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Abstract: Asphalt binders have been modified with Crumb rubber (CR) as an effort to fulfil the
demand for the development of eco-friendly and sustainable pavements. The objective of this study
was to investigate the high temperature rheological behaviors and fatigue performance of crumb
rubber modified asphalt (CRMA) binder activated using trans-polyoctenamer (TOR). Long-term and
short-term aging tests were performed on samples by thin film oven test (TFOT) and pressure aging
vessel (PAV). Rotational viscosity (RV), softening point, and dynamic shear rheometer (DSR) tests
were conducted to characterize the rheological and physical performance. A linear amplitude sweep
(LAS) test was employed to evaluate the fatigue performance. The results show that TOR-activated
CRMA is more capable of hardening the matrix bitumen and improving its high-temperature
viscoelastic properties after TFOT. The high temperature viscoelasticity is significantly better than
styrene-butadiene-styrene block (SBS) modified asphalt (SBSMA) and CRMA. TOR-activated CRMA
exhibits strong rutting resistance, but it is more likely to generate fatigue cracks under the violent
advancement of complex modulus. Therefore, TOR active agent has a negative impact on the fatigue
performance of CRMA. SBSMA exhibited superior fatigue resistance. The viscosity temperature index
(VTS) of TOR-activated CRMA and CRMA was basically identical; the TOR did not significantly
improve the temperature sensitivity of CRMA.

Keywords: crumb rubber modified bitumen; trans-polyoctenamer; high-temperature rheological
behavior; rutting performance; fatigue performance; temperature sensibility

1. Introduction

In recent years, extreme weather has occurred frequently, which has a non-negligible impact on the
life and performance of basic transportation facilities [1–3]. For purpose of improving the performance
of bitumen pavements as one of the facilities, more and more polymers (styrene-butadiene-styrene
block, styrene butadiene rubber, ethylene-vinyl acetate copolymer, polyethylene, etc.) have been
researched as modifiers of asphalt binders and mixtures [4,5]. The use of crumb rubber (CR) in road
engineering has attracted increasing attention in many areas. Crumb rubber modified asphalt (CRMA)
binder has been proven to be capable of endowing matrix bitumen with excellent rutting resistance,
fatigue resistance, among others [6–8]. It is also an effective method to reduce environmental pollution
caused by the accumulation of abandoned car tires [9]. Furthermore, compared to the bitumen modified
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with SBS, which is the most popular thermoplastic elastomer, CRMA can reduce construction costs
as an aggregate adhesive [10]. CR contributes to layer endurance during its service life. Therefore,
reclaimed asphalt pavement (RAP) binder is often used with CRMA to make up for the adverse effects
of RAP binder on the fatigue performance of mixtures [11,12]. Therefore, numerous studies have
been carried out on the content of CR, the way of addition, the improvement mechanism and the
performance of CRMA [13,14].

However, anti-aging and fatigue performance of CRMA at high temperature have not been
solved well so far. Aging of bitumen can be divided two stages: short-term and long-term aging [15].
The former mainly happens during the manufacturing process of mixing and changes the properties of
bitumen as well as the performance of bitumen pavement. The latter occurs during the service life of
the pavement and is the further oxidation of light components, which results from the environmental
conditions [16,17]. Aging is not an avoidable process in bitumen paving and influences the performance
of CRMA significantly, such as cracking, stripping and potholes [18]. Otherwise, CR degradation and
aging seriously affect the quality and life of CR modified bitumen pavement. Cui et al. [19] found
that the low-temperature cracking and deformation resistance of CRMA are seriously affected by heat
aging. Owing to differences in molecular structure, the polarity and solubility of rubber and bitumen
can degrade all aspects of CRMA performance [20].

