100 27360
SBS I-D 57 − 0.05 66.9 26/˃100 49755
TPS 69 0.89 80.7 38/˃100 82459

Note that the date of ductility before “/” was tested at 5°C, and date of ductility after “/” was tested at 15°C.

Table 2: Gradation of aggregate for AC-13.

Sieve size, mm 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Selected (%) 97 82 47 31 21.5 15 11 8 6
Upper (%) 100 85 68 50 38 28 20 15 8
Lower (%) 90 68 38 24 15 10 7 5 4
Intermediate (%) 95 76.5 53 37 26.5 19 13.5 10 6
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Equation (1) was for the Cross/Sybilski model, equation
(2) was for the Cross/Williamson model, and equation (3)
was for the Carreau model. η was the complex viscosity of
the asphalt sample, η0 was the ZSV of the asphalt sample,
and η∞ was the complex viscosity when the shear frequency
is infinite. Note that the value of η∞ cannot be directly
obtained from the tests and was replaced with the complex
viscosity at 10 rad/s. K and m are the property coefficients of
the asphalt sample.

+e accelerated loading facility test in the United States
showed that the Carreau model was more suitable than the
Cross/Williamson model for calculating the value of ZSV. In
this paper, the three models were all adopted and compared
to characterize rutting resistance of the asphalt sample
better.

3.4. Rutting Test. In order to evaluate the high-temperature
performance of the asphalt mixtures, the rutting test adopted
in this paper was carried out in accordance with the method
specified in the Chinese standard of JTG E20-2011 [35]. +e
test pieces of asphalt mixture should have the size of
300 × 300 × 50(L × b × h)mm3. +e rutting formed on the
test piece surface under the repeated passing action of the
wheel along the same trajectory at a frequency of 42± 1
cycles/min. +e dynamic stability (DS) of the test piece was
calculated, as shown in the following equation:

DS �
t2 − t1(  × N

d2 − d1
, (4)

where d1 and d2were the rutting depths at t1 (45min) and t2
(60min), respectively. N was the frequency of the wheel
passing through the test pieces. +e antirutting property of
asphalt mixture was evaluated by the dynamic stability. It is
worth noting that three repeated tests were carried out on
each type of asphalt binder to ensure the reliability of the
results.

3.5. GRAMethod. Gray relational analysis (GRA) method is
a mathematical analysis method to measure the relationship

between the factors and the system behaviors based on the
finite and irregular data [36, 37]. In the principle of GRA, the
relation among the data array curves is usually judged based
on the similarity among geometric shapes. +e gray rela-
tional coefficient can be calculated quantitatively by the
normalization and comparison of the data arrays. +e gray
relational degree is subsequently calculated by taking the
arithmetic average of the gray relational coefficients at
different time point. A larger relational degree means a
higher similarity among the data.

+e detailed calculating methods of the gray relational
coefficient and gray relational degree are as follows.

Suppose that there was a matrix, composed of a series of
data arrays:

X
(0)
0 (r) , r � 1, 2 , 3, . . . , n,

X
(0)
1 (r) , r � 1, 2, 3, . . . , n,

X
(0)
2 (r) , r � 1, 2, 3, . . . , n,

. . .

X
(0)
k (r) , r � 1, 2, 3, . . . , n.

(5)

X was the gray relational factor set, and the k arrays were
k factors. n was the dimension of different k factors, which
was the same value in this paper. X(0)

0 was the main array (or
the reference array) and X(0)

m (m � 1, 2, 3, . . . , k) were the
subarrays (or the comparison arrays).

As different values in the matrix have a great difference,
the normalization of the arrays is necessary for comparing
different factors directly and eliminating the dimension
divergence. In this paper, the equalization method was
utilized for normalizing treatment. +e main array and the
subarrays were processed as follows:

X
(1)
m (r)  �

X
(0)
m (r) 

Xm

, (6)

Xm �
1

Nm



Nm

r�1
X

(0)
m (r)

⎧⎨

⎩

⎫⎬

⎭. (7)

X(1)
m (m � 0, 1, 2, 3, . . . , k) were the normalized arrays

and Xm was the arithmetic average value of the original
arrays.

Table 3: Testing data of the asphalt mixture Marshall specimen.

