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To evaluate the physical and rheological properties of rejuvenated styrene-butadiene-styrene-modified asphalt (SBSMA) binders
designed for rapid in-place pavement recycling, an aged SBSMA binder was rejuvenated with three rejuvenators (i.e., Types I, II,
and III) in different dosages. )e physical properties of rejuvenated SBSMA were obtained to determine the optimal type and
dosage of rejuvenators for the first and second rejuvenation. Performance grade (PG) tests, multiple stress creep recovery (MSCR)
tests, and linear amplitude sweep (LAS) tests were conducted to measure the rheological properties using the dynamic shear
rheometer (DSR) and bending beam rheometer (BBR). )e results exhibited that the rejuvenators could soften the multiple aged
binder and enhance its high- and low-temperature performance. )e rejuvenation effect of rejuvenator Type I with the optimal
dosage of 6∼8% was the most appropriate for the first rejuvenation. )e optimal dosage of the second rejuvenation was 10∼12%.
)e addition of rejuvenators decreased the rutting factor (G∗/sin δ), creep stiffness (S), delta Tc (ΔTc) parameter, recovery response
(R), and yield stress of rejuvenated SBSMA. On the other hand, an increase in the rate of relaxation (m-value), nonrecoverable
creep compliance (Jnr), and yield strain of rejuvenated SBSMA was recorded. Overall, the study findings indicated an im-
provement in the elastic properties of rejuvenated SBSMA, which contributes to improving the rutting, thermal, and fatigue
cracking resistance of asphalt binder and ultimately the response of asphalt pavements.

1. Introduction

Asphalt binder, which is a by-product of petroleum, is an
essential material used in the construction of flexible
pavements [1]. Styrene-butadiene-styrene (SBS) polymer,
which is an elastomer thermoplastic polymer, is widely used
as an asphalt binder modifier to enhance the high- and low-
temperature performance of asphalt mixtures [2]. However,
aging and degradation of the SBS-modified asphalt (SBSMA)
binders under the actions of oxygen, sunlight, rainfall, and
vehicle loading can detrimentally deteriorate the perfor-
mance of asphalt mixtures and eventually lead to pavement
failures [3, 4]. )e aging phenomenon usually encompasses
some internal changes in the chemical composition of the
asphalt binder that ultimately leads to changes in the overall

structural integrity of the asphalt mixture. For instance,
because of the oxidation of the naphthalene aromatics and
the polar aromatics, the ratio of asphaltene to maltene of
aged SBSMA tends to increase [5]. )e aged asphalt binder
usually turns into a gel-type asphalt binder that exhibits low
ductility, high stiffness, and high thixotropy [6].)e aging of
SBS-modified asphalt binder is a combination of asphalt
phase oxidation and polymer phase degradation [7]. )e
chain scission reaction at polybutadiene (PB) segments plays
a primary role in the thermooxidative degradation of SBS
polymer [8]. )e PB segments containing the unsaturated
double carbon bonds (C�C) are easy targets to oxygen and
degrade rapidly into smaller polymer chains under the effect
of heat and ultraviolet light (UV) [9, 10]. Because of in-
creased modulus due to oxidation and low SBSmodification,
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asphalt mixtures also tend to be brittle with a high pro-
pensity to thermal and fatigue cracking [11, 12].

Asphalt mixtures are self-healing materials. In other
words, under certain energy conditions, the microcracks can
be self-repaired [13]. To enhance (and expedite) this self-
repairing process, rejuvenators are often added to aged
asphalt binders to soften them and make the rejuvenated
asphalt binders more fluid so as to be able to infiltrate into
and fill up the cracks [14]. Rapid in-place pavement recycling
is a preventive maintenance technology based on spraying
the rejuvenator onto the aged pavement surface to seal off
the cracks and soften the asphalt binder. Compared with
other asphalt pavement recycling technologies, Liu [15]
asserts that rapid in-place pavement recycling technology is
quick, time-efficient, and the most economical and effective
solution for asphalt pavement preservation.