Scholars at present tend to use additives i.e., bio-oil, organic montmorillonite, among others
to apply the composite modification to CRMA to overcome the drawbacks of ageing and storage
stability [21,22]; however, these kinds of additives only improve the performance of CRMA at the
physical level, and the improvement of CRMA performance is not ideal. Therefore, CR can be modified
and activated by adding a reactive additive such as a crosslinking agent, and can also be added by
adding polyphosphoric acid and a polymer compatibilizer having an unsaturated bond, improving
the compatibility of CR and bitumen [23,24]. Trans-polyoctenamer (TOR) is a high molecular polymer
additive with many unsaturated bonds in the molecule and high reactivity [25]. The chemical structure
of TOR is listed in Figure 1. TOR is a polymer composed of linear and cyclic macromolecules.
The double bond in the structure undergoes a cross-linking reaction with the sulfur component on the
surface of CR [26]. Figure 2 shows the reaction mechanism of TOR vulcanization. The cross-linking
reaction between sulphur and polyoctenamer is anticipated to mainly occur at the carbon–carbon
double bonds (C = C). Due to the addition of TOR linker in CR and matrix bitumen, new molecules are
synthesized, which are complex in composition and have large changes in properties [27]. Some studies
found that the addition of the activator TOR to the CRMA has outstanding effects on pavement
anti-cracking, waterproof, sound insulation and noise reduction [28,29]. In addition, the preparation
process is easy and flexible, construction workability and heat storage stability are good, and it is
suitable for various types of bitumen pavement maintenance engineering [29].

Figure 1. Chemical structure of trans-polyoctenamer (TOR).



Coatings 2020, 10, 771 3 of 15

Figure 2. Reaction mechanism of vulcanization of TOR.

The research on TOR-activated CRMA is very limited. Peng et al. [28] found that the shear
modulus of bitumen increases and the phase angle decreases after adding TOR. In fact, TOR can
promote compatibility between CR and matrix bitumen, and increases the high-temperature rutting
resistance of bitumen. Liu et al. [30] showed that there is a complex chemical reaction between TOR
and CRMA, which changes the rheology of CRAM and contributes to the storage stability of asphalt
binders. Liang et al. [27,31] indicated that the double bond in TOR participates in chemical reactions
and is beneficial to stability, improving CRMA compatibility and storage stability. CR activated by TOR
reduces the content of polycyclic aromatic hydro-carbons (PAHs) and sulfur compounds, which means
that the toxicological potential of smoke is low. Ma et al. [32] proved that TOR-activated crumb rubber
asphalt mixture prepared by the dry method can obtain excellent road performance i.e., better rutting
resistance, low temperature cracking resistance, and water stability. However, the effect of aging on
TOR additives at high temperature rheological property and fatigue property of CRMA has not been
clearly understood.

In this work, trans-polyoctenamer (TOR) is used to activate CRMA. The thin film oven test (TFOT)
and pressure aging vessel (PAV) are used to simulate short-term and long-term aging of different
bitumen samples. The physical properties of asphalt binders are analyzed using the softening point
and the Brookfield rotational viscosity. The rheological behaviors were systematically analyzed using
a dynamic shear rheometer (DSR). Seven indicators, including storage modulus (G′), loss modulus
(G”), shear modulus (|G*|), phase angle (δ), rutting factor (|G*|/sin δ), fatigue factor(|G*| × sin δ) in
the frequency/temperature sweep test, fatigue life (N f ) in linear amplitude sweep, are applied to
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systematically describe the high-temperature rheological properties of asphalt binders in different aging
states. The viscoelastic behavior, rutting resistance, temperature sensitivity and fatigue resistance of
the modified asphalt binder are thoroughly investigated. Finally, the analysis and results are discussed,
and some recommendations are given.

2. Materials and Experimental

2.1. Materials

Technical properties of matrix bitumen, Karamay 110 (KLM110), were evaluated by following
Chinese standard “Standard Test Methods of Bitumen and Bituminous Mixtures for Highway
EngineerinG” (JTJ E20-2011). The test results are listed in Table 1. The crumb rubber (CR) was
supplied by ZhongNeng Rubber Co. Ltd. Chengdu, Sichuan, China. The particle diameter of crumb
rubber ranges from 0.250 to 0.425 mm. TOR additive is supplied by EVONIK Company (Essen,
Germany). The properties of CR and TOR-activated crumb rubber are listed in Table 2.

Table 1. Matrix bitumen properties.

Items Measured Values Specified Values

Penetration (25 ◦C, 0.1 mm) 111 100~120
Ductility (15 ◦C/10 ◦C, cm) >150 ≥60/≥40

Softening point (◦C) 45.8 ≥43

Table 2. Properties of crumb rubber (CR) and TOR-activated crumb rubber.