Asphalt binders Asphalt-aggregate ratio Apparent density +eoretical maximum density VV VMA VFA
% g/cm3 g/cm3 % % %

Unmodified
PEN20 4.8 2.431 2.542 4.35 14.28 69.5
PEN50 4.6 2.433 2.547 4.42 14.21 68.7
PEN90 4.6 2.437 2.553 4.55 14.11 67.8

Modified
SBS I-C 4.9 2.414 2.522 4.30 14.83 71
SBS I-D 4.9 2.419 2.528 4.33 14.66 70.5
TPS 5.1 2.409 2.516 4.25 14.97 71.6
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+e gray relational coefficient (cm(r)) between X
(0)
0 and

X(0)
m was expressed as follows:
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+e gray relational degree (Γm) indicated the relational
degree between the main array and the subarrays, which was
calculated as follows:

Γm � 
n

r�1
βrcm(r), (9)

and ξ was the distinguishing coefficient, which was 0.2 in this
paper [31], according to the previous research. βr was the
weighting of gray relational coefficient.

Gray relational entropy is a kind of gray entropy to
characterize the distances between the points and each
reference point. +e density value of distribution of the
subarrays (Pm) was calculated as follows:

Rm � cm(r) , r � 1, 2, 3, . . . , n; m � 0, 1, 2, 3, . . . , k,

(10)

Pm ≜
cm(r)


n
r�1 cm(r)

, m � 0, 1, 2, 3, . . . , k, (11)

H Rm(  ≜ 
n

r�1
PmInPm, m � 0, 1, 2, 3, . . . , k. (12)

Rm is a matrix composed of the gray relational coefficient
(cm(r)). +e gray relational entropy of the sequence Xm was
introduced as follows:

+e entropy relational degree E(Xm) of the sequence
Xm was calculated as follows:

E Xm(  ≜
H Rm( 

Hm

, (13)

where Hm was the maximum value of the gray relational
entropy.

+e entropy relational degree was used to characterize
the correlation between the subarrays and the main arrays.
+e larger the gray relational degree of the sequence Xm was,
the closer the geometry of the sequence Xm to that of the
reference sequence would be. +erefore, using the GRA
model, the degree of correlation between the high-tem-
perature performance of asphalt binders and the dynamic
stability of the mixtures was determined.

When studying the relationship between the asphalt and
mixture, the steps used to calculate the gray correlation
degree and the entropy relational degree are listed as follows.
Firstly, the test results of asphalt binders, including the
penetration, softening point, viscosity, rutting factor,
modified rutting factor, percent recovery, nonrecoverable

creep compliance, and zero-shear viscosity, were the sub-
arrays. +e DS of asphalt mixtures was the main array.+en,
the main array and subarrays were both normalized. Finally,
the gray relational coefficients and gray relational degree
could be calculated according to equations (8)∼(13).

4. Results and Discussion

4.1. High-Temperature Rheological Properties of Asphalt

4.1.1. DSR Test Results. +e high-temperature rheological
properties of six asphalt binders including the complex
modulus G∗, the phase angle δ, and the rutting indicator
(G∗/sin δ) are shown in Figure 1, respectively. +e high-
temperature grades of the polymer-modified asphalt were
82, 70, 64, 76, 82, and 82°C for PEN20, PEN50, PEN90, SBS
I-C, SBS I-C, and TPS-modified asphalt. It was found that
the phase angle curves had different forms in Figure 1(b),
which was related to whether the modifiers were added and
the properties of various modifiers. For the unmodified
asphalt, the phase angle curves both rose with the increasing
of the temperature. Meanwhile, for the modified asphalt, the
trend of rising had slowed down, and there was a certain
degree of decline in the temperature range of 76–88°C. +e
phase angle was an important feature to characterize the
viscosity change of asphalt under the external shear force,
which reflected that the addition of SBS and TPS was
beneficial for the asphalt to maintain a relatively good shear
strain recovery ability at higher temperatures. Among them,
TPS-modified asphalt was the preferred except in the
temperature range of 82–88°C, at which SBS I-D-modified
asphalt had the smaller phase angle.