As reported in the literature, rejuvenators have the
potential to recover and enhance the material properties and
mechanical performances of aged SBSMA [16]. However,
having and/or injecting an optimum amount of rejuvenator
is one of the key aspects of achieving the desired material
properties and enhanced performance characteristics [17].
Balanced rejuvenating design based on multicriteria eval-
uation has been used by many researchers to optimize the
rutting, cracking, and fatigue performances of asphalt
binders [18, 19]. Koudelka et al. [20] used two rheological
parameters: the Glower-Rowe (G-R) parameter obtained
from the dynamic shear rheometer (DSR) tests and the delta
Tc (ΔTc) obtained from the bending beam rheometer (BBR)
tests to determine the optimum dosages of recycling agents.
Elkashef et al. [21] found that the extent of rejuvenation/
regeneration of the soybean-derived rejuvenator was more
pronounced for the stiffer binders. Shen et al. [22] inves-
tigated the changes in molecular weights of crumb rubber-
modified asphalt binders both after aging and after reju-
venation. )e addition of rejuvenator was found to have
reduced the macromolecular substances and increased the
micromolecular substances of aged asphalt binders. Zau-
manis et al. [23] proved that the recycled asphalt mixtures
with six rejuvenators could ensure excellent rutting and
cracking resistances while providing longer fatigue life. Cui
et al. [24] found that the rejuvenator can alleviate the self-
aggregation of asphaltenes but cannot completely restore the
colloidal structure of the aged asphalt binders by the means
of molecular dynamics (MD) simulations. )e rejuvenator/
recycling agent could deagglomerate the oxidized asphal-
tenes, which led to a concurrent increase in the crossover
modulus and crossover frequency of aged binder [25]. Xu
et al. [26] studied the rejuvenator diffusion behavior and
thermodynamic properties of asphalt binder using all-atom
MD simulations.

Traditional grading parameters of asphalt binders such
as penetration, softening point, and viscosity cannot fully
reflect the viscoelasticity of asphalt binders. In particular,
these parameters have been considered to be insufficient in
characterizing the performances of asphalt binders at high
temperatures [27]. Furthermore, the Superpave rutting
parameter G∗/sin δ has been reported to exhibit poor cor-
relation with the rutting resistance of polymer-modified

asphalt mixtures measured in the laboratory [28]. Multiple
stress creep recovery (MSCR) test, developed by D’Angelo
et al. [29], can more fundamentally represent the nonlinear
viscoelastic behavior of asphalt binders over a range of high
temperatures [30, 31].

Similarly, the Superpave fatigue parameter, G∗∕sinδ,
could not accurately estimate the maximum fatigue life of
asphalt mixtures under nonlinear viscoelastic loading [32].
)e viscoelastic continuum damage (VECD) theory is a
novel approach used to characterize the fatigue behavior of
viscoelastic materials. Linear amplitude sweep (LAS) test has
been developed based on VECD theory and provides more
reliable parameters to estimate and quantify the fatigue life
of asphalt binders at varying stress levels [33, 34].

)e primary aim of this study was to investigate the
effects of rejuvenators on the physical and rheological
performances of the aged and rejuvenated SBSMA. )e
optimal types and dosages of rejuvenators were determined
based on multicriteria evaluation to provide a laboratory
assessment framework for rapid in-place pavement recy-
cling. Because the performance evaluation of rejuvenated
asphalt binders is often limited to traditional grading pa-
rameters such as viscosity, penetration, and softening point,
another aim of this study was to evaluate the rutting and
fatigue characteristics of rejuvenated SBSMA through
measurement and quantification of their rheological prop-
erties using the MSCR and LAS tests.

2. Materials and Test Methods

2.1. Asphalt Binders and Rejuvenators. )e basic properties
of the Shell SBS-modified asphalt binders are listed in Ta-
ble 1. )e amount of SBS polymer incorporated in asphalt
binder was 4.5%.)e rejuvenator was prepared with a heavy
naphthenic base oil and the polymer-modified asphalt. )e
principal properties of three rejuvenators used, designated as
Types I, II, and III, respectively, are similarly listed in Table 2.
)e samples of three rejuvenators are shown in Figure 1.

2.2. Laboratory Experimentation. Agings of the SBSMA
were accomplished using the rolling thin-film oven test
(RTFOT, aging at 163°C for 5 h) and pressurized aging vessel
test (PAV, aging at 100°C for 20 h under 2.1MPa of air
pressure) according to ASTM D2872 and ASTM D6521,
respectively. RTFOT was used to simulate the short-term
aging of the SBSMA at the construction stage such as
production, mixing, transporting, and paving processes.
PAV was employed to simulate the long-term field aging of
the SBSMA at the service stage.