Project Relative
Density

Moisture
(%)

Metal Content
(%)

Fiber Content
(%)

Technical indicators - <1.0 <0.01 <1.0

Test results
Crumb rubber 1.15 0.4 0.007 0.002
TOR-activated
crumb rubber 1.21 0.53 0.004 0.003

2.2. Preparation TOR-Activated CR and Various Modified Asphalt Binders

The relevant literature we refer to shows that when the content of SBS modifier is about 4.5%,
the performance of SBS modified asphalt binder is the best [9,33]. SBS modified asphalt binder is
currently the most used asphalt binder in road engineering. At the same time, the optimal blending
amount of crumb rubber modified asphalt binder is about 20% [30,34,35]. Therefore, we choose 4.5%
of SBS and 20% of crumb rubber, which will be used as a comparison and reference.

First of all, new crumb rubber material made up of 40-mesh crumb rubber, TOR coupling agent,
and some other materials. The various CRMA were prepared in a high-speed mixer by wet method.
The matrix bitumen is heated to 175 ◦C. Three different bitumen modifiers (20% of crumb rubber,
20% of TOR-activated crumb rubber, 4.5% of SBS) were added into the matrix bitumen at 175 ◦C and
were sheared at 4000 rpm for 1 h. Finally, the mixtures were placed in a stirrer at 175 ◦C for 1 h.
For easy checking, the asphalt binders with CR, TOR-activated CR and SBS were abbreviated as CRMA,
TOR-activated CRMA and SBSMA, respectively.

2.3. Test Methods

2.3.1. Ageing Procedure

Oxidative ageing of modified asphalt binders was performed using the thin film oven test,
TFOT (ASTM D1754), and pressurized ageing vessel, PAV (ASTM D6521). PAV aging procedure at
100 ◦C and 2.1 MPa for 20 h was used for long-term aging simulation. In the TFOT, bitumen was
placed in an oven at 163 ◦C for 5 h. TFOT simulates short-term ageing that occurs during asphalt
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mixing and pavement construction, while PAV simulates long-term ageing that takes place during the
service process of asphalt pavement.

2.3.2. Physical Properties Test

The softening point and the Brookfield rotational viscosity of various asphalt binders were tested
according to Chinese standards “Standard Test Methods of Bitumen and Bituminous Mixtures for
Highway EngineerinG” (JTJ E20-2011). The Brookfield rotational viscosity was carried out at 135 ◦C
and 175 ◦C with a shear rate of 20 rpm. Three replicates were used in the softening point and the
Brookfield rotational tests.

2.3.3. Dynamic Shear Rheometer Test

In this study, three kinds of rheological tests were chosen. The frequency sweep test and the
temperature sweep test were the conventional DSR tests to characterize the rheological properties of
asphalt binders. The asphalt binders tested were unaged, TFOT-aged binder and PAV-aged binder.
The DSR (DHR-1, TA Instruments, New Castle, DE, USA) was used to apply a shear stress on a thin
asphalt binder specimen sandwiched between two parallel oscillatory plates (diameter of 25 mm or
8 mm) with a gap of 1 mm or 2 mm. Two replicates were used in the DSR test.

The temperature sweep was performed at a constant strain of 1% and a constant frequency of
10 rad/s with temperature ranging 46–78 ◦C in intervals of 4 ◦C. The frequency sweep test was tested at
different temperatures (40, 50, 60, 70 and 80 ◦C) in the frequency range of 0.1 to 100 rad/s. The strain was
maintained at 2%. Three indicators, shear modulus (|G*|), phase angle (δ) and rutting factor (|G*|/sin δ),
were automatically calculated, respectively. The unaged and TFOT-aged asphalt binder was a 1 mm
diameter plate with a gap between 25 mm parallel plates. When PAV-aged asphalt binders were used,
the corresponding values were 8 mm and 2 mm, respectively. The storage modulus (G′) and loss
modulus (G”) in the frequency sweep test were used to evaluate the viscoelastic behavior. The rutting
resistance was characterized by shear modulus (|G*|), phase angle (δ), rutting factor (|G*|/sin δ) in
the frequency sweep test. The viscosity temperature index (VTS) was used to evaluate temperature
sensitivity. It can be calculated by shear modulus (|G*|), phase angle (δ) in the temperature sweep test.

