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� TOR improves the rutting resistance
and temperature sensitivity of CR/SBS
modified asphalts.

� The flow behavior of CR/SBS modified
asphalt turns into non-Newtonian
fluid with TOR dosage increasing.

� High asphaltene content is beneficial
for improving the rheological
properties effect of TOR.

� TOR has a crosslinking effect on
improving viscoelastic behaviors and
thermal stability of CR/SBS modified
asphalt.
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It is well known that crumb rubber (CR) and styrene–butadienestyrene (SBS) composite modified asphalt
has better rheological and engineering performance. However, it always presents very poor compatibility
and storage stability. Meanwhile, Trans-polyoctenamer (TOR) can effectively improve the compatibility
and thermal stability of rubber asphalt. Thus, this study aims to investigate the effectiveness of TOR
on rheological properties, microstructure and thermal stability of CR/SBS modified asphalt. The results
show that TOR has a significant influence on strengthening anti-rutting and temperature sensitivity of
CR/SBS modified asphalt. However, TOR has a slightly negative influence on the anti-cracking ability
for CR/SBS modified asphalt, which still maintains the critical low temperature requirement.
Furthermore, TOR could be able to promote the conformation of cross-linked structure between polymer
and asphalt, resulting in a significant enhancement in rheological properties and thermal stability of CR/
SBS modified asphalt. Lastly, the effects of TOR on viscoelastic performance for modified asphalt mark-
edly depend on the component of neat asphalt, and high asphaltene content is beneficial for improving
the rheological behavior effects of TOR.

� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Asphalt concrete, due to the viscoelastic nature in which it dis-
tributes load and sustains significant plastic deformation, has been
widely used for pavement and waterproofing roof construction
[1,2]. Unfortunately, the asphalt concrete pavement is easy to suf-
fer some distresses during its service life, such as rutting and ther-
mal cracking [3]. Therefore, polymer modified asphalt is
extensively used to enhance pavement performance and extend
duration pavement service life, for instance crumb rubber powder
(CR), styrene–butadienestyrene copolymer (SBS) as well as some
other polymers [1,4–6].

SBS and CR are the most common polymers utilized for asphalt
modification in order to enhance various properties of asphalt.
After being dispersed in asphalt uniformly, SBS copolymer would
improve the elastic behaviors of asphalt because of its physical
cross-linked action on forming three-dimensional networks [4,7–
9]. Nevertheless, some weaken exist for SBS modified asphalt, for
example, high production cost and dissatisfactory workability
[10]. Recently, crumb rubber modified asphalt (CRMA) is exten-
sively studied and applied in asphalt pavement for decades [11–
14]. The addition of crumb rubber into asphalt is an efficient
method for environmental protection and low cost of asphalt road.
Meanwhile, previous studies have shown that CR can enhance the
mechanical and rheological properties of asphalt by reducing fati-
gue and low-temperature cracking distinctly [11,15–18]. Never-
theless, the high viscosity and limited high-temperature
performance of CRMA result in higher energy consumption and
restrict its wide use [10,19,20].

Based on an economic, environmental and high-performance
point of view, researchers incorporated SBS copolymer in CRMA
and investigated the mechanical properties, rheological behaviors,
compatibility, storage stability and modification mechanism for
CR/SBS modified asphalt. It was well recognized that CR/SBS mod-
ified asphalts showed significant improvement of viscoelastic
behaviors, rutting resistance performance as well as temperature
sensitivity [10,19,21]. However, CR/SBS modified asphalt also had
some drawbacks, especially in term of its storage stability and con-
struction workability. Liang et al. [10] hold the view that CR/SBS
modified asphalts appeared clear and inevitable phase separation
after being stored for a specified time. Therefore, CR/SBS modified
asphalts must be produced and operated rapidly because of poor
storage stability. Similarly, the poor storage stability characteristic
of CRMA was also reported [19,22,23]. The compositional hetero-
Fig. 1. The physical form and molec
geneous dispersion and discrepancy of density are the main rea-
sons for the separation of crumb rubber particle in asphalt
binders. At present, a number of ways are designed to improve
storage stability property for crumb rubber modified asphalt. One
way is to increase degradation and desulfurization level of crumb
rubber, another way is to add chemical compounds promoting
interactions between crumb rubber and asphalt [23,24–28]. TOR
is commonly used to be a reactant and compatibilizer of crumb
rubber modified asphalt, the physical form andmolecular structure
of which are shown in Fig. 1. TOR is a solid and opaque polymer,
which can chemically crosslink the sulfur on the surface of crumb
rubber to the sulfur in asphalt and form three dimensional net-
works [25,29–31]. Obviously, the crosslinking effect of TOR is ben-
eficial for improving the viscoelastic and pavement performance of
CR modified asphalt.

Many previous papers studied the influence of TOR on the prop-
erties and modification mechanism of CRMA. Xie et al. [32]
reported that TOR can enhance rutting resistance ability and
decrease phase separation of asphalt rubber binders. Other
researchers have come to similar conclusions [33–36]. TOR inter-
acts with crumb rubber, improving more swelling of rubber parti-
cles. Liu et al. [37] investigated the rheological modification
mechanism of CRMA with TOR additive and the results demon-
strated that TOR not only improved mechanical performance but
also increased workability and compatibility of CRMA. Meanwhile,
this study [37] verified that there was a complex chemical reaction
between TOR and CRMA, contributed to improvement in viscoelas-
tic properties as well as storage stability of CRMA.

Even though it is evident that TOR can improve rheological
properties, storage stability together with the workability of crumb
rubber asphalt, the impacts of TOR on viscoelastic behaviors and
morphology for CR/SBS modified asphalts have not been reported
yet. It is well recognized that composite modified asphalt is a
key method to solve the performance imbalance of single polymer
modified asphalt [1,2]. Moreover, CR/SBS modified asphalt has
been proved to be most commonly used in asphalt road construc-
tion and has excellent pavement performance [10,19]. Therefore, it
is necessary to assess the effects of TOR on properties and modifi-
cation mechanism for CR/SBS modified asphalt, which will benefit
to the engineering practice of using TOR technology in CR/SBS
modification technology and promote its wider application. The
purpose of this study focuses on evaluating the influence of TOR
on the rheological behaviors and morphology for CR/SBS modified
asphalt. To reach the objective, the effects of TOR on the viscoelas-
ular structure of TOR particles.
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tic properties, temperature sensitivity, flow behavior, low-
temperature performance, creep recovery characteristic,
microstructure as well as thermal storage stability for CR/SBS mod-
ified asphalts are evaluated by using DSR, BBR, FM, FTIR and TGA
tests.
2. Experiment and methods

2.1. Raw materials

Neat asphalt materials (coded as GF and K) with the penetration
grade of 60/80, which was obtained from PetroChina Co., Ltd. were
used for modification. The conventional properties and chemical
components of two base bitumen are displayed in Table 1. As can
be seen, although the penetration grade of two asphalts is the
same, their chemical composition is different significantly, espe-
cially for asphaltenes content and colloidal stability index. Com-
pared to asphalt GF, asphalt K possesses the lower asphaltene
dosage and better colloidal stability.