)e virgin SBSMA was aged by RTFOT and PAV to
obtain the first aged SBSMA.)en the first aged SBSMA was
blended with the three rejuvenators at a mixing temperature
140∼160°C for 30min to prepare the first rejuvenated
SBSMA. )e rejuvenator at dosages/contents was 2%, 4%,
6%, 8%, and 10%, respectively, by weight of aged asphalt
binders.

Because there is no heating applied on the aged asphalt
mixtures through the rapid in-place pavement recycling, the
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second aging of SBSMA is a long-term aging. )e first re-
juvenated SBSMA with optimal types and dosages of reju-
venators (I + 6%, I + 8%, II + 6%, and II + 8%) was aged by
PAV and then rejuvenated with rejuvenators Type I and
Type II to obtain the second rejuvenated SBSMA. )e re-
juvenators at dosage increments were 0%, 2%, 4%, and 6%.
)ereafter, the aged and rejuvenated SBSMA were tested to
evaluate and quantify their physical and rheological prop-
erties (Figure 2).

2.3. Physical Property Tests. Physical properties of the aged
and rejuvenated SBSMA, including penetration (25°C),
softening point, and ductility (5°C), were tested as per ASTM
D5, ASTM D36, and ASTM D113, respectively.

2.4. Rheological Property Tests. Dynamic rheological prop-
erties of the virgin, aged, and rejuvenated SBSMA were
performed using the DSR (Discovery HR-1, TA Instru-
ments, USA) and the BBR (TE-BBR, Cannon, USA).

2.4.1. Dynamic Shear Rheometer Test. Temperature sweep
tests were carried out using DSR at the strain-controlled
mode. )e temperature range was 64∼82°C with increment
of 6°C. )e asphalt binder specimens were molded to a
diameter of 25 mm by 1 mm thick. High-temperature PG
was determined based on the established rutting factor
criteria (G∗/sin δ � 2.2 kPa) as per ASTM D6373.

2.4.2. Bending Beam Rheometer Test. )e low-temperature
PG was estimated using the BBR at two test temperatures
(−12°C and −18°C). Low-temperature PG was determined
based on the thermal cracking criteria (S(t)� 300MPa, m-
value� 0.3) in accordance with ASTM D6373. )e S(t) and
m-value were estimated using equations (1) and (2) as per
ASTM D6648. )e ΔTc parameter was developed by
Anderson et al. [35] to evaluate age-related cracking

potential. Delta Tc (ΔTc) parameter, described as in equation
(5), is defined as the numerical difference between two low
continuous grading temperatures obtained from the BBR
stiffness and m-value criteria [36]:

S(t) �
PL

3

4bh
3δ(t)

, (1)

m(t) �
dlog S(t)

dlog(t)




, (2)

Tc,S � T1 +
T1 − T2(  × log 300 − log S1( 

log S1 − log S2
  − 10, (3)

Tc,m � T1 +
T1 − T2(  × 0.3 − m1( 

m1 − m2
  − 10, (4)

ΔTc � Tc,S − Tc,m, (5)

where S(t) is the creep stiffness at loading time t (MPa);m(t) is
the rate of relaxation, m-value, at loading time t; P is the
applied load (N); L is the span length (mm); b is the width of
the asphalt binder beam (mm); h is the depth of the asphalt
binder beam (mm); δ(t) is the deflection of the asphalt binder
beam at time t (mm); Si is the creep stiffness at temperature Ti,
(MPa);mi is the rate of relaxation at temperature Ti; Tc,S is the
critical temperature where S� 300MPa (°C); Tc,m is the critical
temperature where m� 0.3 (°C); and ΔTc is the numerical
difference between Tc,S and Tc,m (°C).

2.4.3. Multiple Stress Creep Recovery (MSCR) Test. )e
MSCR tests were performed at 70°C in accordance with the
ASTM D7405 test procedure. Two loading stress levels of
0.1 kPa and 3.2 kPa were used. Each stress level had 10 re-
peated cycles with creep stage of 1 s-loading and recovery
stage of 9 s-unloading. )e total test time for one specimen
was 200 s. In this study, the MSCR test was used to char-
acterize the high-temperature rheological behavior and stress-
related rutting resistance of rejuvenated SBSMA. Percent
recovery (R) parameter and nonrecoverable creep compliance
(Jnr) were used to characterize the recovery properties and
high-temperature performance of asphalt binders. )e stress
sensitivity index (Jnr-diff), defined as the percentage difference
of the Jnr at two stress levels, was used to evaluate the stress
sensitivity of the rejuvenated SBSMA to traffic loading.

