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ABSTRACT

This study focuses on the effect of oils on rheology and oxidation aging of Styrene-Butadiene-Styrene modified asphalt
(SBSMA) in the long term, after reducing one low-temperature Performance Grade (PG) of SBSMA by incorporating
oils. Two oils, including corn-based bio-oil and re-refined engine oil bottom (REOB), were selected to enhance the
low-temperature performance of SBSMA. All samples were subjected to Rolling Thin Film Oven (RTFO) aging
and 20-h as well as 40-h Pressure Aging Vessel (PAV20 and PAV40) aging, prior to multiple stress creep recovery
(MSCR), frequency sweep and Flourier transform infrared spectroscopy (FTIR) scanning. A good high-temperature
performance of oil/SBS modified asphalt blends was reflected in MSCR and PG results, meanwhile non-recoverable
creep compliance (Jnr) and recovery (R) were found to share a highly correlated relationship during aging progress. In
addition, Glover–Rowe (G–R) parameter and phase angle master curves suggest that the improvement of cracking
property mainly came from the softening effect of oils. Adding oils into SBSMA was observed to increase oxidation
kinetics, but the blends with oils still exhibited better anti-oxidation aging than the base binder, mainly due to the SBS
addition. Bio-oil exhibited an effect of relieving age hardening susceptibility of SBSMA.
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1 Introduction

Due to its excellent performance, Styrene-Butadiene-Styrene (SBS) modification technology could be
one of the most wide-application and successful modification methods for asphalt binders in the paving
industry [1]. Also, high content SBS modified asphalt is popular to be used in open-graded friction
course (OGFC) to construct permeable asphalt pavement since its high viscosity can provide extra
strength [2,3]. Nevertheless, a number of researches have proved that SBS modified asphalt (SBSMA) is
prone to oxidative aging, with rheological response greatly changed and SBS degradation [4,5]. Even,
short-term aging could cause an unneglected impact on performance [6]. The aging effect is typically
regarded as benefiting the resistance to rutting of binders because of the increasing modulus [7]. Yet, the
research found that aging of a certain level could exert a detrimental influence on high-temperature
performance of SBSMA (increase of non-recoverable creep compliance, Jnr) [3]. This phenomenon could
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be explained that the reducing elasticity caused by SBS degradation is dominant at a certain aging level,
instead of the age hardening of binders.

Cracking could be one of the main distresses facing asphalt pavement during the long-term service
period. Thermal cracking can be considered as a series of cracking at various widths and lengths, which
is often transverse to the roadway central line. The cracking leads to deterioration of structural capacity
and penetration of water into the pavement, which further results in secondary impairment of the asphalt
pavements [8]. It has been well accepted that low-temperature cracking of asphalt binders is
predominantly dependent on stiffness and internal stress relaxation (the slope of the logarithm of stiffness
and logarithm of time, m-value) [9,10]. Historically, the low-temperature performance of asphalt binders
was once controlled by setting limiting stiffness.

Oxidative aging on asphalt binders inevitably leads to an obvious change to viscoelastic behavior and a
progressive increase in complex modulus as well as a reduction in phase angle [11,12]. Complex modulus
could be considered as corresponding to stiffness and phase angle to m-value [13]. The stiffer asphalt binder
in the pavement would accumulate higher internal stress during heating and cooling cycles of day and night,
while binders with lower m-value are not capable of dissipating the increasing internal stress, both of which
make pavement prone to cracking. Similar to the aging effect, the application of Reclaimed Asphalt
Pavement (RAP) and Reclaimed Asphalt Shingles (RAS) would also result in higher stiffness and
brittleness of asphalt binders [14–17]. Improving cracking property always is the main challenge and
target during the recycling process. Softer grade binder and recycling oils (rejuvenators) are often-used
solutions to offset the increased stiffness and weakened m-value caused by aged binders. Nowadays,
various types of oils have been used as recycling agents to recover the deteriorated performance of aged
asphalt binders, and have been assessed from the perspectives of rheology, microscale property, and
chemistry. A number of studies showed that the bio-based oils exhibited superior properties as a recycling
agent regarding improving internal stress relaxation ability, reducing stiffness, long-term rejuvenating
effectiveness, etc. [18–21]. Another challenge concerning the use of recycling oils is the oil dosage
determination. The optimum oil dosage is normally determined based on the performance-recovery tests
of asphalt binders with the extracted RAP/RAS binders, prior to the mixture test, and there are several
methods to calculate the dosage: restore HT PG (high-temperature PG) to the target (e.g., HT PG of
virgin binder); restore LT PG (low-temperature PG) to the target and checking HT PG; achieving −5°C
for ΔTc; balanced performance design [22–25]. Notice that the performance-improving effect of adding
oil mostly follows the linear relationship with the oil content, which can help give some insights into
enhancing the performance of virgin binders when applying oils.