40-mesh crumb rubber powder was prepared from waste truck
tires and purchased from Shandong, China. Before preparation of
modified asphalt, crumb rubber powders were placed in a drying
oven to ensure moisture content being less than 0.1%. Styrene
butadiene styrene copolymer modifier (SBS) was supplied from
Xinjiang, China. Trans-polyoctenamer (TOR) spherical additive
was provided by EVONIK Company and its properties are shown
in Table 2.
2.2. Preparation of asphalt samples

Based on our previous researches [4,11,29] and cost-
effectiveness of modified asphalt, the dosage of crumb rubber
and SBS copolymer in this study is determined as 10 wt% and
3 wt%, respectively. The base asphalt was firstly heated to
180 �C, and then 10 wt% of crumb rubber was incorporated into
base asphalt. The CR modified asphalt was stirred under the speed
of 1000 rpm for 2 h at 200 �C. Secondly, the 3.0 wt% of SBS was
mixed in CR modified asphalt for 30 min at 185 �C, 4000 rpm to
prepare CR/SBS modified asphalt. Thirdly, a certain amount of
Table 1
The conventional properties and chemical compositions of neat asphalts.

Items Results Specifications

GF K

Penetration (25 �C, 0.1 mm) 71 68 ASTM D5[38]
Softening point (R&B, �C) 49.2 48.6 ASTM D36[39]
Ductility (15 �C, cm) >100 >100 ASTM D113[40]
Saturates (wt%) 23.4 27.1 ASTM D4124[41]
Aromatics (wt%) 41.2 32.9
Resins (wt%) 26.8 39.1
Asphaltenes (wt%) 8.6 0.9
Colloidal stability index* 2.13 2.57

* Colloidal stability index = (Aromatic + Resin)/(Saturate + Asphaltene).

Table 2
The properties of Trans-polyoctenamer (TOR).

Items Results

Crystallinity@23 �C (%) 30
Melting point (�C) 54.2
Thermal decomposition (�C) 275
Mooney viscosity@100 �C (M) 5.5
Cis/trans ratio 20:80
Molecular weight (Da) 75,000
TOR was added to above CR/SBS modified asphalt to reach a dosage
of 0 wt%, 2.0 wt%, 4.0 wt% and 6.0 wt% (by weight of CR/SBS mod-
ified asphalt), respectively. Finally, CR/SBS modified asphalts with
various TOR dosages were obtained after being mixed for 2 h at
180 �C, 1000 rpm. For comparing various asphalts easily, CR/SBS
modified asphalt GF with various TOR dosages are recorded as
GF0, GF2, GF4 and GF6 respectively and modified asphalt K are
coded as K0, K2, K4 and K6.
2.3. Characterization methods

In this study, rheological tests, involving temperature and fre-
quency sweep test, MSCR together with steady-state flow experi-
ments, were conducted using a dynamic shear rheometer (DSR)
with a plate geometry (25 mm diameters, 1 mm gap) to evaluate
the influence of TOR on the viscoelastic properties’ evaluation for
CR/SBS modified asphalt. Furthermore, in order to obtain reliable
results, tests in all modes were measured on two replicates of
asphalt samples.

On the one hand, asphalt samples underwent temperature
sweep tests at 10 rad/s and increasing temperature from 0 �C to
40 �C for fatigue property as well as from 48 �C to 84 �C for rutting
property. Meanwhile, 60 �C frequency sweep tests for modified
asphalts were conducted using DSR with the frequency increasing
from 10�1 rad/s to 102 rad/s. The association between rheological
parameters with testing temperature and frequency can be evalu-
ated [42]. Besides, the viscoelastic properties, failure temperature
and temperature sensibility for CR/SBS modified asphalts with var-
ious TOR dosages can also be calculated and evaluated.

To further determine the influence of TOR additive on the creep
recovery capability for CR/SBS modified asphalts, MSCR test was
executed on RTFO aged asphalts with two stress levels of 0.1 kPa
and 3.2 kPa at 60 �C, respectively [43]. In addition, 60 �C steady-
state flow tests were carried out using DSR to measure the viscous
flow behavior of asphalt binders. The shear rate region of flow test
was from 10�3s�1 to 102s�1. Meanwhile, Bending Beam Rheometer
(BBR) measurement was performed to determine low-temperature
rheological properties for all RTFO-PAV aged asphalt samples at
�12 and �18 �C according to AASHTO M320 [44]. And then two
parameters the creep stiffness (S) and rate of relaxation (m-
value) were obtained.

Microstructure changes for CR/SBS modified asphalts with var-
ious TOR contents were directly observed through Olympus BX53
Fluorescence Microscope (FM). Detailed preparation and testing
process of samples for observation were described in our previous
works [10,11,30]. The thin glass slides with asphalt samples were
observed under the microscope with a magnification of 100x at
room temperature.

In order to investigate the effect of TOR on the storage stability
of CR/SBS modified asphalt, each modified asphalt was subjected
the thermal storage test at 163 �C for 48 h. The detailed testing
method can be seen in our previous papers [46–47]. After thermal
storage, the softening point difference between first and third parts
of the tube was tested to evaluate the storage stability of modified
asphalts.

Fourier Transform Infrared Spectrometer (FTIR) (Cary 630 FTIR
Microscope) was used to explore the variation in the functional
groups of base and modified asphalt with the wavenumber chang-
ing from 400 cm�1 to 4000 cm�1. Meanwhile, Thermogravimetric
Analysis (TGA) method was applied to assess the thermal stability
of the base and modified asphalt from room temperature to 800 �C
at a heating speed of 10 �C/min under nitrogen N2 air flow of 20 ml/
min [46].



Base bitumen 0 2 4 6
0

10

20

30

40

50

60

70

80

Pe
ne

tr
at

io
n 

[0
.1

m
m

]

TOR content [wt%]

GF
 K(a)

80

90
 GF
 K (b)

4 S. Ren et al. / Construction and Building Materials 261 (2020) 120524
3. Results and discussion

3.1. Effect of TOR on conventional properties

The effects of TOR on the conventional properties of CR/SBS
modified asphalt are shown in Fig. 2, including penetration, soften-
ing point as well as 5℃ ductility. For both asphalt GF and K, the
penetration of base asphalt decreases, while both softening point
and ductility values increase when CR and SBS are added. That is
to say, CR and SBS can effectively improve the high and low tem-
perature properties of asphalt simultaneously. Meanwhile, with
the addition of TOR, the softening point of CR/SBS modified asphalt
increases markedly and the improvement is evident when the TOR
concentration is more than 2.0 wt%. The results indicate that TOR
can significantly improve the high temperature performance of
CR/SBS modified asphalt, which is related to the formation of net-
work structure [11,29]. And this result also can be evidenced by the
decline of penetration. However, the addition of TOR would
decrease the ductility of CR/SBS modified asphalt, which means
that TOR has an adverse effect on the low-temperature perfor-
mance of CR/SBS modified asphalt. Therefore, to balance the high
and low temperature properties of modified asphalt, the TOR
dosage should be selected reasonably.
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Fig. 2. Influence of TOR on the conventional properties of CR/SBS modified asphalt.
3.2. Effect of TOR on temperature sensitivity

The temperature sensibility properties for asphalt binder could
reflect the long-term performance of asphalt pavement. In the
study, the complex modulus index G* obtained from temperature
sweep tests using DSR was preferred to investigate the impact of
TOR on the temperature sensitivity of CR/SBS modified asphalt.