2.4.4. Linear Amplitude Sweep (LAS) Test. )e LAS test was
used to evaluate the fatigue behavior of the rejuvenated
SBSMA. )e asphalt binder specimens were molded to a
diameter of 8 mm by 2 mm thick. In this study, the LAS test
was conducted at 25°C in accordance with the AASHTO
TP101 test procedure. )e procedure of the LAS test was
comprised of two steps. First, the frequency sweep test with a
frequency range of 0.1∼30Hz was performed at a low strain
level of 0.1% to obtain the undamaged property of specimen
(α) and fatigue parameter A. )en, the amplitude sweep test
in strain-controlled mode was conducted at 10Hz for 300 s.

Table 1: )e basic properties of SBS-modified asphalt binders.

Properties Methods Limits Values
Virgin asphalt binders
Penetration at 25°C (0.1mm) ASTM D5 40∼60 51
Softening point (°C) ASTM D36 ≥60 79
Ductility at 5°C (cm) ASTM D113 ≥20 26

Elastic recovery at 25°C (%) ASTM
D6084 ≥70 88

Storage stability, ΔSoft. Points,
48 h (°C)

ASTM
D5976 ≤2.5 1.5

Solubility in trichloroethane (%) ASTM
D2042 ≥99 99.5

Flash point COC (°C) ASTM D92 ≥230 280

Viscosity at 135°C (Pa·s) ASTM
D4402 ≤3 1.5

RTFOT residues

Mass loss (%) ASTM
D2872 ≤0.6 0.2

Penetration ratio at 25°C (%) ASTM D5 ≥65 69
Ductility at 5°C (cm) ASTM D113 ≥15 17
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)e amplitude of sine wave load form increased linearly
from 0.1% to 30%. )e LAS test data was processed and
analyzed using a VECD model approach to determine the
fatigue parametersA and B. Given the fundamental nature of
these fatigue parameters, the fatigue life of the asphalt binder
can be estimated through the fatigue model given in

Nf � A cmax( 
− B

, (6)

A �
f Df( 

1+ 1− C2( )α( )

1 + 1 − C2( α(  × πC1C2( 
α, (7)

B � −2α, (8)

where Nf is the fatigue life; cmax is the estimated maximum
strain (%);A and B are the fatigue parameters; f is the loading
frequency (Hz); Df is the failure point at a 35% reduction in
the initial specimen modulus; α is the undamaged property
of the specimen; and C1 and C2 are the fitting factors of the
power-law model.

3. Test Results, Analysis, and Discussions

3.1. Physical Properties of Rejuvenated SBSMA. Figure 3
shows the physical properties of the first and second reju-
venated SBSMA with different types and dosages of
rejuvenators.

3.1.1."e First Rejuvenated SBSMA. With the increase of the
rejuvenator dosage, the penetration and ductility of reju-
venated SBSMA increased, while the softening point de-
creased (Figures 3(a), 3(c), and 3(e)). When the rejuvenator
dosage was 0∼4%, the penetration improvement of aged
SBSMA was Type III>Type I>Type II. When the rejuve-
nator dosage was 4∼10%, the efficiency of Type III on
penetration improvement was weaker than that of Type I
and Type II (Figure 3(a)). A small amount of rejuvenator
could obviously reduce the softening point of aged SBSMA,
but the further addition of rejuvenator had not a significant
effect as before. Compared with Type I and Type III, Type II
had a weaker effect on reducing the softening point
(Figure 3(c)). For each 1% rejuvenator added to the aged
SBSMA, the ductility of the rejuvenated SBSMA could be
increased by about 1 cm. )e ductility improvement of aged
SBSMA was Type I≈Type II>Type III (Figure 3(e)).
)erefore, the asphalt blends with rejuvenators Type I and
Type II exhibited improved low-temperature crack resis-
tance. )e rejuvenators containing the maltenes could ef-
fectively reduce the consistency and restore the temperature
sensitivity of aged SBSMA. )e physical properties of the
first rejuvenated SBSMA with 6∼8% rejuvenators were
closest to those of RTFOT residues. )e rejuvenation effect
of Type I and Type II with the optimal dosage of 6∼8% was
superior to that of Type III for the first rejuvenation.