Besides, as shown in Figures 1(a) and 1(c), the complex
modulus G∗ and the rutting indicator (G∗/sin δ) value of
low-grade asphalt PEN20 were significantly larger than the
other five kinds of asphalt in the interval of 64–82°C. When
the temperature was higher than 82°C, the rutting indicator
(G∗/sin δ) of TPS-modified asphalt was the best, while the
high-temperature performances of PEN90 and PEN50 as-
phalt were always weak. +e rheological properties of the six
kinds of asphalt at the PG grade temperatures were sum-
marized in Figure 1(d). It can be observed that the SBS I-D
presented the lowest complex modulus G∗ and rutting in-
dicator (G∗/sin δ), and PEN20 had the largest phase angle δ.
Since the difference between the SBS I-D and TPS-modified
asphalt was less than 20%, TPS had similar high-temperature
responses to SBS, and it could be considered for replacing
the traditional SBS with proper regard to the high-tem-
perature performances.

Advances in Materials Science and Engineering 5



4.1.2. MSCR Test Results. +e MSCR test results of the six
asphalt binders at different temperature are shown in Fig-
ure 2. +ese results indicated the significant viscoelastic-
plastic properties of the asphalt. Figure 2(a) illustrates the
nonrecoverable deformation compliance Jnr of the six as-
phalt binders at 3.2 kPa. It could be found that the non-
recoverable deformation compliance Jnr values all had an
exponential relationship with the temperature, indicating
that the high-temperature stability of asphalt would be
significantly weakened as the temperature increased. +e
difference in Jnr between two stress levels (0.1 kPa and
3.2 kPa) was an important indicator to evaluate the high-
temperature performance related to the external stress re-
sponse. +e larger Jnr diff value indicated the greater stress
sensitivity of the resistance to cumulative deformation. As

shown in Figure 2(b), TPS-modified asphalt showed the
greatest stress sensitivity, followed by SBS I-D-modified
asphalt. It was concluded that the modified asphalt had
greater stress sensitivity of the resistance to cumulative
deformation than the base asphalt.

Figure 2(c) shows the creep and recovery rate of the
asphalt at 3.2 kPa. +e curves had different forms, which
were automatically divided into two shapes according to
whether the modifiers were added. Under the creep load
condition, the PEN90 asphalt had a significant degree of
deformation and a low deformation recovery rate, which
indicated that the PEN90 asphalt performed soft viscosities
compared with the other types of asphalt. Note that the R3.2
value of the PEN90 asphalt was lower than zero, indicating
that the destruction of the structure made the asphalt
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Figure 1: High-temperature rheological properties of six asphalt binders: (a) complex modulus, (b) phase angles, (c) rutting indicator, and
(d) rheological parameters at the PG grade temperatures.
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completely lose its elasticity and become a fluid. Figure 2(d)
shows the change in the stress sensitivity index Rdiff of the
asphalt with temperature. +e large Rdiff value indicated the
recovery capability of asphalt was sensitive to the applied
stress. It was reconfirmed that the six asphalt binders all
exhibited greater sensitivity to the stress at the high tem-
perature, as shown in Figure 2(b). Generally speaking, the
TPS-modified asphalt performed best in the MSCR test,
followed by the SBS I-D-modified asphalt, because they had
the least deformation and the most substantial deformation
recovery ability. It is worth noting that the low-grade PEN20
asphalt also had the low deformation, while its deformation
recovery ability was poor.

4.1.3. ZSV Test Results. +eZSV test results of the six asphalt
binders at 60°C are shown in Figure 3 as well as the complex
viscosity η-frequency ω curves, the fitted K, m, and ZSV
values using the Cross/Sybilski model, Cross/Williamson
model, and Carreau model.

As shown in Figure 3, there were substantial differences
in K, m, and ZSV values between different kinds of asphalt
using three different models, especially the base asphalt and
modified asphalt. In order to present the data more clearly
and in detail, the standard deviation σ for data is shown in
Table 4.

It has been proved that the parametermmainly reflected
the sensitivity of the asphalt to shear stress, and the closer the
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Figure 2: Multiple stress creep recovery (MSCR) test results of six asphalt binders.
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K and m values were to zero, the closer the property of the
material was to Newtonian fluid based on the Cross/Sybilski
model [38].+us, the largem value indicated that the asphalt
was sensitive to the shear frequency. As shown in
Figure 3(b), the K value of SBS I-D-modified asphalt was the
highest, which reflected that the SBS I-D-modified asphalt
was more similar to the non-Newtonian fluid. +us, it was
necessary to adopt ZSV value to analyze the high-temper-
ature performance.