Fig. 3 presents the relationship between lgG* and temperature
of neat asphalt and CR/SBS modified asphalts. As mentioned before,
the complex modulus index G* of all asphalt binders were tested
from 48 �C to 84 �C using DSR. At least two replicates were mea-
sured for all asphalt blends at a fixed temperature. It can be seen
that lgG* of asphalt samples drop dramatically with the increment
of test temperature, showing a reduction of total resistance to
deformation for asphalt binders. This may be attributed to the
transition of the macro-molecular chain and viscous-elastic prop-
erties in asphalt, which could be explained using the free volume
theory [44]. Thus, the temperature sensitivity is important to
determine the geographical coverage for using asphalt. In this sec-
tion, equations of the relation between lgG* and lgT for all asphalt
samples were reached through a mathematical linear curve fitting.
Besides, the parameters values for all regression lines, including
absolute slope, intercept and R2, are presented in Table 3. Obvi-
ously, the asphalt binders with lower absolute slope value would
be more insensitivity and stable to temperature. A good linear rela-
tionship can be observed between lgG* and lgT according to the
coefficients of determinations (R2) of these linear equations are
all over 0.99. As expected, the absolute slope values of liner equa-
tions for all modified asphalts are larger in comparison with neat
asphalt signally, which means CR and SBS are both beneficial to
enhance temperature sensitivity.

In terms of impacts of TOR on the temperature sensitivity for
CR/SBS modified asphalts, absolute slope value of CR/SBS modified
asphalt declines gradually with an increment of TOR content, indi-
cating TOR can weaken temperature sensitivity of CR/SBS modified
asphalt effectively. Additionally, the improvement level of TOR on
temperature insensitivity for CR/SBS modified asphalts is also
dependent on the asphalt component. The difference in absolute
slope values among CR/SBS modified asphalt GF is more obvious
in comparison with asphalt K because of variant chemical compo-
sition and oil source for neat asphalt, showing the beneficial effect
of TOR on weakening temperature sensitivity of CR/SBS modified
asphalts are more remarkable for asphalt GF. Furthermore, effects
of TOR on improving temperature sensitivity performance among



Table 3
Parameter values for the regression lines in Fig. 3.

TOR contents (wt%)

Neat asphalt 0 2 4 6

Asphalt GF
Absolute slope 41.946 29.944 27.387 26.495 25.216
Intercept 109.513 79.976 73.604 71.727 68.319
R2 0.998 0.999 0.999 0.995 0.999
Asphalt K
Absolute slope 39.679 30.755 29.585 28.689 28.131
Intercept 103.708 81.803 78.790 76.600 72.207
R2 0.999 0.999 0.999 0.999 0.999

2.50 2.51 2.52 2.53 2.54 2.55 2.56

2.5

3.0

3.5

4.0

4.5

5.0

5.5

GF0
 GF1
 GF2
 GF4
 GF6
 Linear Fit

L
gG

*

LgT

(a) Asphalt GF

2.50 2.51 2.52 2.53 2.54 2.55 2.56

2.5

3.0

3.5

4.0

4.5

5.0

K0
 K1
 K2
 K4
 K6
 Linear Fit

L
gG

*

LgT

(b) Asphalt K

Fig. 3. Relationship between lgG* and temperature of unmodified asphalt and CR/SBS modified asphalt with various TOR contents.
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modified asphalt GF is more obvious and distinguishable than
asphalt K, which also could be reflected by analyzing other rheo-
logical properties of CR/SBS modified asphalts with various TOR
contents.
3.3. Effect of TOR on viscoelastic properties

In regard to CR/SBS modified asphalts with various TOR
dosages, characterization in linear viscoelasticity is an efficient
method to assess the influence of TOR on the viscoelastic behaviors
and mechanical performance. For the sake of achieving this goal,
temperature and frequency sweep tests are employed in linear vis-
coelastic range, respectively. Fig. 4 shows the influence of TOR on
elastic modulus G0 and viscous modulus G00 against temperature
for CR/SBS modified asphalts under different temperatures from
48 �C to 84 �C.

As can be seen in Fig. 4, storage modulus G0 always exhibits
lower value than loss modulus G00 in the temperature regions,
regardless of base asphalt and CR/SBS modified asphalts. It indi-
cates that the main rheological property of the asphalt sample is
universally dominated by viscous behavior [47]. With increasing
of testing temperature, G0 and G00 of asphalts both show declining
trend smoothly, which is attributed to the changes of asphalts in
internal structure. It should be noticed that, for all modified asphalt
samples, the value of G0 drops significantly than G00 as the increase
of testing temperature, especially at high temperature, which is
consistent with typical rheological behaviors of asphalt [47].
Meanwhile, compared with neat asphalt, CR/SBS modified asphalt
presents higher G0 and G00 obviously, which is contributed to both
elastic and viscous characteristics of asphalt simultaneously. The
effects of CR and SBS on the viscoelastic behaviors and mechanical
properties of asphalt have been studied already by many research-
ers through previous papers [10,19]. However, there are few arti-
cles have been published to study the effects of TOR on the
viscoelastic behaviors for CR/SBS modified asphalts. It is clear that
the TOR can dramatically increase storage and loss modulus of CR/
SBS modified asphalt, which indicates that the TOR not only can
increase viscosity, but also enhance the elasticity for CR/SBS mod-
ified asphalt. Obviously, TOR addition is beneficial to strengthen
high-temperature rheological behaviors. Despite the improvement
on modification mechanism of TOR in CR/SBS modified asphalt is
still under discussion, obtained results have mainly resulted from
the formation of a three-dimensional network between modifiers
[34–36]. Liu et al. [37] evidenced that there were spatial cross-
linked structures between neat asphalt and crumb rubber after
adding TOR. TOR can vulcanize and chemically crosslink the sulfur
on the surface of the CR to the sulfur in the asphalt, which changes
the composite material structures tremendously and contributes to
the rheological behaviors of CR/SBS modified asphalts efficaciously.