3.1.2. "e Second Rejuvenated SBSMA. After the second
aging of SBSMA, the addition of rejuvenators could still
rejuvenate the second aged SBSMA and improve the physical
properties of the second rejuvenated SBSMA (Figures 3(b),
3(d), and 3(f)). )e physical properties of the second reju-
venated SBSMA were linearly related to the increments of
rejuvenator dosages. However, the second rejuvenation was
more difficult than the first rejuvenation. In order to recover
the performance loss of the second aging, the second reju-
venation of SBSMA needed to increase the dosage of reju-
venator. When the rejuvenator dosage was increased by 4%,

Table 2: )e principal properties of rejuvenators Types I, II, and III.

Properties Methods
Rejuvenators

Type I Type II Type III
Test on emulsions
Viscosity at 25°C (SFS) ASTM D7496 25∼150 20∼60 25∼150
Residue (%) ASTM D6934 >64 60∼65 >64
Miscibility test ASTM D6999 Nonseparation Nonseparation Nonseparation
Sieve test (%) ASTM D6933 <0.1 <0.1 <0.1
Particle charge test ASTM D7402 Positive Positive Positive
Cement mixing test (%) ASTM D6935 <2 <2 <2
Pumping stability1 Pass Pass Pass
Tests on residue from distillation test
Viscosity at 60°C (cSt) ASTM D2170 1000∼4000 200∼500 1000∼4000
Asphaltenes (%) ASTM D2007 <11.2 2∼4 <11
Maltene distribution ratio (PC+A1)/(S+A2)2 ASTM D2007 0.8∼1.5 0.5∼0.9 0.7∼1.1
PC/S ratio2 ASTM D2007 >1.2 >1.2 >0.5
Note: 1: pumping stability is tested by pumping 475mL of rejuvenators, diluted one part concentrate to one part water, at 25°C, through a 6mm gear pump
operating 1750 rpm for 10 minutes with no significant separation or coagulation. 2: PC is a polar compound; A1 is the first acidaffins; A2 is the second
acidaffins; S is the saturated hydrocarbons.

Rejuvenator Type I Rejuvenator Type II Rejuvenator Type III

Figure 1: Samples of rejuvenators Types I, II, and III.
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Virgin SBSMA (PG 76-22)

(PAV + RTFOT) aging + (2%, 4%, 6%,
8%, and 10%) of (Types I, II, and III)

rejuvenators

First rejuvenated SBSMA

Rheological properties tests

I + 6%, I + 8%, II + 6%, and II + 8%

PAV aging + (0%, 2%, 4%, and
6%) increments of (Types I and II)

rejuvenators

Second rejuvenated SBSMA

Physical properties tests
Penetration
So�ening point
Ductility

(i)
(ii)

(iii)

Rutting response (G∗/sinδ and MSCR)
Cracking response (S(t) and m-value)
Fatigue response (LAS)

(i)
(ii)

(iii)

Figure 2: Flowchart of experimental plan.
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Figure 3: Continued.
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the effects of the first rejuvenation could be achieved in the
second rejuvenation, suggesting the feasibility of multiple
rejuvenation of aged SBSMA. )us, the optimal rejuvenator
dosage of the second rejuvenation was 10∼12%.

3.2. Rheological Properties of Rejuvenated SBSMA

3.2.1. Dynamic Shear Rheometer Test. Figure 4 shows the
rutting factors (G∗/sin δ) of the rejuvenated SBSMA with
different dosages of three types of rejuvenators. After PAV
aging, the rutting factors of SBSMA increased, indicating
that the aging strengthened the elastic behavior and the
rutting resistance of the virgin SBSMA. )e rutting factors
decreased with the increases of the rejuvenator dosages and
the temperatures, which revealed that the rejuvenators could
effectively soften the aged SBSMA and decrease the defor-
mation resistance of the asphalt binders. However, the
rutting factors of rejuvenated SBSMA should be higher than
those of virgin SBSMA. It is suggested that the dosage of
rejuvenators should be controlled within 8%. Under the
same rejuvenator dosage (6%), the rejuvenation efficiency of
the rejuvenators was Type I≈Type III>Type II.)emaltene
distribution ratio of Types I and III was larger than that of
Type II. )e rejuvenation efficiency of rejuvenator depended
on the ability to restore the original chemical ratio of the
asphalt binder components. )e rutting factor of the reju-
venated SBSMA with 6% rejuvenator Type I was basically
consistent with that of the virgin SBSMA.