Based on the fitted m value from Cross/Williamson
model in Figure 3(c), the viscosity values of the modified
asphalt were more sensitive to the shearing frequency than
those of the base asphalt. +e TPS-modified asphalt had the
most considerable m value, indicating that the viscosity test
result was most affected by the shear frequency. In the results
of the SBS-modified asphalt, it was found that the fitted m

from the Cross/Sybilski model were negative values, which
may be caused by the small range of the selected shear
frequency in this study. As shown in in Figure 3(d), the ZSV
value obtained by the Cross/Sybilski model fluctuated
greatly between different types of asphalt; in particular, the
standard errors of ZSV of the base asphalt binders were
large. In order to distinguish the high-temperature perfor-
mance of different asphalt by using ZSV test, it is necessary
to perform relational analysis with the calculation results
through three different calculation models.

In addition, it could be concluded that the SBS I-D-
modified asphalt performed best to resist high-tempera-
ture deformations, followed by the SBS I-C-modified
asphalt, due to the large and harmonious ZSV value in
three different models. +e ZSV of the PEN90 asphalt was
significantly less than the other five types of asphalt, which
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Figure 3: Zero-shear viscosity (ZSV) test results of six asphalt binders.
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was similar to the MSCR and DSR test results. +us, the
PEN90 asphalt performance was significantly soft-
viscoelastic.

In summary, for the SBS-modified asphalt with high
viscosity, the high-temperature performance could be well
characterized by using three ZSV models, of which the
results coincided with each other. Meanwhile, for the asphalt
with low viscosity but large complex modulus G∗ (such as
the low-grade PEN20 asphalt) and the asphalt with especially
high viscosity (such as TPS-modified asphalt), the ZSV value
by one ZSV model did not reflect their low stress sensitivity
and good rutting resistance. +is result was consistent with
the results of previous studies [16].

4.2. High-Temperature Properties of Asphalt Mixtures. As
shown in Table 5, the dynamic stability (DS) of the TPS-
modified asphalt mixture was 9965 times/mm, while the DS
of SBS I-D, PEN20, SBS I-C, PEN50, and PEN90 asphalt
mixture were 8150, 5415, 4603, 1986, and 580 times/mm,
respectively. +e DS results concluded that the TPS-modi-
fied asphalt mixture performed best for resisting the rutting
deformations.

4.3. GRA for the Technical Indexes. In order to compre-
hensively analyze the high-temperature performance of the
asphalt and its mixtures, the high-temperature performance
technical indexes were normalized based on the maximum
test values of the different series, as shown in equation (14).
It is worth noting that the DSR and MSCR data were all at
the temperature of 64°C. Aiming to ensure the reliability of
the conclusions, DSR data were also obtained from the
RTFOT residue of asphalt binders to study the correlation
between rutting factor and dynamic stability under different
experimental conditions.

Normalizedxi(k) �
xi(k)

xmax(k)
, (14)

where x was the technical index, such as softening point,
viscosity, rutting indicator, R, and ZSV. k was the type of the
asphalt binders, which includes the unmodified asphalt and
modified asphalt.

As shown in Figure 4, the normalized high-temperature
performance technical indexes of the asphalt were drawn in
hexagonal envelope diagram. +e asphalt with the largest
hexagonal envelope area should have the best high-tem-
perature overall performance. +us, the high-temperature
performance ranking of the asphalt was TPS-modified as-
phalt, followed by SBS I-D, SBS I-C, PEN20, PEN50, and
PEN90. +e presented analysis results had a good match
with the viscosity at 60°C and the Carreau modeled ZSV test,
while they were different from the traditional DSR and
MSCR results. In general, the modified asphalt performed
better than the unmodified asphalt according to the high-
temperature rheological properties tests. Despite the ex-
cellent performance in some test results, such as the low
deformation in MSCR, the hexagonal envelope area analysis
showed that the PEN20 asphalt presented the unbalanced
high-temperature performance.

Besides, in the previous research, dynamic stability (DS)
was a useful indicator to characterize the high-temperature

Table 5: Rutting testing data of six asphalt mixtures.

Parameters
Unmodified Modified

PEN20 PEN50 PEN90 SBS I-
C

SBS I-
D TPS

DS, times/
mm 5415 1986 580 4603 8150 9965

σ, times/mm 601.1 186.7 45.8 580 1352.9 1135.3
σ denotes the standard deviation.