Linear amplitude sweep (LAS) was utilized to characterize the resistance of an asphalt binder
to fatigue damage. LAS testing of PAV-aged asphalt binder was carried out at 25 ◦C using standard
AASHTO TP101-14. According to LAS test results, the correlation between the applied shear strain and
the fatigue life of the asphalt binder can be analyzed using the viscoelastic continuous medium damage
(VECD) theory [36–38]. Finally, the fatigue life N f could be predicted, as shown in Equation (1):

N f = A35(γmax)
−B (1)

where A35 and B are the viscoelastic continuum damage (VECD) coefficients.

3. Results and Discussion

3.1. Viscoelastic Behavior

The softening point and the viscosity of four samples were listed in Figures 3 and 4, respectively.
To further investigate the viscoelasticity of TOR-activated CRMA viscoelastic parameters (storage
modulus G′, loss modulus G”) in the linear viscoelastic range were obtained from the DSR. Therefore,
frequency sweeps were performed on all unaged, TFOT-aged and PAV-aged asphalt binders. Figures 5
and 6 show the changes in G′ and G” of different unaged and aged asphalts as a function of frequency.
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Figure 3. Softening point of four binders on unaged asphalts.

Figure 4. Viscosity of four binders on unaged asphalts.

Figure 5. Viscoelastic parameters versus frequency of unaged and aged matrix bitumen and SBSMA at
60 ◦C. (a) Matrix bitumen G′; (b) Matrix bitumen G”; (c) SBSMA G′; (d) SBSMA G”.
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Figure 6. Viscoelastic parameters versus frequency of unaged and aged crumb rubber modified asphalt
(CRMA) and TOR-activated CRMA at 60 ◦C. (a) CRMA G′; (b) CRMA G”; (c) TOR activated CRMA G′;
(d) TOR activated CRMA G”.

Figure 3 shows that the softening point of modified asphalt binders elevates obviously compared
with matrix bitumen. TOR additive had a greater effect on the softening point of TOR-activated CRMA,
although the improvement of CRMA activated by TOR is lower than that of SBSMA. It can be seen from
Figure 4 that the viscosity of the four samples decreases with increasing temperature. The viscosity
of TOR-activated CRMA was greater than that of other asphalt binders under the same temperature,
and the mechanism of TOR was involved in the advance of viscosity.

It can be seen from the Figure 6 that as frequency decreases, the difference of G′ and G” gradually
increases. In addition, in the high temperature and low frequency range, G′ fell faster than G”,
which was predicting the main viscous behavior at low frequencies and 60 ◦C. However, the elastic
properties of TFOT and PAV-aged modified asphalt binder were significantly distinct compared to
unaged asphalt binder. The distinctions were also obvious for asphalt binder with TOR. For unaged
samples, the modified asphalt binder had a larger G′ value in the selected frequency range. For unaged
TOR-activated CRMA, G′ was significantly larger than SBSMA and CRMA.

The G′ and G” after TFOT and PAV aging increased significantly, especially PAV aging, indicating
an improvement in mechanical properties. However, G” of various asphalt binders after aging had a
different extent of increase. It can be inferred from the gap between TFOT and PAV that the increase in
matrix bitumen is most pronounced in terms of viscoelastic parameters compared to unaged samples.
The change in CRMA viscoelastic parameters after PAV long-term aging was minimal. TOR-activated
CRMA exhibited a maximum of G′ and G” after TFOT and PAV aging compared to other asphalt
binders. Aging will harden the bitumen, and the hardening effect will increase its stiffness, which will
lead to asphalt binder embrittlement. This hardening effect will affect the ability to relax the stress.
Adding TOR to asphalt binder may decrease the effect of the aging process.