3.2.2. Bending Beam Rheometer Test. Figures 5(a) and 5(b)
illustrate the creep stiffness (S(t)) and the rate of relaxation
(m-value) of the different rejuvenated SBSMA.)e S(t) value
and m-value reflect the flexibility of asphalt binders at low-
temperature. In general, the asphalt binder with lower S(t)
and higher m-value have improved low-temperature crack
resistance potential. After PAV aging, an increase in S(t)
value and a decrease in them-value weaken the resistance to

slow crack growth of SBSMA, increasing the risks of thermal
cracking. In general, the low-temperature performance of
asphalt binder is related to the proportion of larger mole-
cules. During the aging process, the light components of
asphalt binder volatilized, and the polymerization of small
molecules increased the proportion of large molecules [22].
)e additions of rejuvenators could replenish the small
molecules, which were lost in the aging process, and adjust
the proportions of asphalt components, thus enhancing the
crack resistance of asphalt binder. )e additions of reju-
venators decreased the S(t) value and increased the m-value
of aged SBSMA, indicating that the rejuvenators could re-
cover the low-temperature elasticity and improve the crack
resistance of aged SBSMA. Among three rejuvenators, the
SBSMA rejuvenated with rejuvenators Type I and Type II
had a higher S(t) value and a lower m-value, indicating that
these asphalt blends had more potential to resist thermal
cracking and age-related embrittlement distresses.

Figure 5(c) demonstrates that ΔTc values of rejuvenated
asphalt binder are quite different for different types and
dosages of rejuvenators. Li et al. [37] have suggested limiting
ΔTc at −5°C to avoid nonload related cracking due to poor
relaxation properties of asphalt binders. )e ΔTc values of
PAV aged and I-10% binders were −8.7°C and −5.7°C, re-
spectively, failing to meet minimum ΔTc criteria. All binders
were m-controlled with negative ΔTc values. More m-con-
trolled binder might tend to thixotropically harden and
exhibit brittle behavior when exposed to thermal stresses.
Rejuvenated binders tended to have lowly negative ΔTc
values. For all rejuvenated binders, a positive increase in the
value of ΔTc indicated an enhancement in the stress re-
laxation ability and less age-related cracking potential of the
rejuvenated binders. Excessive dosage of rejuvenator Type I
should be avoided to ensure the durability of asphalt binder.

3.2.3. Superpave Performance Grade. Superpave PG of the
different rejuvenated SBSMA is provided in Figure 6. )e
high failure temperature of the rejuvenated SBSMA
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Figure 3: Physical properties of the first and second rejuvenated SBSMA. )e first rejuvenation (a, c, e); the second rejuvenation (b, d, f ).
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decreased with the increases of the rejuvenator dosages,
indicating the softening and regenerating effects of reju-
venators to the aged SBSMA. Similarly, the critical low
failure temperature decreased with the additions of reju-
venators exhibited improvement in the flexibility of SBSMA.
Rejuvenators that had affinity for various fractions of the
asphalt binder would enhance the high- and low-tempera-
ture performances of the aged binder through restoration of
the original binder asphaltenes-to-maltenes ratio. )e ad-
dition of 6∼8%, by weight of aged SBSMA, of rejuvenator
Type I could achieve the target PG of virgin SBSMA, PG 76-
22.

3.2.4. Rutting Performance Based on the MSCR Test.
Figures 7(a) and 7(b) show the recovery responses of re-
juvenated SBSMA with different types and contents of the

rejuvenators at the stress levels of 0.1 kPa and 3.2 kPa, re-
spectively. A decrease in the recovery response (R) and an
increase in the nonrecoverable creep compliance (Jnr) were
observed in the rejuvenated asphalt binder suggesting a
significant rejuvenation of the asphalt binders. However, as
the rejuvenator dosage increased, the R value decreased
while the Jnr value increased indicating a decay in the rutting
resistance characteristics. A slight fluctuation of R value
indicated the limited effects of rejuvenators on the recovery
performance of the rejuvenated SBSMA. In general, the
blends with 4∼6% rejuvenators exhibited good stress and
strain recovery performance. Additionally, the changes in
the Jnr3.2 value (with a high stress level) were higher than the
Jnr0.1 value (with a low stress level), implying severe rutting
risks of rejuvenated asphalt binders under heavy traffic
loading, particularly in elevated temperature environments
[12].
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Figure 4: Variations of rutting factors with the types and dosages of rejuvenators. (a) Rejuvenator Type I; (b) rejuvenator Type II; (c)
rejuvenator Type III; (d) rejuvenator dosage is 6%.
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Figure 5: Effects of the types and dosages of rejuvenators on (a) creep stiffness (S(t)); (b) rate of relaxation (m-value); (c) difference of BBR
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)e rheological behavior of asphalt binder was con-
sidered in the linear range at a stress level of 0.1 kPa. When
the stress level rose to 3.2 kPa, the nonlinear rheological
behavior of asphalt binder was closer to field conditions
under a heavy traffic loading. )e change in the rheological
behavior under different stress levels revealed the stress
sensitivity of asphalt binders, among others, as a function of
temperature and loading.