Moreover, it can be found that CR/SBS modified asphalt pre-
sents a remarkable difference in terms of an increasing trend in
G0 and G00 as the increase of TOR concentration. It is clear that
the increasing trend is more evident for asphalt GF with higher
asphaltene content, while less outstanding for asphalt K containing
lower asphaltene content. This comparison shows that a stronger
reaction exists between TOR and modified asphalt GF for the same
TOR dosage, which further verifies the functional mechanism of
TOR. In a word, the effects of TOR on the viscoelastic properties
for CR/SBS modified asphalt also greatly depends on the type and
the composition of base asphalt. Compared to asphalt K, asphalt
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GF has higher asphaltene dosage and lower colloidal stability
index, which prompts it possesses greater elastic properties under
the action of TOR. Therefore, chemical composition of base asphalt
is crucial for CR/SBS modified asphalt with TOR to obtain a satisfac-
tory modification.

In order to study the influence of TOR on the rutting and fatigue
resistance properties for CR/SBS modified asphalt, rutting factor
G*/sind and fatigue parameter G*sind of all asphalt samples were
calculated. The effects of TOR and temperature on the G*/sind as
well as G*sind values for base and CR/SBS modified asphalts are
reported in Fig. 5. It seems that rutting and fatigue parameters of
asphalt sample both gradually drop with the increment of temper-
ature. Meanwhile, there is a good linear relation between G*/sind
and G*sind values with testing temperature according to the high
coefficients of determinations (R2). Via this linear relation, it is use-
ful to figure out the performance grade of asphalt binders at the
high and intermediate temperatures.

Furthermore, it can be found that the G*/sind of asphalt
increases dramatically after adding CR and SBS. Besides, the addi-
tion of TOR results in markedly improving G*/sind values due to
its cross-linked effect. In addition, G*/sind values for CR/SBS mod-
ified asphalts gradually are enhanced with the increase of TOR con-
centration, which is thought to be related to the intensity of three-
dimensional network structure [32,37]. As the same with the
above analysis, the influence degree of TOR to asphalt GF is more
significant than asphalt K, which is caused by the difference of
asphalt composition, including asphaltene dosage and colloidal
stability. Meanwhile, with the increase of temperature, the G*sind
of asphalt samples linearly decrease, which shows that high tem-
perature would be beneficial to fatigue resistance of asphalt.

3.4. Effect of TOR on steady-state flow behavior

The aforementioned analysis reflects the beneficial impacts of
TOR on the high-temperature viscoelastic properties for CR/SBS
modified asphalt within linear viscoelastic ranges for minor defor-
mation. For the sake of determining the correlation between CR/
SBS modified asphalt with different TOR contents and its pavement
performance clearly, steady-state shear tests were conducted
within larger shear deformation rate ranges (10�3–102s�1) at
60 �C, in which the polymer chains would dramatically have con-
formational changes. Evaluations of steady-state viscosities of base
asphalt and CR/SBS modified asphalt with various TOR contents
versus shear rates are displayed in Fig. 6. At low shear rate regions,
viscosity values for blank and CR/SBS modified asphalts with vari-
ous TOR dosages all remain constant with increasing of shear rate,
which is correlated to the typical Newtonian behavior. Generally,
the most adopted theoretical model for asphalt is a colloidal struc-
ture [4]. It is widely believed that asphaltenes from the micelles,
which are dispersed in an oily medium and peptized by resins
[1]. Therefore, Newtonian behavior can be observed in a wide
region of shear rates for studied blank asphalt. At the same time,
the viscosity values for neat and CR/SBS modified asphalts show
a prominent dependence on shear rate, especially when shear rates
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Fig. 5. Influence of TOR on the rutting (a) and fatigue (b) parameters for CR/SBS modified asphalts.
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exceed 10�2s�1 for modified asphalts. At high shear rates range, the
viscosity of asphalt samples has a remarkable decrease, indicating
an apparent shear-thinning behavior. This may be related to the
asphaltenic micelles structure of asphalt binders [1,29].

In general, flow curves of blank and modified asphalts show
Newtonian behaviors within low shear rate ranges, besides
shear-thinning phenomenon is remarkable at high shear rate
ranges, which further verifies the viscoelastic behaviors of asphalt
binders. It is clear that CR/SBS modified asphalt exhibit a promi-
nent shear-thinning behavior than blank asphalt, especially with
high TOR dosage, indicating the more complicated entanglement
between asphalt and modifiers.

The distinctions of the flow behavior among blank asphalt and
CR/SBS modified asphalt with different TOR dosages can be charac-
terized quantificationally using Carreau model [10,11]:

g0

g
¼ 1þ _c

_cc

� �2
" #s

ð1Þ
where s means the slope within shear-thinning behavior range, _cc is
related to the essential shear rate connected with the inflection
point of the shear-thinning range meanwhile g0 corresponds to
the critical viscosity with zero shear rate. These Carreau model
parameters of all studied samples are presented in Table 4. In terms
of the viscosities of all asphalt samples, CR/SBS modified asphalt has
a larger zero shear viscosity than neat asphalt significantly, which is
a benefit to rutting resistance properties for asphalt binders. Mean-
while, zero shear viscosity of CR/SBS modified asphalt increases
with the increment of TOR dosage, indicating that the introduction
of TOR enhances viscous property and flow resistance ability for CR/
SBS modified asphalt. This may because of the formation of the
cross-linked network structure between crumb rubber and TOR
[32,37].

Effect of TOR dosage on the 60 �C zero shear viscosity (ZSV) g0

parameter of CR/SBS modified asphalt is showed in Fig. 7. It is clear
that g0 yields an exponential increase with increasing TOR content
at 60 �C. The equations of relation curves betweeng0 and TOR con-
tents for asphalt GF and asphalt K are as follows:



Table 4
The results calculated from Carreau model at 60 �C of asphalt binders.

TOR contents (wt%)

Neat asphalt 0 2 4 6

Asphalt GF
g0 � 10�3 (Pa�s) 0.459 18.701 44.813 54.954 76.115
_cc (s�1) 11.143 0.033 0.016 0.011 0.010
s 0.739 0.149 0.193 0.212 0.218
R2 0.984 0.994 0.999 0.999 0.999
Asphalt K
g0 � 10�3 (Pa�s) 0.441 5.962 5.855 7.165 7.722
_cc (s�1) 8.237 0.030 0.018 0.013 0.011
s 0.389 0.112 0.118 0.129 0.133
R2 0.985 0.986 0.991 0.996 0.996

10-2 10-1 100 101 102
101

102

103

104

105

 GF0
 GF1
 GF2
 GF4
 GF6
 carreau model

 [P
a.

s]

[s-1]

(a) Asphalt GF

10-2 10-1 100 101 102
101

102

103

104

K0
 K1
 K2
 K4
 K6
 carreau model

 [P
a.

s]

 [s-1]