To improve the cracking performance of virgin binders can also turn to oils. Zhang et al. investigated
adding oils to adjust asphalt binders to cold climate regions and found that oils could dramatically increase
the fracture energy of binders and reduced the fracture temperature for asphalt mixtures, with low-
temperature cracking property greatly enhanced [26]. Kilger et al. [27] evaluated the long-term-improving
effect of oil in the polymer modified asphalt binders, and found that the rheological characteristics benefit
from oils would maintain after double standard Pressure Aging Vessel aging, and then diminished.
Additionally, Sadek confirmed the positive effect of improving anti-cracking performance by adding oils by
conducting Semi-Circular Bending Illinois Flexibility Index test, meanwhile it also revealed that the
cracking performance between mixtures and binders share certain correlating relationships [28].

However, the modifying effect among different oils and polymers could significantly vary, leading to
distinctly different binder performance. The attempts to combine bio-based or REOB with SBS polymers
to reach both improved high- and low- temperature performance are worthwhile. Further, the oil effect on
rheological characteristics and oxidation during the aging process also needs to be well estimated. So, this
study measured aging characteristics and rheological evolution of oil/SBS modified asphalt binders, with
the employment of Flourier transform infrared spectroscopy (FTIR) scanning, multiple stress creep, and
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recovery test (MSCR), and frequency sweep. From there, indices of Glover–Rowe parameter (G–R),
carbonyl area (CA), and PAV aging time to damage curves were obtained, and oils effect was further
compared and analyzed. The specific objectives in this work are to:

1. Characterize the effect of oils on the rheological behavior of SBSMA,

2. Assess the effect of oils on the oxidation kinetics of aging on SBSMA and

3. Identify the effect of oils on the age hardening susceptibility of SBSMA.

2 Materials and Methods

2.1 Raw Materials and Preparation
In this work, one bio-oil, sourced from corn, and one re-refined engine oil bottom (REOB) were selected

to reduce one low-temperature PG and improve resistance to cracking of SBSMA. These two selected oils are
commercially available. The density of bio-oil and REOB is 1.03 and 0.96 g/cm3, respectively, while the
corresponding viscosity at 60°C is 27.5 and 305 mPa·s.

The selected base binder PG58-28 is produced by SK company, Korea, meanwhile two SBS polymers of
LG (made in Korea) and Dushanzi (made in China) were used to prepare SBS modified asphalt. In the paper,
LG and Dushanzi SBS polymers are reported as SBS-1 and SBS-2, respectively. Both SBS-1 and 2 share the
linear molecular structure, and the styrene-butadiene ratio of these two polymer modifiers is also identical
(30/70). The molecular weight of SBS 1 and 2 is 10000 and 12000, respectively.

The specific preparation progress of oil/SBS modified asphalt is as follows: first, the base binder and
SBS polymers were blended at high-shear (5000 RPM) for one and half hours at 180°C; then the
elemental sulfurs (cross-linker) were added and additional low-speed shear (about 2000 RPM) blending
continued for one hour at 180°C; last, the oil at the suitable content was added and the blends were
mixed using a low-speed mixing of 700 RPM at 170°C for 10 min.

2.2 Materials Composition Determination
To achieve the purpose of reducing one low-temperature PG, the oil content for each sample was

determined. Notice that the oil content for samples varies when SBS and oil are different. Table 1 presents
the exact materials composition and continuous PG as well as descriptions for each sample. From Table 1,
it can be known that adding oils at the determined content could successfully reduce one low-temperature
PG for SBSMA, except Blend 1-REOB, though high-temperature PG was also decreased (from 82°C to 76°C).