As can be seen in Figure 7(c), the Jnr-diff values of re-
juvenated SBSMA were all less than the limiting value (75%)
recommended by AASHTO M332. With the change in the
rejuvenator contents, the trends of the Jnr-diff values for the
two rejuvenators were different, with Type II exhibiting an
almost linearly increasing trend. However, the stress sen-
sitivity (the average of Jnr-diff values) of Type II rejuvenator
was about 1.6 times higher than that of Type I rejuvenator.
)eoretically, the inference of these test results was that an
asphalt pavement comprised of aged SBSMA that had been
rejuvenated with Type I rejuvenator had improved durability
and serviceability towards heavy traffic loading.

3.2.5. Fatigue Performance Based on the LAS Test.
Fatigue A and B parameters of the rejuvenated SBSMA were
obtained from the LAS test. With an increase in the reju-
venator content, Figure 8 shows an initial decrease in pa-
rameter A to 8.96×105 (Type I) and 9.14×105 (Type II),
respectively, and thereafter increased to 1.65×106 (Type I)
and 1.24×106 (Type II). By contrast, the absolute value of
parameter B decreased gradually with an increase in the
rejuvenator dosage. In general, parameter A decreased with
the decrease of the storage modulus in the loading process,
indicating that the deformation resistance of asphalt binder
decreased due to continuous cumulative damage during the
loading cycles.

Fatigue parameter B defines the quantitative measure of
the stress and strain sensitivity of the asphalt binder. )e
higher the absolute value of parameter B is, the greater the

rate of fatigue life reduction of the asphalt binder is with an
increase in the strain amplitude. )eoretically, asphalt
binders with a higher value for parameter A and lower
absolute value for parameter B infer to a longer fatigue life
for the resultant asphalt mixture and pavement [38]. With
increasing rejuvenator dosage, the rejuvenated SBSMA
generally exhibited an increasing trend in fatigue perfor-
mance as observed from the LAS. However, the rejuvenator
dosage should be controlled up to an optimum level so as to
avoid a counteractive effect that could potentially reduce the
fatigue resistance of rejuvenated SBSMA.

)e fatigue damage characteristic curves of the asphalt
binders are shown in Figure 9. With an increase in the strain
level above 15%, the stress was exhibiting a decreasing trend
under the critical repeated loading cycles, which indicated
the potential occurrence of damage. )e peak value of the
shear stress was called the yield stress, and the corresponding
peak shear strain was called the yield strain. From Figure 9,
the further additions (2% to 10%) of the rejuvenators de-
creased the yield stress (0.349MPa to 0.280MPa for Type I;
0.453MPa to 0.335MPa for Type II) and increased the yield
strain (14.4% to 15.8% for Type I; 13.5% to 16.4% for Type
II), respectively, which indicated that the fatigue cracking
resistance of the blends had improved as theoretically
expected.

)e medium-temperature rheological behavior of reju-
venated SBSMA depended significantly on the strain levels,
the types, and contents of rejuvenators. In general, asphalt
binders have a shorter fatigue life (Nf ) at higher strain levels
and vice versa [39]. For instance, Figure 10 indicates that if
the strain level is halved, the fatigue life will, on average,
increase by almost 8 times. With an increase in the reju-
venator dosage, there were two peakNf values for each blend
(124,166 and 110,681 cycles for Type I and 99,039 and 93,102
cycles for Type II at 2.5% strain level, resp.); see Figure 10.
Figure 10 further shows that the rejuvenated blends with
rejuvenators I-4%, I-10%, II-2%, and II-4% have relatively
longer fatigue lives. On average, the fatigue life of the
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Figure 7: Effects of rejuvenators on the rutting parameters of the rejuvenated SBSMA. (a) Percent recovery (R); (b) nonrecoverable creep
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rejuvenated SBSMA with 4∼10% rejuvenator Type I was
about 1.21 times longer than that of the rejuvenator Type II.
Overall, the rejuvenator Type I exhibited improved per-
formance in terms of rejuvenating the fatigue damage re-
sistance of the SBSMA.