(b) Asphalt K

Fig. 6. Flow curves of unmodified asphalt and CR/SBS modified asphalt with different TOR contents at 60 �C.
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g0;GF ¼ 22187:58e0:09618TOR ð2Þ
g0;K ¼ 5724:79e0:02124TOR ð3Þ
In detail, TOR raises the ZSV values for CR/SBS modified asphalts

significantly, and the increasing degree of viscosity for CR/SBS
modified asphalt GF is more significant than asphalt K enormously,
although these two asphalts have similar performance grade. Com-
pared to asphalt K, asphalt GF possesses higher asphaltene dosage
and smaller colloidal stability index. That means variation of vis-
cosity and TOR dosage of CR/SBS modified asphalt is also associ-
ated with the chemical composition of blank bitumen. In terms
of effects of TOR on the s and _ccvalue of CR/SBS modified asphalt,
it is clear that with the increase of TOR content, s value increases
and _ccvalue decreases slightly, which are far less than blank
asphalt. Thus, CR/SBS modified asphalt is closer to non-
Newtonian behavior than blank asphalt, and the former is less sen-
sitive to shear rates than the latter. Meanwhile, the addition of TOR
increases the shear-thinning behavior region and shear sensitivity
of CR/SBS modified asphalt slightly, indicating the improvement
effect of TOR on viscous characteristics for CR/SBS modified
asphalt.
3.5. Effect of TOR on creep and recovery behavior

Except for G*/sind indicator, the impact of TOR on the rutting
resistance for CR/SBS modified asphalt was also measured with
MSCR tests on the basis of AASHTO TP 70 [43]. Many previous
studies have verified that G*/sind parameter only could divide
asphalt into viscous and elastic sections, rather than considering
the delayed elastic recovery characteristics. Hence, the traditional
Superpave grading protocol is not an ideal standard to assess the
permanent deformation performance for asphalt binders [46]. In
consideration of this, MSCR test is applied to further evaluate
high-temperature permanent deformation of CR/SBS modified
asphalt with various TOR dosages. In this section, the blank asphalt
and CR/SBS modified asphalt samples were all subjected to multi-
ple shear loading and unloading cycle of 1 s and 9 s separately. Ten
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cycles of loading were carried out at both stress levels of 0.1 kPa
and 3.2 kPa [43].

Fig. 8 displays the representative date of the one-second creep
and nine-second recovery cycle to show the strain responses of
blank asphalt and CR/SBS modified asphalt with various TOR con-
tents. It is as expected that an increase in loading time results in a
remarkable increment of actual strain. Meanwhile, in the recovery
phase, the strain value recovers dramatically at the beginning but
it drops slowly with time to reach a certain strain value. Above
results are reflections of viscoelastic properties for asphalt binders.
As long as removing the creep load, the elastic strain section recov-
ers immediately, while the viscous strain phase recovers slowly.

The average non-recoverable creep compliance (Jnr) and aver-
age percent recovery (R%) were calculated to assess the effect of
TOR on the rutting resistance for CR/SBS modified asphalts quanti-
tatively and accurately. It is well known that asphalt with higher R
% and lower Jnr values would have more elastic component and be
adept at high-temperature regions. The details of MSCR test results
with two stress level for all studied samples are presented in Fig. 9.
It is as expected that CR/SBS modified asphalt with lower Jnr and
higher R% value outperform the blank asphalt at both stress levels,
indicating the existence of elastic response in the modified asphalt
makes them less sensitive to rutting and permanent deformation.
This may be attributed to interlocked crumb rubber and SBS net-
work in asphalt, which is a benefit to hinder the accumulation of
permanent strain [19].

In terms of the influence of TOR on creep and recovery behav-
iors of CR/SBS modified asphalt, it is observed that all CR/SBS mod-
ified asphalts with TOR have lower Jnr and higher R% values
regardless of stress levels. For example, the Jnr values of GF2,
GF4 and GF6 modified asphalts are 59.0%, 67.4% and 75.38% lower
than the control binder, respectively, while the Jnr values of K2, K4
and K6 modified asphalts are 28.8%, 44.6% and 47.2% lower than K0
modified asphalt at shear stress level of 3.2 kPa. In regard to R%,
CR/SBS modified asphalts with various TOR contents exhibit supe-
rior percent recovery, which shows the beneficial effect of TOR on
improving the recovery performance of CR/SBS modified asphalt.
At 3.2 kPa creep stress, the R% values for GF2, GF4 and GF6 modi-
fied asphalts are 22.2%, 24.0% and 28.1% higher than GF0 modified
asphalt at 3.2 KPa stress, while K2, K4 and K6 modified asphalts are
7.7%, 19.5% and 20.4%, which are higher than K0 modified asphalt.
Overall, with the increase of TOR contents, the Jnr value presents a
decreasing tendency as well as %R reveals an increasing trend sig-
nificantly. This results evidence that TOR addition can dramatically
improve the elasticity and high-temperature performance for CR/
SBS modified asphalts, which is likely to be reason for cross-
linking effect of TOR on strengthening the interlocked crumb rub-
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Fig. 8. Typical creep and recovery representation for CR/SBS
ber and SBS network in asphalt and reducing rutting risk for CR/SBS
modified asphalt [10,19,21].

Apart from the addition of TOR, the above analysis reveals that
the MSCR test results are also dependent on the stress level and
blank asphalt composition. With the increment of loading stress
from 0.1 kPa to 3.2 kPa, R% value drops and Jnr raises distinctly,
and the variation tendency is smaller for modified asphalts. The
comparison among modified asphalt with various TOR dosage
shows that addition of TOR can lower the stress sensitivity of CR/
SBS modified asphalt, while TOR content has a slightly negative
effect on the stress sensitivity of asphalt. Moreover, it is clear that
GF modified asphalt always shows lower Jnr and higher R than
asphalt K for the same TOR content and stress level. On the basis
of the decreasing degree of Jnr at both stress levels, it can be con-
cluded that the active roles of TOR on high-temperature anti-
deformation properties and viscoelastic behaviors seem to be more
remarkable for GF asphalt binders.