Table 4: Fitting K, m, and ZSV values in three ZSV models.

Asphalt binders K σK m σm ZSV (kPa·s) σZSV (kPa·s)

PEN20
Sybilski 5.06×10− 4 2.33×10− 12 4.86 4.54 1.71 80.4

Williamson 2.21× 10− 6 7.97×10− 10 0.08 0.06 13483.06 4521.4
Carreau 392.95 297.34 6.04×10− 4 2.07×10− 3 6694.85 424.38

PEN50
Sybilski 1.56×10− 3 4.67 3.83 1.11 1.56 46.74

Williamson 1.45×10− 6 5.35×10− 9 0.07 0.06 8106.44 3400.58
Carreau 753.61 195.47 7.83×10− 4 2×10− 3 3926.12 812.54

PEN90
Sybilski 3.3×10− 3 3.89×10− 2 9.29 2.93 2.08 10.24

Williamson 8.62×10− 9 1.41× 10− 11 0.34 0.25 630.81 36.71
Carreau 11.63 8.16 1.44×10− 4 8.29×10− 3 599.17 8.32

SBS I-C
Sybilski 12435.68 0 − 5147.37 0 5622.27 704.7

Williamson 4.64 0.25 1.51 0.12 10841.59 183.54
Carreau 8.78 0.91 0.88 0.05 10718.52 108.85

SBS I-D
Sybilski 18747.94 0 − 3965.67 0 8845.34 1155.74

Williamson 3.59 0.18 1.98 0.18 16295.35 253.91
Carreau 4.62 0.73 1.39 0.14 16365.79 220.56

TPS
Sybilski 0.02 0 26.44 0 17.46 2.92

Williamson 5.45 0.43 2.12 0.31 25233.52 729.53
Carreau 6.28 1.71 1.63 0.28 25453.75 670.56
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Table 6: Data preprocessing for GRA.