Table 1: Materials composition and Superpave PG results for each sample

Base binder Blend 1 Blend 1-BO Blend 1-REOB Blend 2 Blend 2-BO Blend 2-REOB

Base binder 100% 96.9% 93.4% 86.9% 95.4% 91.4% 87.4%

SBS-1 / 3.0% 3.0% 3.0% / / /

SBS-2 / / / / 4.5% 4.5% 4.5%

Bio-oil / / 3.5% / / 4.0% /

REOB / / / 10% / / 8.0%

Sulfur / 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%

H.T. Grade 59.1 83.1 76.3 77.6 84.5 77.5 79.2

RTFO grade 61.2 82.9 76.2 77.1 82.7 75.7 77.8

Stiffness grade −30.6 −31.2 −37.3 −37.6 −32.7 −38.6 −39.8

m-value grade −31.1 −27.6 −34.3 −30.0 −29.2 −34.1 −34.1

PG 58-28 82-28 76-34 76-28 82-28 76-34 76-34
Note: H.T. corresponding to high temperature.
RTFO corresponds to Rolling Thin Film Oven aging (short-term aging).
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2.3 Laboratory Aging Method
The samples investigated in this study were subjected to Rolling Thin Film Oven (RTFO) aging in

accordance with the AASHTO T240 to simulate the short-term aging during the mixing and compaction
process. 20 and 40 h Pressure Aging Vessel (named as PAV20 and PAV40, respectively) aging were
employed on the samples to simulate the long-term aging that occurred in service life, following AASHTO R28.

2.4 Master Curves and Glover–Rowe Parameter
Based on the time-temperature superposition principle (TTSP), frequency sweeps at various temperatures

can be used to construct rheology mater curves. The frequency sweeps of each sample between 1 and 30 rad/s
were carried out at 0°C, 10°C, 15°C, 25°C, 35°C, 50°C, and 65°C. The small parallel plate (8 mm) and 2 mm
gap were used at frequency sweep when temperature ranged from 0°C to 35°C, meanwhile 25mm parallel plate
and 1 mm gap were employed when the temperature was 50°C and 65°C.

Before frequency sweep, strain sweeps were performed to determine the linear viscoelastic region for
asphalt binders at different temperatures and aging states, where complex shear modulus remains above
95% of its initial value [29]. Then, the frequency sweep was conducted within the strain limit to ensure
the linear viscoelastic response for all samples at each aging state.

Rheology master curves were constructed by horizontally shifting the complex shear modulus and phase
angle at all combination temperatures to the reference temperature of 25°C, following the Christensen-
Anderson-Marasteanu (CAM) model [30]. The shifting factor, obtained by CAM model, to construct
complex modulus and phase angle master curves is same.

Glover–Rowe parameter (G–R) was found to be highly correlated with the ductility of asphalt binders,
and has been regarded as a good indicator of cracking resistance. The asphalt binder ductility values of 3 and
5 cm could correspond to two binder failure types: cracking onset and significant cracking, meanwhile these
ductility thresholds are highly correlated with G–R parameter equal to 180 and 600 kPa, respectively [9]. So,
master curves at the reference temperature of 15°C (seen in Fig. 1) were also developed to calculate the G–R
parameter, according to Eq. (1).

G�R ¼ G� cos dð Þ½ �2
sin dð Þ (1)

where complex shear modulus (G*) and phase angle (δ) were selected from the corresponding master curves
at 15°C and 0.005 rad/s.