3.6. Effect of TOR on low-temperature performance

The dependence of rheological behaviors of CR/SBS modified
asphalt on TOR has been evaluated using DSR. To assess the impact
of TOR on the creep behavior and anti-cracking properties of CR/
SBS modified asphalt at low-temperature regions, bending beam
rheometer (BBR) tests with diverse loading time were conducted
at �12 and �18 �C in terms of AASHTOM320[42]. Two parameters,
including creep stiffness (S) and rate of relaxation (m-value), were
obtained to assess the low-temperature performance of base and
CR/SBS modified asphalt. Fig. 10 presents the evolution of S and
m-value versus loading time for RTFO-PAV aged CR/SBS modified
asphalt GF and K with various TOR content at �12 and �18 �C.
As expected, the creep stiffness values of all asphalt samples
decline and m-value enhance dramatically with the decrease of
test temperature. The creep stiffness S values drop with the elon-
gation of loading time, nevertheless m-value counter to raising.
As is well known, the lower S value together with higher m-
value mean greater low-temperature cracking resistance perfor-
mance for road pavements. Compared with neat asphalt, the addi-
tion of CR and SBS have great effects on the decrease of stiffness
value and increase of m-value apparently, which indicates the dis-
persion of CR and SBS brings about more flexible construction
structure. CR and SBS composite modification would urge the fur-
ther decrease in creep stiffness value and increment of m-value,
which represents the improvement of the low-temperature anti-
cracking properties, thus satisfy the criteria requirements
(S < 300 MPa, m > 0.3) at �18 �C, while the blank asphalt only con-
forms to the criteria at �12 �C.
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modified asphalts with various TOR contents at 0.1 kPa.
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Fig. 9. Average Jnr and average percent recovery for unmodified and CR/SBS modified asphalt GF (a, b) and K (c, d) at 60 �C.
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In terms of the impact of TOR on the low-temperature perfor-
mance of CR/SBS modified asphalt, TOR addition has a slightly neg-
ative function on the anti-cracking properties of modified asphalts.
As can be seen that the S value of CR/SBS modified asphalts
increase, while the m-value undergo a decreasing process with
the increasing of TOR dosage. However, in spite of the adverse
impact of TOR on anti-cracking properties for CR/SBS modified
asphalt, the S and m values for modified asphalts with various
TOR dosages are lower and higher than that of neat asphalt, respec-
tively. The results mean that TOR addition would maintain the crit-
ical low temperature for CR/SBS modified asphalt, except for the
m-value for asphalt GF at �18 �C. As a result, optimal TOR dosage
can be obtained to ensure the best modification impact on rheolog-
ical properties and not breakdown the low-temperature cracking
behavior sharply for CR/SBS modified asphalt.

In addition, the influence degree of TOR on low-temperature
anti-cracking properties for CR/SBS modified asphalt also depends
on the properties and components of base asphalt. Comparing
asphalt GF and K, the latter one has lower S-value and larger m-
value than that of the former one, which is attributed to the less
asphaltene content and better colloidal stability for asphalt K.
The asphalt K with lower asphaltene dosage and better colloidal
stability presents superior flexibility and low-temperature crack-
ing resistance performance. Meanwhile, the stiffness raises, while
m-value declines effectively for asphalt K as the testing tempera-
ture drops gradually from �12 �C to �18 �C and verifies its poor
temperature sensitivity resistance performance again. Further-
more, the difference in stiffness and m-value among CR/SBS mod-
ified asphalt with various TOR contents becomes lager. Above all,
CR/SBS modified asphalt K all can fulfill the minimum requirement
criteria (S < 300 MPa, m > 0.3) at �18 �C, while modified asphalt GF
only can meet the criteria at �12 �C, except for the modified
asphalt without TOR. Thus, TOR content and asphalt components
both should be optimized and considered when in view of the
low-temperature behaviors for CR/SBS modified asphalts with var-
ious TOR dosages.
3.7. Effect of TOR on the performance grade (PG)

Table 5 demonstrates the influence of TOR on the performance
grade of CR/SBS modified asphalt. In terms of high temperature
performance grade, the failure temperatures (when G*/sind is
equal to 1.0 KPa) for CR/SBS modified asphalt GF and K are 34.1%
and 26.36% higher than that of the neat asphalt, respectively. Fur-
thermore, in term of the impact of TOR on rutting resistance per-
formance for CR/SBS modified asphalt, failure temperatures for
CR/SBS modified asphalt GF with 2%, 4% and 6% TOR are 6.7%,
16.9% and 17.5% higher than that of GF0, respectively. As to asphalt
K, the failure temperatures of K2, K4 and K6 are 0.8%, 4.1% and 6.2%
higher than that of K0. It is demonstrated that TOR addition further
enhances the high-temperature anti-rutting ability for CR/SBS
modified asphalts dramatically. Meanwhile, the active effect of
TOR on high-temperature performance seems to be more remark-
able for asphalt GF, which has smaller asphaltene content and bet-
ter colloidal stability.
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The fatigue temperatures calculated from G*sind = 5000 KPa for
all asphalt samples are also shown in Table 5 [29,47]. It can be
found that the addition of CR and SBS can decline the fatigue tem-
perature and strengthen the fatigue resistance ability of base bitu-
men. Compared to asphalt GF, the asphalt K has lower fatigue
temperature and better anti-fatigue property, which is related to



Table 5
The continuous performance grade (PG) of asphalt binders.

Asphalt type TOR contents (wt%) Neat asphalt 0 2 4 6

GF High temperature PG (�C) 73.22 98.20 104.79 114.81 115.40
Intermediate temperature PG (�C) 3.98 �3.52 �6.55 �6.85 �7.20
Low temperature PG (�C) �23.01 �32.50 �29.98 �27.23 �25.03

K High temperature PG (�C) 72.22 91.26 91.94 94.96 96.95
Intermediate temperature PG (�C) �0.81 �6.49 �10.47 �10.81 �11.92
Low temperature PG (�C) �25.92 �38.07 �31.36 �29.02 �28.88

GF0 

GF2 

GF4 

GF6 

K0

K2 

K4 

K6 

Fig. 11. Fluorescence microscopy of CR/SBS modified asphalt GF and K with TOR contents in 0 wt% (GF0, K0), 2.0 wt% (GF2, K2), 4.0 wt% (GF4, K4), 6.0 wt% (GF6, K6).
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Table 6
The Image-Pro plus statistical results of TOR/CR/SBS modified asphalts.

Asphalt
samples

Diameter mean
(lm)

Area mean
(lm2)

Area (polygon,
lm2)

GF0 6.27 36.60 24.03
GF2 10.05 98.73 77.19
GF4 10.78 118.71 95.31
GF6 12.53 169.80 142.18
K0 6.14 36.21 23.97
K2 6.84 46.38 32.89
K4 7.55 57.85 43.12
K6 8.40 73.40 56.57

0 2 4 6
0

1

2

3

4

So
ft

en
in

g 
po

in
t d

iff
er

en
ce

 [O
C

]

TOR content [wt%]

 GF
 K

Control value

ig. 12. Influence of TOR on the softening point difference of CR/SBS modified
asphalt.
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its lower asphaltene dosage and better colloidal stability. On the
other hand, the increase of TOR content remarkably declines the
fatigue temperature of CR/SBS modified asphalt. For example,
when the CR/SBS modified asphalt GF and K was added by 2 wt%
TOR, the fatigue temperature decreases by 86.08% and 62.87%,
respectively. Therefore, the addition of TOR can further strengthen
the fatigue resistance performance of CR/SBS modified asphalt.

As expected, the addition of CR and SBS can improve the high
and low temperature performance of asphalt dramatically, includ-
ing rutting and cracking resistance. With the increase of TOR con-
tent, the high critical temperature of CR/SBS modified asphalt is
enhanced, indicating that the addition of TOR can remarkably
improve the high temperature properties of CR/SBS modified
asphalt. The detailed effects of TOR on the high temperature prop-
erties can be found in the above analysis. However, it is also found
that the addition of TOR would increase the low critical tempera-
ture, which has an adverse influence on the low-temperature grade
of CR/SBS modified asphalt. Meanwhile, all modified asphalts have
the smaller low critical temperature than base asphalt. In detail, all
modified asphalt GF can meet the low temperature grade of
�22 �C, while all modified asphalt K can have the low temperature
grade of �28 �C. Thus, to balance both high and low temperature
performance of CR/SBS modified asphalt, TOR concentration should
be controlled.