Parameters Xm

Unmodified Modified
PEN20 PEN50 PEN90 SBS I-C SBS I-D TPS

Original sequence
DS (times/mm) X

(0)
0 5415 1986 580 4603 8150 9965

Penetration (25°C) (0.1mm) X
(0)
1 23 54 91 74 57 69

Softening point (°C) X
(0)
2 64.2 52.4 47.7 66 66.9 80.7

Viscosity (60°C) (Pa·s) X
(0)
3 3315 394 198 27360 49755 82459

(G∗/sin δ) (64°C) (OB) X
(0)
4 15.11 5.09 1.09 3.20 4.40 4.63

(G∗/1 − (sin δ · tan δ)− 1) (64°C) (OB) X
(0)
5 18.94 5.75 1.21 5.95 9.4 10.30

Jnr3.2 (kPa− 1) (64°C) X
(0)
6 0.2391 1.3976 3.43 0.3328 0.1369 0.0473

Jnr0.1 (kPa− 1) (64°C) X
(0)
7 0.2009 1.0635 2.175 0.0389 0.0297 0.0046

R3.2 (%) (64°C) X
(0)
8 23.6 12.6 1.5 91.3 88.4 96.7

R0.1 (%) (64°C) X
(0)
9 32.3 25.7 20.8 94.3 97.3 99.6

ZSV-Sybilski (Pa·s) X
(0)
10 1.71 1.56 2.08 5622.27 8845.34 17.46

ZSV-Williamson (Pa·s) X
(0)
11 13483.1 8106.44 630.81 10841.6 16295.4 25233.5

ZSV-Carreau (Pa·s) X
(0)
12 6694.85 3926.12 599.17 10718.5 16365.8 25453.8

(G∗/sin δ) (64°C) (RTFOT) X
(0)
13 27.59 8.81 1.98 5.20 6.85 5.87

Normalized sequence
DS (times/mm) X

(1)
0 1.06 0.39 0.11 0.90 1.59 1.95

Penetration (25°C) (0.1mm) X
(1)
1 0.38 0.88 1.48 1.21 0.93 1.13

Softening point (°C) X
(1)
2 1.02 0.83 0.76 1.05 1.06 1.28

Viscosity (60°C) (Pa·s) X
(1)
3 0.12 0.01 0.01 1.00 1.83 3.03

(G∗/sin δ) (64°C) X
(1)
4 2.71 0.91 0.20 0.57 0.79 0.83

(G∗/1 − (sin δ · tan δ)− 1) (64°C) X
(1)
5 2.20 0.67 0.14 0.69 1.10 1.20

Jnr3.2 (kPa− 1) (64°C) X
(1)
6 0.26 1.50 3.69 0.36 0.15 0.05

Jnr0.1 (kPa− 1) (64°C) X
(1)
7 0.34 1.82 3.72 0.07 0.05 0.01

R3.2 (%) (64°C) X
(1)
8 0.45 0.24 0.03 1.74 1.69 1.85

R0.1 (%) (64°C) X
(1)
9 0.52 0.42 0.34 1.53 1.58 1.62

ZSV-Sybilski (Pa·s) X
(1)
10 0.00 0.00 0.00 2.33 3.66 0.01

ZSV-Williamson (Pa·s) X
(1)
11 1.08 0.65 0.05 0.87 1.31 2.03

ZSV-Carreau (Pa·s) X
(1)
12 0.63 0.37 0.06 1.01 1.54 2.40

(G∗/sin δ) (64°C) (RTFOT) X
(1)
13 2.94 0.94 0.21 0.55 0.73 0.63
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Figure 4: High-temperature performance distributions of six asphalt binders in hexagonal envelope diagram.

10 Advances in Materials Science and Engineering



performance of asphalt mixtures [39–41]. +e DS ranking of
the asphalt mixtures was TPS-modified asphalt, followed by
SBS I-D, PEN20, SBS I-C, PEN50, and PEN90, which was
also different from the result by the envelope area analysis.

In order to create the relationship between the perfor-
mance evaluation indexes of the asphalt and the perfor-
mance of the asphalt mixture, GRA was adopted and the
results of different asphalt binders and asphalt mixtures were
defined as X(0)

m (where m � 0, 1, 2, . . . , 13) and listed in
Table 6. +e DS of the asphalt mixture were selected for the
main arrays, while the high-temperature performance in-
dexes of asphalt were taken as the subarrays. In this section,
the normalized results were calculated based on equations
(6) and (7), as shown in Table 6.

In order to further analyze whether the rutting indicator
(G∗/sin δ) was the suitable candidate for the high-temper-
ature performance evaluation of the asphalt, both the unaged
samples (marked as OB) and RTFOTaged samples (marked
as RTFOT) were analyzed in this part. In addition, the
modified rutting indicator (G∗/1 − (sin δ · tan δ)− 1) was
also introduced. +e absolute difference between the two
sequences was calculated, and then the gray relational co-
efficients and gray relational degree were calculated, based
on equations (8) and (9). +e detailed results are shown in
Table 7.

+e gray entropy relational degree was calculated by
using equations (10)∼(13). Figure 5 shows the gray rela-
tional degree and entropy relational degree between asphalt
binder indexes and dynamic stability of the corresponding
asphalt mixtures. +e gray relational degree was to take the
arithmetic average of the gray relational coefficients of each
type of asphalt, which would cause the loss of the tendency
information of each local point. But the entropy relational
degree could effectively evaluate the correlation on the
entire sequence correlation degree rather than the influence
of the single-point correlation coefficient. According to the
entropy relational criterion, the larger the gray relational
degree and entropy relational degree values of the high-
temperature performance indexes were, the stronger the
correlation between the high-temperature performance of
the asphalt binder and the dynamic stability of asphalt

mixtures would be. For the gray relational degree,
Γ11 >Γ12 >Γ9 >Γ8 >Γ2 >Γ3 >Γ5 >Γ4 >Γ13 >Γ1 >Γ10 >Γ6 >Γ7,
while, for the entropy relational degree,
E(X11)>E(X12)>E(X1)>E(X9)>E(X2)>E(X8)>E (X5)