The corresponding relationship between the angular frequencyω and the viscoelastic factor can
be a rough analysis of the phase structure of the asphalt binder. The change of internal phase structure
for viscoelastic bitumen materials can significantly affect viscoelastic parameters. Scientists believed
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that the gap between bridging microscale structures and macroscale features can be connected by
linear viscoelasticity [39]. It means viscoelastic parameters can measure the difference of modifiers on
micro-scale structures of asphalt binder. In the low frequency region, G′, G” and the angular frequency
ω of the homogeneous polymer in this test had the following relationship: the slope of lg G”(ω)-lgω
was 1. The slope of lg G′(ω)-lgω was 2. The slope of the multiphase polymer was smaller than these
two values. Related literature studies have shown that the degree of heterogeneity of the material can
be reflected by the degree of deviation of the slope of the low frequency region from the slope of the
line viscoelastic relationship [40,41].

Figure 7 shows that the slopes of G′ and G” were relative to the angular frequency of various asphalt
binders at 60 ◦C. The slope of lg G′(ω) and lg G”(ω) for the lg w were less than 2 and 1, respectively,
indicating that the four samples are all heterogeneous systems. The degree of deviation was, however,
different. For unaged samples, it can be obtained from Figure 7 that the degree of heterogeneousness
is: SBSMA > CRMA > TOR-activated CRMA activator > matrix bitumen. The CRMA and the
TOR-activated CRMA were compared separately. The former had a negative degree of homogeneity,
because there will be surface hardening, desulfurization and the like, which is not conducive to fuse
between the CR and the asphalt binder. For TOR-activated CRMA, TOR alleviated the compatibility
of CR with matrix bitumen. The slope values of TOR-activated CRMA were greater than those of
CRMA; however, with the deepening aging, the degree of heterogeneousness of TOR-activated CRMA
became the biggest, which means more light components lessened, corresponding to the weakest
aging resistance.

Figure 7. The slopes of lg G′(ω)-lgω, 1g G”(ω)-lgω of different asphalt binders at 60 ◦C.

3.2. Rutting Resistance

Figure 8 presents the phase angle and shear modulus of the four samples, after aging at 60 ◦C,
varying with frequency.

As shown in Figure 8, the value of |G*| increases with increasing frequency and has an almost
parallel upward curve, indicating that log|G*| and logω have a good linear correlation over the selected
frequency range. After TFOT aging, CRMA spiked with TOR exhibited the highest value of |G*|
while matrix bitumen exhibited a minimum of |G*|. The |G*|of SBSMA was less than CRMA and
TOR-activated CRMA. Similar behavior of various asphalt binders was observed during the PAV aging
phase compared to the TFOT aging phase. However, the |G*| values of the TFOT-aged asphalt binder
samples were lower than those of the other samples, which indicated that the asphalt binder becomes
harder after long-term aging. The rutting resistance of TOR-activated CRMA after aging is better than
those of the other three asphalt binders. However, compared with TFOT aging, TOR-activated CRMA
after PAV aging has better anti-rutting performance.
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Figure 8. Changes in phase angle and shear modulus of asphalt binders in pace with frequency after
(a) thin film oven test (TFOT) and (b) pressure aging vessel (PAV) aging at 60 ◦C.

The phase angle is illustrated in tan δ in Figure 8. Tan δ is identified as the ratio of G” to G′,
which presented a balance of viscous/elastic performance. Higher tan δ values indicated that the
bitumen material exhibited more viscous behavior. According to the survey, in the frequency range
studied and at 60 ◦C, the tan δ of all asphalt binders was always >1, which means the main viscous
behavior. The tan δ of matrix bitumen showed a sharp decrease. On the contrary, SBSMA showed
a substantially unchanged tan δ in the low and high frequency range. The tan δ of CRMA and
TOR-activated CRMA decreased rapidly in the low frequency region, and decreased slightly in the
high frequency range.

The rutting factor (|G*|/sin δ) can be used to evaluate the effect of different modifiers on the
performance of bitumen materials at high temperatures. The higher the rutting factor, the better the
performance of the bitumen material at high temperatures. Through the DSR test, |G*| and δ can be
obtained intuitively, so that the rutting factor (|G*|/sin δ) can be calculated. The rutting factors of the
four samples before and after aging are exemplified in Figure 9.