3.8. Effect of TOR on morphology and storage stability

In order to better evaluate the microstructural changes caused
by TOR addition and further explain the effect mechanism of TOR
on the viscoelastic behaviors, morphology for CR/SBS modified
asphalt GF and K with various TOR contents were observed by
using fluorescence microscopy (FM), which are shown in Fig. 11.
As can be seen, the light area represents the decentralized compos-
ite polymer-rich phase of swollen SBS and CR granules absorbing
light fractions of asphalt, meanwhile, the dark section donates
asphalt-rich phase. Obviously, the polymer particles in modified
asphalt without TOR are dispersed in the asphalt phase with the
shape of spherical particle sparsely and alone. The morphology
result is equal to incompatibility for CR/SBS modified asphalt with-
out TOR, which may result in phase separation. Fig. 11 shows flu-
orescence images for CR/SBS modified asphalts with various TOR
dosages. It can be found that the addition of TOR leads to the sig-
nificant difference in dispersion state of CR and SBS domains in
asphalt, which prone to be more intensive when TOR dosage raises
from 0 wt% to 6 wt%. Besides, it can be seen that TOR can promote
the formation of cross-linked network structure obviously, which
could improve the rheological behaviors and compatibility of CR/
SBS modified asphalt, especially for asphalt GF. The CR/SBS modi-
fied asphalt with higher content TOR has larger crosslinking den-
sity with more complicated network structure. This explains that
asphalt binders with higher content TOR have greater zero shear-
rate viscosity and elastic response performance. However, when
the TOR content reaches to 6 wt%, the dimension of polymer parti-
cles in asphalt increases unexpectedly, indicating TOR concentra-
tion should be limited to ensure the compatibility of CR/SBS
modified asphalt. Therefore, comprehensive considering the rheo-
logical behaviors and compatibility of CR/SBS modified asphalts,
the optimal addition proportion of TOR is about 4 wt%.

Furthermore, if the effects of base asphalt with the different
composition are considered, the influence of TOR on the morphol-
ogy of CR/SBS modified asphalts shows discriminating due to the
difference of asphalt composition. As can be found in Fig. 11, the
influence degree of TOR on the formation for cross-linked network
of CR/SBS modified asphalt GF is more evident than asphalt K,
which is related to the asphaltene dosage and colloidal stability
of asphalt. In addition, the effect of TOR on the dispersion of poly-
mer particles of asphalt K is more prominent than asphalt GF. The
lower asphaltene concentration and better colloidal stability of
asphalt K are both beneficial to the dispersion of polymers in
asphalt. The morphology results are consistent with the analysis
of viscoelastic behavior and BBR test results, which is that high-
temperature rheological behaviors for asphalt GF is greater than
asphalt K, at the same time the low-temperature properties for
asphalt K is better. TOR plays an important role of cross-linking
point and brings about enrichment of polymer. Once TOR is mixed
into CR/SBS modified asphalt binders, the cross-linked network
structure is constituted soon, which improves the viscoelastic
behaviors and compatibility for CR/SBS modified asphalts simulta-
neously. Furthermore, the statistical results of particle size for TOR/
CR/SBS modified asphalts are obtained by using the Image-Pro Plus
tool, which can be found in Table 6. With the increase of TOR
dosage, the diameter and area size of particles in FM morphology
rises gradually, which is related to the cross-linking effect of
TOR. It is clear that the addition of TOR can increase the cross-
linking degree of crumb rubber particle and form the network
structure [11,29]. According to the particle size, it can be found
that the polymers in asphalt K has a better dispersity than asphalt
GF, which is associated to the lower asphaltene content and higher
colloidal stability of asphalt K.

It is well known that storage stability is very important to poly-
mer modified asphalt. Thus, the impact of TOR on the storage sta-
bility of CR/SBS modified asphalt is evaluated by thermal storage
method. The difference of softening point of modified asphalt with
various TOR dosage is shown in Fig. 12. Based on the standard [45],
F
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Fig. 13. FTIR spectra of asphalt binders.
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the polymer modified asphalt with lower softening point differ-
ence than 2.5 �C would have satisfying thermal storage stability.
However, it is clear that the softening point difference values of
CR/SBS modified asphalts are both larger than 2.5 �C, showing
CR/SBS modified asphalt has worse thermal storage stability. For-
tunately, the addition of TOR can remarkably reduce the softening
point difference value and enhance the thermal storage stability of
CR/SBS modified asphalt, which is related to the increasing cross-
linking degree and interaction force between the polymers in
asphalt. Meanwhile, the increase of viscosity also hinders the
motion of polymer particles [11,29]. Furthermore, the CR/SBS mod-
ified asphalt K has smaller softening point difference than asphalt
GF, which means the asphalt composition with lower asphaltene
content and higher colloidal stability index would be beneficial
to the storage stability of CR/SBS modified asphalt. In order to meet
the requirement of thermal storage stability for polymer modified
asphalt [45], the TOR dosage for CR/SBS modified asphalt GF should
be larger than 2 wt%, which is enough to the CR/SBS modified
asphalt K.

3.9. FTIR analysis

FTIR spectra were generated for the virgin asphalt (GF) as well
as CR/SBS modified asphalt with (GF0) and without TOR (GF6),
respectively. It is well known that FTIR spectra can reflect the
changes of functional groups and distinguish whether there is
chemical reaction in asphalt and modifiers. Meanwhile, FTIR spec-
tra can also shed some light on the rheological results [29]. Fig. 13
shows the FTIR spectra of asphalt binders to investigate the influ-
ence of TOR on the microstructural properties of CR/SBS modified
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Fig. 14. TGA curves of asphalt binders (a) Base asphalt; (b) CR/SBS modified
asphalt; (c) CR/SBS modified asphalt with TOR.

S. Ren et al. / Construction and Building Materials 261 (2020) 120524 15
asphalt. To observe the changes in functional groups, the FTIR spec-
tra with wavenumber from 400 cm�1 to 1800 cm�1 is displayed in
Fig. 13(b). Some typical absorption peaks occur at similar
wavenumbers for base asphalt, CR/SBS modified asphalt and CR/
SBS modified asphalt with TOR [29]. These similar absorption posi-
tions mainly focus on 3300 cm�1, 2920 cm�1, 2850 cm�1,
1455 cm�1, 1375 cm�1, 1260 cm�1, 1030 cm�1 and 804 cm�1. In
detail, the absorption peak at 3300 cm�1, 2920 cm�1, 2850 cm�1

and 1455 cm�1 is attributed to the –O–H stretch in hydroxyl, C–
H antisymmetric stretch in Methyl –CH3 of aliphatic, C–H symmet-
ric stretch in Methylene –CH2– of aliphatic and C–H antisymmetric
bend in alkenes, respectively. Moreover, the absorption peak at
1375 cm�1, 1260 cm�1, 1030 cm�1 and 804 cm�1 represents the
C–H symmetric bend of methyl CH3 in aliphatic, bending vibration
of O–H, stretching vibrations of S=O, bending vibration of C–H in
benzene, respectively [29].