0

30

60

90

1.0E+01

1.0E+03

1.0E+05

1.0E+07

1.0E+09

1.E-06 1.E-03 1.E+00 1.E+03

P
ha

se
 A

ng
le

 (
°)

)a
P (

s uludo
M

raeh S
xelp

mo
C

Reduced Frequency (Hz)

G*and � @ 15°C, 0.005rad/s

Figure 1: Representative shifted master curves of complex shear modulus and phase angle at the reference
temperature of 15°C
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2.5 Multiple Stress Creep and Recovery Test (MSCR)
MSCR test has a good simulation of the load of moving vehicles on asphalt pavement, meanwhile

the indices obtained from MSCR have been proved to have a good correlation with the high-temperature
anti-rutting performance of asphalt binders [31]. The MSCR tests were performed at 64°C following
AASHTO T 350. Two replicates of each sample were tested. From there, indices of non-recoverable
creep compliance (Jnr) and recovery (R) were obtained. In this paper, Jnr and R at 3.2 KPa were used to
further characterize the high-temperature performance (reported as Jnr3.2 and R3.2, respectively), since
the standard of AASHTO MP 19 categorizes high-temperature performance based on Jnr3.2.

2.6 ATR-FTIR
The asphalt binder in pavement inevitably gets oxidatively aged during the service period, with some

oxygen-containing function groups generated. The amount of carbonyl has been proved to be linearly
correlated with asphalt aging time and regarded as an indicator of binder oxidation level [32]. In this
study, a Bruker TENSOR was used to collect the spectra of the samples with Attenuated Total Reflection
(ATR) Fourier Transform infrared spectroscopy (ATR-FTIR) method. Each spectrum was obtained by an
average of 32 spectra at 2 cm-1 resolution with the wavenumber range of 400–4000 cm−1. Before
quantitative analysis on the spectrum, baseline correction and band normalization were conducted at
Thermo Scientific OMNICTM software. As depicted in Fig. 2, carbonyl area (CA) is defined as the area,
surrounded by the spectrum and the drawn baseline (highlighted in red in the figure) at the fixed
wavelength range (from 1660 to 1753 cm−1), and the change of CA to indicate the oxidation level of
asphalt binders [14]. The detailed calculation of CA was carried out with MATLAB software for the sake
of avoiding manual errors.

3 Results and Discussions

3.1 High-Temperature Rheological Performance
Based on high-temperature PG (Table 1), it still remains at a high level of high-temperature performance

of SBSMA with oils. Moreover, the resistance to permanent deformation at high temperature was further
measured by R3.2 and Jnr3.2 of MSCR tests, with results shown in Fig. 3, meanwhile the values
of R3.2 and Jnr3.2 of blends at RTFO aging state are highlighted in the figure, on which
AASHTO MP 19-10 determines binders’ PG plus grade.

Clearly, the softening effect of adding bio-oil or REOB was reflected by both reduced R3.2 and
increased Jnr3.2. This softening effect by adding oils seems greater on Blend 1 than on Blend 2, since
more changes occurred on R3.2 and Jnr3.2 of Blend 1, before and after adding oils. Notice that, except
Blend 2-BO (Jnr3.2 of 0.57), Jnr3.2 of all blends at RTFO would not exceed 0.5 kPa−1, suggesting those
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Figure 2: Typical FTIR spectra of asphalt binders and the corresponding carbonyl area
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blends can be classified into the highest level of “E” (MSCR PG64 E) based on AASHTO MP 19-10,
revealing that adding oils are capable of improving low-temperature PG without compromising much
high-temperature performance of binders. In addition, increasing R3.2 and reducing Jnr3.2 as aging also
confirmed that aging could benefit the high-temperature performance of all blends.

From Fig. 4, it was found that Jnr3.2 vs. R3.2 could be plotted into a curve combining all data points at
all aging conditions. The logarithmic trend line superimposed for the curve shows that R3.2 and Jnr3.2 are
highly correlated (R2 = 0.91~0.98), and also means the evolution of R3.2 and Jnr3.2 is highly consistent
during the aging process. This also indicates that the specific trendline of R3.2 and Jnr3.2 (fitting
equation) may mostly depend on the type of modifier while adding oils and the aging effect only change
the point location at the curve.

3.2 Phase Angle Master Curves and Black Space Diagrams
Asphalt binder is a typical viscoelastic material, whose strain normally lags behind the applied strain.