4. Conclusions and Recommendations

)is study investigated the effects of three types of rejuve-
nators, designated as Type I, Type II, and Type III, with
varying dosages (2%, 4%, 6%, 8%, and 10%) and dosages
increments (0%, 2%, 4%, and 6%) on the physical/rheo-
logical properties and performance characteristics (rutting,
thermal, and fatigue cracking resistance) of the first and
second rejuvenated SBSMA. From the study findings, the
following conclusions and recommendations were drawn:

(1) Compared to the residues after RTFOT and PAV
aging, the physical properties of the first and second
rejuvenated SBSMAwere improved and presented as
the increases of the penetration and ductility and the
decreases of the softening point of the asphalt blends.
Among the three rejuvenators, the rejuvenation ef-
fect of Type I was the most excellent. )e optimal
rejuvenator dosage was 6∼8% for the first rejuve-
nation, and the optimal rejuvenator dosage for the
second rejuvenation was 10∼12% (the increment of
optimal rejuvenator dosage was 4%).

(2) )e rutting and cracking characteristics of the re-
juvenated SBSMA were evaluated using DSR and
BBR. )e addition of rejuvenator to aged SBSMA
was found to decrease the high-temperature rutting
resistances (G∗/sin δ) of the rejuvenated SBSMA.
)e rejuvenated SBSMA exhibited lower creep
stiffness (S(t)) and a higher rate of relaxation (m-
value) values compared to aged asphalt binder. It is
expected that such improvement in relaxation
properties of rejuvenated binders may enhance the
low-temperature cracking resistances of rejuvenated
pavements. )e rejuvenator promoted asphalt

binder durability by making delta Tc (ΔTc) parameter
less negative. )ree types of rejuvenators could all
enhance the physical and rheological properties of
the aged SBSMA. )e target Superpave PG of the
rejuvenated SBSMA, PG 76-22, could be achieved
with the additions of optimal dosages (6∼8%) of
rejuvenator Type I.

(3) )e additions of rejuvenators to the asphalt binder
blends resulted in a reduction of the percent recovery
(R value) and an increase in the nonrecoverable
creep compliance (Jnr value), indicating the positive
effects of the rejuvenators on the high-temperature
rutting resistance of rejuvenated SBSMA. )e stress
sensitivity (Jnr-diff) of the asphalt binder blends with
Type I rejuvenator was only 60% of that of Type II
rejuvenator. )us, asphalt mixtures and pavements
using Type I rejuvenator were theoretically expected
to exhibit more rutting resistance potentials under
severe stress conditions.

(4) )e fatigue life of rejuvenated SBSMA was found to
significantly depend on the strain levels, rejuvenator
type, and dosage, respectively. )e addition of re-
juvenators improved the elastic properties and
correspondingly decreased the yield stresses of the
rejuvenated SBS asphalt binders. )e fatigue life of
the asphalt binder blend with Type I rejuvenator was
about 130% to that of Type II rejuvenator.

(5) )e rutting and fatigue characteristics of the reju-
venated SBSMA were successfully evaluated using
theMSCR and LAS tests, respectively. Based on these
tests, rejuvenator Type I yielded the best rejuvena-
tion/regeneration effects in terms of both the rhe-
ological properties and performance characteristics.

Overall, this study has shown that the use of rejuvenators
has the potential to enhance the physicorheological prop-
erties and performance characteristics of aged SBSMA. For
the materials evaluated and tests conducted in this study,
rejuvenator Type I, with an optimum dosage of 6∼8%, was

0

20,000

40,000

60,000

80,000

100,000

120,000

140,000

Fa
tig

ue
 li

fe
 (c

yc
le

s)

2.5% strain level
5% strain level
10% strain level

RT
FO

T
re

sid
ue

I-
2%

I-
4%

I-
6%

I-
8%

I-
10

%

II
-2

%

II
-4

%

II
-6

%

II
-8

%

II
-1

0%

Binder types
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found to be the most excellent rejuvenator in terms of
enhancing the physicorheological properties and perfor-
mance characteristics (rutting, thermal, and fatigue cracking
resistance) of aged SBSMA. Although limited to the specific
materials evaluated in this paper, the study findings, evi-
dently, provide a viable platform for further research into the
rejuvenation of aged SBSMA including more laboratory
testing, field validation, and practical applications.
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