>E(X3)>E(X7)>E(X4)>E(X6)>E(X13)>E(X10). Al-
though the two indicators were arranged in different rank
order, the X11 sequence, representing the Cross/Wil-
liamson modeled ZSV value, was the most relevant to the
main array. Since the DS value would well reflect the high-
temperature performance of the asphalt mixture, the ZSV
test results fitted by the Cross/Williamson model had the
highest correlation with the DS and would best characterize
the high-temperature performance. +e Cross/Williamson
model was the most suitable for calculating and fitting the
ZSV. Besides, it was found that the rutting indicator
(G∗/sinδ) of the unaged asphalt (named X4) and the
RTFOT asphalt (named X13) had a similar trend, since the
values of the gray relational degree were close. +e results
indicated that the correlation between the rutting indicator
(G∗/sinδ) in the asphalt’s DSR tests and the DS value of
asphalt mixture was very poor. +e present rutting indi-
cator for evaluating the asphalt mixtures’ high-temperature
performance might no longer be suitable. Although the

Table 7: Gray relational coefficients between asphalt indexes and dynamic stability.

Parameters
Unmodified Modified

Gray relational degree
PEN20 PEN50 PEN90 SBS I-C SBS I-D TPS

c1 0.52 0.61 0.35 0.72 0.53 0.48 0.53
c2 0.97 0.63 0.54 0.85 0.59 0.53 0.68
c3 0.44 0.67 0.89 0.89 0.77 0.41 0.68
c4 0.31 0.59 0.92 0.70 0.48 0.40 0.57
c5 0.39 0.73 0.98 0.79 0.60 0.50 0.67
c6 0.48 0.40 0.17 0.58 0.34 0.28 0.38
c7 0.51 0.34 0.17 0.47 0.33 0.28 0.35
c8 0.55 0.85 0.91 0.47 0.90 0.90 0.76
c9 0.59 0.98 0.78 0.54 1.00 0.70 0.77
c10 0.41 0.66 0.88 0.34 0.26 0.28 0.47
c11 0.99 0.75 0.94 0.98 0.73 0.92 0.88
c12 0.64 1.00 0.95 0.89 0.95 0.63 0.84
c13 0.28 0.58 0.90 0.69 0.46 0.36 0.55
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Figure 5: Gray relational degree and entropy relational degree
between asphalt indexes and DS.
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correlation between the modified rutting factor (named
X5) and the DS value had improved, the accuracy of its
evaluation was still lower than the MSCR and ZSV test
results. However, the conclusion should be further proved
based on more laboratory tests for the asphalt binder and
its mixture.

5. Conclusion

Aiming to evaluate the relation between the high-tem-
perature performance of the asphalt binders and their
mixture, six typically used asphalt types were employed in
this study. +e DSR, MSCR, and ZSV tests were conducted
on the asphalt binders, and the rutting tests were con-
ducted on the asphalt mixture. Besides, to analyze the gray
relational degree and entropy relational degree of the
technical index, the correlation between the asphalt
binder and the dynamic stability of the mixture was
studied through the GRA method. Results in this paper
provided a more systematic perspective for the further
study of the high-temperature performance evaluation of
asphalt binders.

Conclusions are listed as follows:

(1) In general, the modified asphalt performed better
than the unmodified asphalt according to the high-
temperature rheological properties tests. Despite the
excellent performance in some test results, such as
the lowest deformation in MSCR test, the hexagonal
envelope area analysis showed that the PEN20 as-
phalt presented the unbalanced high-temperature
performance.

(2) +e ranking of the six kinds of asphalt binders from
various tests was different.+e TPS-modified asphalt
performed best in theMSCR and ZSV tests, while the
low-grade asphalt PEN20 had the best technical
indexes in the DSR test.

(3) +e Cross/Williamson model fitted zero-shear vis-
cosity of the asphalt and the dynamic stability of the
asphalt mixture had the highest gray relational de-
gree and entropy relational degree, which indicated
that the Cross/Williamson modeled ZSV value had
the highest correlation with the DS value. +us, the
Cross/Williamson model was the most suitable for
calculating and fitting the ZSV, which could be used
as the key indicator of the high-temperature per-
formance evaluation of the asphalt.

(4) Furthermore, according to the preliminary results on
the six kinds of asphalt and its mixtures, the cor-
relation between the rutting indicator in the asphalt’s
DSR tests and the DS value of asphalt mixture was
very poor. +e present rutting indicator
(G∗/sin δ andG∗/(1 − (sin δ · tan δ)− 1)) for evalu-
ating the asphalt mixtures’ high-temperature per-
formance might no longer be suitable. However, the
conclusion should be further proved based on more
laboratory tests for the asphalt binder and its
mixture.
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