This strain-stress characteristic can be depicted by phase angle, ranging from 0° to 90°. So, oils’ effect on
the rheology of SBSMA in the long term was investigated with the employment phase angle master
curves, with results shown in Fig. 5.
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From Fig. 5a, it is easily acknowledged that the greatest gap among phase angle master curves is the
difference between base binder and blends. The base binder exhibited an obviously higher curve than
blends at the low-frequency range (high temperatures), which mainly is attributed to the SBS introduction
that ensures the higher elastic response and provides better anti-rutting performance. On the other hand,
oils’ effect on the rheology of SBSMA is not that obvious, since the curves of blends with and without
oils nearly overlapped, especially Blend 2 and Blend 2-REOB. The phase angle master curve of
Blend 2-BO is slightly higher than the other two blends, and this is because of the better softening effect
of bio-oil than it of REOB. As a result, at the point of the phase angle master curve, adding oils would
not greatly influence the physical cross-linking of polystyrene blocks and polymer elastic networks, so
the viscoelastic response of SBSMAwould not be influenced significantly.

Figs. 5b–5d depict the phase angle master curves of blends at various aging states. Research have proved
that SBS polymers in binder degrade as aging time [3]. So, the polymer phase domination, where phase angle
remains relatively stable, came to disappear as aging severity. Meanwhile adding oils into SBSMAwould not
influence this trend, and the curves for blends remained very close to each other during the whole aging
process.

To clearly identify the effect of oils on phase angle master curves of blends, the master curves were
plotted separately according to the binder type, shown in Fig. 6. It also confirms that oxidation aging not
only had an effect of reducing phase angle but could reshape the curve. The phase angle plateau at low
frequencies of blends started to come smaller after RTFO aging and disappeared at PAV40. Adding oils
into SBSMA would not change this trend, and all blends shared a very similar shape for their phase angle
master curves.
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To further analyze the long-term effect of oils on resistance to cracking, Fig. 7 shows the G–R results at
black space. There are two damage curves in red representing cracking onset and significant cracking,
respectively (G–R parameter equals 180 and 600 kPa). From the black space diagram with damage
curves, the reducing complex modulus and growing phase angle could help data points move away from
the damage curves. Both bio-oil and REOB have a good effect of decreasing the complex modulus on
Blend 1 and Blend 2. Yet, from the black diagrams, it seems that only the phase angle of Blend 1-BO
was obviously increased, while other samples did not witness an obvious change after adding oils.

Base binder

PAV20RTFO PAV40Unaged

Blend 2-BO

Blend 2

Blend 2-REOB

Figure 6: The typical evolution of phase angle master curve between base binder and blends as aging. Blend
2 series are used to represent all blend samples
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On the other hand, aging had an opposite effect on resistance to cracking, as compared with oil inclusion.
The curves of all samples moved towards the top-left corner (toward the damage curve) as aging severity
increased. After 40-h PAV aging, Blend 1-BO and Blend 1-REOB reached the cracking onset damage
curve, and even Blend 1 reached the significant cracking damage curve. The samples of Blend 2 series
had a relatively better cracking performance, only Bend 2 has reached the cracking onset damage curve.
Overall, blends with oils perform better in terms of resistance to cracking at intermediate temperature,
especially adding bio-oils. It also should be noted that oils (low-temperature modifiers) cannot restore the
G-R parameter of SBSMA to the base binder’s level.

3.3 Oxidation Aging
A strong linear correlation relationship between CA and PAV aging time can be seen in Fig. 8

(R2: 0.96–1). And, it should be noted that a small difference in slope of CA vs. PAV aging time may
reveal a distinct gap in the oxidation kinetics among asphalt binders since the CA change upon the whole
aging process is also very limited.