Figure 9. The |G*|/sin δ of four samples before and after aging. (A) Unaged; (B) after TFOT; (C) after PAV.
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Figure 9 shows that the rutting factor of four samples drops sharply with increasing temperature
and then slowly decreases after a certain temperature. The rutting factor of TOR-activated CRMA was
the largest. Therefore, under the same temperature conditions, the four asphalt binders had the best
rutting resistance, followed by CRMA. However, compared with CRMA and TOR-activated CRMA,
the increased degree of rutting factor of SBSMA was not extremely obvious, even smaller than the
matrix bitumen when the temperature was lower than 55 ◦C.

The aging of the binder mainly consisted of two parts, volatilization and oxidation. Especially for
the matrix bitumen (KLM110) with a large number of light components, the performance change of the
modified asphalt binder occurring in the aging process was not negligible. Figure 9B shows that after
short-term aging, the rutting factor of all samples decreased with increasing temperature and decreased
slowly after a certain temperature. After TFOT aging, the rutting factors of all asphalt binders were
significantly increased. In addition, it indicated that the viscous component of bitumen increased
sharply with increasing temperature, while the elastic component gradually decreased. At the same
temperature, TOR-activated CRMA was more resistant to rutting than other binders were.

Similarly, TOR-activated CRMA exhibited the best rutting resistance among four asphalt binders at
the same temperature after PAV aging from Figure 9C. Moreover, the SBSMA anti-rutting performance
was significantly improved. Compared with the unaged SBSMA, the SBSMA after PAV aging had the
most significant increase in the rutting factor in the test temperature range. The change in CRMA rutting
factor after PAV aging was small. Whether it was the original sample, long-term aging, or short-term
aging, the maximum |G*|/sin δ of CRMA containing the TOR activator exhibited its preferred resistance
to rutting.

3.3. Temperature Sensitivity

For areas with variable climates and large temperature differences, it is important to evaluate the
temperature sensitivity of asphalt binder. The viscosity temperature index (VTS) is used to measure
the temperature sensitivity of bitumen materials. VTS is calculated as follows:

VTS =
lg(lgηT2 − lgηT1)

lgT2− lgT1
(2)

where T1 and T2 represent the temperatures of the two points (the temperature range in the temperature
sweep), respectively, and ηTI and ηT2 respectively, represent the dynamic viscosity.

The viscosity η∗ can be calculated as follows:

η∗ =
G∗

ω
(3)

where η* is the complex viscosity, |G*| is the complex modulus, and ω is the angular frequency.
This formula has a prerequisite: the material should be Newtonian fluid. The asphalt binder is not a
complete Newtonian fluid, so the coefficient correction is required. According to the Cox–Merz dynamic
and static viscosity conversion rules, with a phase angle of less than 90◦ and a lower temperature,
Equation (3) is amended as:

η′ =
(sinδ)−4.8628

|G∗|
ω

(4)

where δ is the phase angle (◦).
Figure 10 displays the VTS values of the four samples before and after aging. VTS values were

sorted from large to small for unaged samples: matrix bitumen > CRMA ≈ TOR-activated CRMA >

SBSMA. The VTS value of matrix bitumen was the largest, which indicated that it had the largest rate
of change with temperature and was most sensitive to temperature changes. It can be seen that the
addition of modifier can significantly improve the temperature sensitivity of asphalt binder.
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Figure 10 shows that the VTS of CRMA and TOR-activated CRMA decreased after short-term
aging followed by long-term aging. During the aging process, after the two reactions of volatilization
and oxidation, the light components inside the binder are reduced, and heavier components such as
asphaltenes and gums are increased. The sensitivity to temperature was correspondingly reduced.
The SBSMA showed significant changes in this test. After short-term aging, its sensitivity showed an
upward trend. The softening point of SBSMA after short-term aging was also inconsistent with the
other asphalt binder, which is speculated to be due to the degradation of SBS. With the completion
of SBS degradation, the SBSMA also showed a trend of reducing sensitivity after long-term aging.
The VTS of TOR-activated CRMA and CRMA was basically identical, so the TOR did not significantly
improve the temperature sensitivity of CRMA.

Figure 10. The viscosity temperature index (VTS) of four samples in different states.