From Fig. 13, it can be seen that compared with base asphalt,
the significant difference in FTIR for CR/SBS modified asphalt
occurs at the peak of 698 cm�1 and 966 cm�1, which are identified
as the C–H bending vibration of benzene and =C–H bending vibra-
tion. Obviously, the two characteristic peaks of 698 cm�1 and
966 cm�1 are attributed to the polystyrene domain and polybuta-
diene domain in SBS copolymer. Meanwhile, it can be deduced that
both CR and SBS only affect the physical properties of asphalt
because of physical modification [29]. In addition, the addition of
TOR enhances the absorption peaks of 1547 cm�1 and
1648 cm�1, indicating there is a conjugate effect between the car-
bonyl group and the benzene ring. Moreover, adding TOR can
remarkably enhance the peak intensity of 966 cm�1, which is
owing to the existence of the unsaturated bond in the TOR mole-
cule. Importantly, it can be found that CR/SBS modified asphalt
has two specific absorption peaks at the position of 457 cm�1

and 523 cm�1, which is related to the stretching vibration of S–
Sm and C–Sm in the polysulfide. Meanwhile, it can be seen that
the intensity of peak at 695 cm�1 for CR/SBS modified asphalt with
TOR decreases, which is associated with the stretching vibration of
a single sulfur key. The FTIR results indicate that TOR can urge the
formation of polysulfur bonds and crosslinking network, which can
significantly improve the rheological properties and thermal sta-
bility of CR/SBS modified asphalt. These above results are consis-
tent to previous research, showing that TOR can chemically
crosslink the sulfur elements in asphalt and crumb rubber
[29,30]. Besides, the chemical reaction of TOR can give good expla-
nations on the improvement of viscoelastic properties of CR/SBS
modified asphalt, including modulus, temperature sensitivity, flow
resistance, and stress recovery ability.

3.10. TG analysis

In order to evaluate the influence of TOR on the thermal stabil-
ity of CR/SBS modified asphalt, thermogravimetric analysis (TGA)
was performed. Fig. 14 presents the TGA curves of base asphalt,
CR/SBS modified asphalt without and with TOR, respectively. The
left coordinate axis is the mass change of asphalt samples, while
the right part represents the heat flow change with the increase
of temperature. It is well known that asphalt and polymer both
have three different typical rheological behaviors, including glassy
state, high-elastic state as well as viscous condition. As the temper-
ature increase, the viscoelastic properties of asphalt sample change
from glassy state to high-elastic state, and further to viscous con-
dition. When the system temperature continues to increase, the
asphalt sample starts to break down to complete. Certainly, when
the state of asphalt from glassy to high-elastic, the corresponding
temperature is glass transition temperature. It can be found poly-
mer and TOR have no distinct effect on the glass transition temper-
ature of the asphalt. From Fig. 14 (a), the decomposition
temperature of base asphalt is about 260 �C, which can be
improved by adding polymer and TOR. It can be seen that the
decomposition temperature of CR/SBS modified asphalt is 15 �C
higher than that of base asphalt, which can be further increased
by 25 �C after adding TOR. It is indicated that CR and SBS can
remarkably improve the thermal stability of asphalt, which can
be further strengthened by adding TOR. This phenomenon is attrib-
uted to the existence of the compact network structure between
asphalt, polymer and TOR.
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In addition, when the temperature increases to 500 �C, the
decomposition rate of base asphalt slows down rapidly. From
Fig. 14 (a), the mass residue and heat flow of base asphalt are about
20 wt% and 7w/g, respectively. As the temperature increasing from
500 �C to 800 �C, the mass residue decreases to 10 wt% and the heat
flow declines by 0w/g. Compared to base asphalt, the addition of
SBS and CR can make the heat flow increase by 0.5w/g and has
no effect on the decomposition temperature, seen from Fig. 14
(b), which verifies that there is not network structure in CR/SBS
modified asphalt. Interestingly, CR/SBS modified asphalt with
TOR has a specific decomposition inflection point at 410 �C, seen
from Fig. 14 (c), which is attributed to the existence of network
structure between asphalt, CR and TOR. Meanwhile, when the tem-
perature is 500 �C, the mass residue of CR/SBS modified asphalt
with TOR is about 17 wt%, which is larger than that of CR/SBS mod-
ified asphalt and indicates that TOR can remarkably enhance the
thermal stability of modified asphalt. Meanwhile, the addition of
TOR increases the temperature of complete decomposition from
500 �C to 590 �C and boosts the heat flow from 7.5w/g to 11w/g,
which means that the decomposition process of CR/SBS modified
asphalt with TOR need absorb more energy. In a word, TOR can
have a great effect on improving the thermal stability of CR/SBS
modified asphalt and the TG analysis result further confirm the for-
mation of three-dimensional crosslinking network structure
between asphalt, polymer, and TOR.

4. Conclusions

In this paper, the impacts of Trans-polyoctenamer (TOR) on the
viscoelastic behaviors, microstructure and thermal stability of CR/
SBS modified asphalt were evaluated by using DSR, BBR, FM, FTIR
as well as TGA tests. The main research conclusions are drawn
and listed below:

(1) TOR increases softening point, G0, G00 and G*/sind values of
CR/SBS modified asphalt, indicating TOR can strengthen both
stiffness and rutting resistance ability of modified asphalt at
high temperature dramatically. Meanwhile, temperature
sensitivity of modified asphalt can also be further improved
dramatically by adding TOR.

(2) Steady-state flow tests show that the 60 �C zero shear vis-
cosity in low shear rates zone increases with the increment
of TOR dosage, which indicates that TOR can improve the
viscous property of CR/SBS modified asphalt. Moreover,
MSCR tests can quantify the effect of TOR on the elastic
recovery behavior of CR/SBS modified asphalt. TOR can
decrease Jnr and intensify %R values, showing potentiality
in enhancing the stress recovery and permanent deforma-
tion resistance performance of modified asphalt.

(3) In terms of the effect of TOR on low-temperature behavior
for CR/SBS modified asphalts, TOR has a slightly negative
impact on the anti-cracking ability of modified asphalt,
which still maintains critical low-temperature performance
requirement.

(4) The effects of TOR on rheological properties of CR/SBS mod-
ified asphalt markedly depends on the component of neat
asphalt. In this study, the positive effects of TOR on high-
temperature properties and elastic response are more signif-
icant for modified asphalt GF with higher asphaltene con-
tent, while modified asphalt K with lower asphaltene
content and better colloidal stability has better low-
temperature cracking resistance performance.

(5) The addition of TOR can significantly improve the rheologi-
cal properties and thermal storage stability of CR/SBS modi-
fied asphalt, which is related to the formation of polysulfur
bonds and crosslinking network structure.
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