All binders, including blends with and without oils as well as the base binder, kept stable oxidation
kinetics during the long-term aging, with oxidation products with carbonyl bonds continuously
generating. It also can be known that adding oils into SBSMA could impact the increase rate of CA
during aging process (slope of the curve). Bio-oil was observed to have an effect of increase oxidation
kinetics, since the slope of both Blend 1-BO and Blend 2-BO increased, compared to blends without oils
(from 0.0211 to 0.0267 and from 0.0233 to 0.0263, respectively). Additionally, Blend 1-BO and
Blend 2-BO remained at a higher position than other samples. This is due to the addition of bio-oils since
the chemical composition of bio-oils has been proven to contain abundant Aliphatic esters (carbonyl
bonds). The addition of bio-oils into binders also means introducing extra carbonyl bonds which are not
generated by oxidation aging. As a result, CA values of blends with bio-oils are higher than blends
without bio-oils and base binder. Whereas, the effect of adding REOB on oxidation kinetics is uncertain,
which also depends on the type of SBS polymer, due to the opposite effect of adding REOB on Blend 1
(slope went down) and Blend 2 (slope went up). Additionally, it should be noticed that all blends,
regardless of adding oil or not, exhibited a smaller slope than the base binder, which may indicate that
blends share a better anti-aging performance, from the perspective of oxidation.
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3.4 Hardening Susceptibility
Oxidation in asphalt binders results in oxygen-containing substance accumulation and the resulting age

hardening. Fig. 9 presents curves of the logarithm of the G-R parameter vs. CA of each sample, and strong
linear correlations have been witnessed (R2 ranging from 0.86 to 0.97). The average change rate of the
logarithm of the G-R parameter vs. CA (the slope of the curve) has been defined as age hardening
susceptibility parameter [14]. This work also turns to the hardening susceptibility parameter to
characterize the effect of oxidative aging on binder rheological properties and compare the effect of
adding oils.

For both Blend 1 and Blend 2, adding oils would not greatly change hardening susceptibility, with the
slope slightly growing and reducing. Nevertheless, it needs to be recognized that REOB and bio-oil have an
opposite impact regarding influencing hardening susceptibility. REOB has the effect of increasing the slope,
while bio-oil can slow down the age-hardening rate (the increase rate of Log G–R vs. CA). Additionally, all
blends perform better than the base binder in terms of hardening susceptibility, with a lower slope than it of
base binder, though there is an obvious gap in the G-R parameter between blends and the base binder.

To further evaluate the resistance to cracking as aging, PAVaging times to reach G–R damage curves for
each sample have been calculated, based on oxidation kinetics (Fig. 8) and the relationship between CA and
G–R (hardening susceptibility, Fig. 9).

From Fig. 10, the PAV length to reach G–R damage curves obviously increased after adding oils. For
both Blend 1 and Blend 2, adding bio-oil has a better effect than REOB, because of a higher PAV aging
length to cracking. Meanwhile, SBS type could play a more important role in resistance to cracking,
because the PAV aging time to G–R damage curves of Blend 2 series is obviously longer than it of Blend
1 series.
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4 Conclusions

The main objective of this work is to investigate the long-term effect of oils on SBSMA, from the aspects
of rheology, oxidation kinetics and resistance to cracking, upon which indices, including phase angle master
curves, CA, G-R parameters, hardening susceptibility, and PAV aging time to cracking, were employed to
analyze the effect of oils. Two typical oils, bio-oil and REOB, were selected to be added into SBSMA to
prepare oil and SBS modified asphalt. The summarized conclusions are as follows:

� MSCR results confirm that adding oils at desired content would not greatly weaken the high-
temperature performance of SBSMA, with all blends classified as MSCR PG64E. During the
aging process, the evolutions of Jnr and R were highly related, where the specific trendline of Jnr
and R was controlled by the type of SBS, while the aging effect and adding oils only change the
data positions at the curve.

� From the phase angle master curves, adding oils into SBSMAwould not obviously change rheological
characteristics, with only phase angle values slightly changed. At the point of G–R parameters, the
improvement of resistance to cracking after adding oils mainly comes from the softening effect of
oils (reducing complex modulus), because the increase of phase angle is very limited.

� Adding oils was found to have a certain effect of increasing oxidation kinetics, but SBSMA
containing oils still exhibited a lower slope of CA vs. aging time than the base binder. This
indicates that blends perform better than the base binder in terms of anti-aging, at the point of
chemical oxidation.

� The hardening susceptibility results show that the bio-oil has a relieving effect, but adding REOB is
the opposite. Additionally, the index of PAV aging time to G–R damage curves results show that
blends with bio-oil exhibit longer cracking life than other blends.
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