3.4. Fatigue Resistance

Similarity to the anti-rutting theory of asphalt binder, SHRP believed that road surface fatigue
cracking was also related to the content of elastic and viscous components, and that asphalt binder
containing more viscous components can be beneficial to resisting fatigue cracking. Therefore,
SHRP recommended that the fatigue factor (|G*|× sin δ) can be used to characterize the fatigue resistance
of bitumen materials at moderate temperatures. The increase in the rutting factor of bitumen materials
can increase its ability to resist high temperature permanent deformation; however, the excessive
rutting factors were more prone to cracking diseases at moderate and low isothermal temperatures.

Therefore, the fatigue factor can characterize the fatigue crack resistance of the asphalt binders
after aging. The fatigue factors for asphalt binder samples are exemplified in Figure 11. Figure 11
shows that the fatigue factor of asphalt binder samples dropped rapidly with the increasing procedure
of temperature. The fatigue life N f test results are shown in Figure 12.

Figure 11 shows that the fatigue factor of asphalt binder samples dropped rapidly with the
increasing procedure of temperature. Whether it was short-term aging or long-term, TOR-activated
CRMA had the highest fatigue factor, indicating that its fatigue resistance under different temperatures
was the worst compared with the other three asphalt binders at high-temperature conditions. In contrast,
SBSMA had a minor fatigue factor, illustrating that the fatigue resistance of SBSMA is better than that
of CRMA and TOR-activated CRMA.

The LAS test was utilized to further study the fatigue performance of TOR-activated CRMA at
moderate temperatures. Figure 12 shows the fatigue life results of the four samples at 2% and 4%
strain levels. SBSMA shows the longest fatigue life span compared to other asphalt binders of the same
strain level. Compared with matrix bitumen, the fatigue life of CRMA and TOR-activated CRMA are
decreased. TOR-activated CRMA has a negative impact on the fatigue resistance of CRMA, which is
the same as that expressed by the fatigue factor.
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Figure 11. The fatigue factor of asphalt binder samples after aging. (A) thin film oven test (TFOT);
(B) pressure aging vessel (PAV).

Figure 12. Fatigue life obtained using linear amplitude sweep (LAS) testing of asphalt binder at (a) 2%
strain and (b) 4% strain level.

4. Conclusions

The article evaluated the viscoelasticity, rutting resistance, temperature sensitivity and fatigue
resistance of TOR-activated CRMA by suitable rheological tests compared with CRMA, SBSMA and
matrix bitumen. The experimental data obtained from this study led to the following conclusions:

The four samples are all heterogeneous systems; however, the degree of deviation was very
different. In contrast, the degree of heterogeneousness of TOR-activated CRMA is significantly better
than SBSMA and CRMA. This shows that TOR can effectively promote the compatibility between
crumb rubber and asphalt binder.

TOR activators can drastically improve the viscoelastic behavior of CRMA at high temperatures.
TOR-activated CRMA produced significant hardening both before and after aging. The deformation
resistance of TOR-activated CRMA was preferable to that of SBSMA and CRMA.

In terms of high-temperature capability, TOR-activated CRMA has better high-temperature rutting
resistance than the other three asphalt binders. However, the anti-rutting factor of four asphalt binders
increases after aging, which is based on the aging and brittleness of the asphalt binder. Whether it was
the original sample, long-term aging, or short-term aging, the maximum |G*|/sinδ of CRMA containing
the TOR activator exhibited its preferred resistance to rutting.

The temperature sensitivity of SBSMA was greater than TOR-activated CRMA and CRMA for
unaged samples. After PAV aging, the VTS of TOR-activated CRMA was smaller than the other three
asphalt binders. However, it is only a tiny improvement in the temperature sensitivity of CRMA.

TOR active agent has a negative impact on the fatigue performance of CRMA. SBSMA exhibited
superior fatigue resistance. The fatigue factor of the four asphalt binders, however, increased after
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aging, and the fatigue resistance decreased. The degree of SBSMA decline was the most obvious,
and TOR-activated CRMA was more stable.

Compared with matrix bitumen, SBSMA, CRMA, TOR-activated CRMA has better compatibility,
viscoelastic properties, and anti-rutting ability. However, the addition of the TOR active agent has a
negative effect on the fatigue performance of CRMA.
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