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Abstract: This study evaluated the properties of soybean oil/SBR reclaimed asphalt (SSRA). The
optimal preparation method for SSRA was determined. Additionally, the feasibility of the optimal
SSRA scheme was verified through asphalt mixture performance tests. With the soybean oil dosage
enhanced, the penetration and low-temperature rheological performance of SSRA were improved.
The incorporation of soybean oil lowered the softening point, viscosity, and rutting index of aged
asphalt. The softening points of SBR-4%+Oil-7.5% and SBR-6%+Oil-7.5% were 79.4 ◦C and 82.9 ◦C,
respectively. The stiffness modulus of SBR-6%+oil-10% decreased by 35.37%. When the soybean
oil dosage was 10% and the SBR dosage was 6% (SBR-6%+oil-10%), the properties of RTFOT+PAV
aged asphalt were restored to those of its original state. The splitting tensile strength ratio of the
SBR-6%+oil-10% mixture was 89%, with a decrease of 1.5% compared to the original asphalt mixture.
The SBR-6%+oil-10% mixture exhibited improved high-temperature and low-temperature service
properties. The total deformation of the SBR-6%+oil-10% mixture decreased by 8.43%, while its
dynamic stability increased by 22.21%. This degree of improvement compared to the original asphalt
mixture was not significant. The rejuvenation of the aged asphalt and mixture performance can
mainly be attributed to the soybean oil supplementing the lost lightweight components of the aged
asphalt, while SBR supplemented the degraded polymers. Utilizing soybean oil as a rejuvenating
asphalt agent facilitates waste material recycling. Furthermore, this study provides a new idea for the
recycling of polymer-modified asphalt and reclaimed asphalt pavement.

Keywords: soybean oil; SBR; rejuvenate aged asphalt; rheological properties; mixture

1. Introduction

During its service life, asphalt pavement is exposed to ultraviolet radiation, thermal
cycles, oxygen, and water, inducing both physical and chemical changes that lead to
aging. Asphalt aging results in the hardening and embrittlement of the mixture. Over
time, the volatilization of light fractions within the asphalt makes the material more rigid,
reducing its elasticity and flexibility. This increased rigidity makes the pavement more
prone to cracking, especially in low-temperature environments. Asphalt aging can severely
impact the durability of pavements, significantly shortening their service life [1]. The
increasing amount of recycled asphalt mixtures generated due to aging leads to the wastage
of aggregates and petroleum and environmental pollution. Therefore, effectively recycling
aged asphalt is essential.

1.1. Bio-Oil Recycled Asphalt and Recycled Asphalt Pavement

As a renewable material, bio-oil exhibits an excellent compatibility with asphalt [2].
Bio-oil has shown significant potential in the field of asphalt rejuvenation. Ji utilized
waste cooking oil to restore UV-aged asphalt, which decreased the rutting factor of the
asphalt [3]. However, bio-oil only replenishes the light fractions in aged asphalt and does
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not effectively restore its viscoelastic properties. Ye investigated the rejuvenating effect
of bio-oil, revealing that the incorporation of 7% bio-oil could reduce the complex shear
modulus by approximately 90% [4]. The temperature sensitivity of the rejuvenated asphalt
binder was also reduced. Additionally, the feasibility of bio-oil-rejuvenated asphalt was
confirmed through molecular dynamics simulations. Lv investigated the rejuvenation of
asphalt at various degrees of aging using bio-oil [5]. Bio-oil increased the irrecoverable
creep compliance and improved the low-temperature behavior of aged asphalt binder.
Muhammad’s research demonstrated that bio-oil reduced the carbonyl functional group
area in asphalt, validating the rejuvenating effect of bio-oil [6]. Nizamuddin investigated the
rejuvenation effect of plastic bio-oil on aged asphalt [7]. The bio-oil induced the softening of
the aged asphalt, thereby enhancing its fatigue performance and reducing its stiffness [8].

Peng investigated the rejuvenation effects of different types of bio-oil [2], which
indicated that bio-oil decreased the temperature sensitivity of asphalt. Additionally, the
rejuvenated asphalt maintained good high-temperature behavior. The microstructure of
the rejuvenated asphalt closely matched that of the original asphalt. Chen summarized the
rejuvenation effects of vegetable oil on aged asphalt [9]. The good compatibility between
the vegetable oil and asphalt ensured the feasibility of rejuvenation. The vegetable oil
improved the thermal stability and service performance of the aged asphalt. Chen pointed
out that the composite rejuvenation of asphalt with bio-oil and polymers could increase the
properties of aged asphalt [10].

Bio-oil can be used not only for asphalt rejuvenation, but also for the rejuvenation
of recycled asphalt mixtures, as explored by researchers. Saeed utilized rubber seed oil
to regenerate RAP materials, and the results indicated that bio-oil exhibited a favorable
viscosity reduction effect on aged asphalt [11]. With an increase in bio-oil dosage, the
strength and stiffness of the recycled asphalt mixture gradually decreased. Costa chose
cottonseed oil for the regeneration of RAP. The cottonseed oil tended to reduce the fatigue
life of its mixture [12]. However, it exhibited significant improvements in resistance to
brittle failure and stiffness reduction.

In summary, numerous researchers are currently focused on studying the performance
of bio-oil in rejuvenating aged asphalt. Related studies have proven the feasibility of
using bio-oil for asphalt rejuvenation. Similarly, bio-oil can also be used directly for
the rejuvenation of RAP. By replenishing its light components, bio-oil can rejuvenate
the service performance of aged asphalt. Moreover, bio-oil effectively increases aged
asphalt’s low-temperature performance and fatigue properties. However, the current lack
of research on the properties of bio-oil-rejuvenated asphalt mixtures significantly limits
their widespread application.

1.2. Polymer Recycled Asphalt and Recycled Asphalt Pavement

The superior performance and environmental advantages of polymers have led to
their increasing emphasis regarding reclaimed asphalt and mixtures. Hu investigated
the role of polymers in rejuvenated asphalt [13]. Polymers enhanced the toughness and
anti-aging properties of the asphalt and reinforced the polymer network structure in aged
asphalt. Li investigated the effects of Styrene Butadiene Rubber (SBR) on asphalt [14]. The
results indicated that SBR can effectively enhance the low-temperature service properties
and fatigue cracking performance of asphalt. Yi utilized epoxy resin polymers to rejuvenate
aged asphalt [15]. The results demonstrated that the polymers formed a stable network
structure within the aged asphalt, thereby improving its fatigue performance and low-
temperature properties. Ren used SBS and rubber to rejuvenate aged asphalt [16]. The
polymers significantly enhanced the viscoelastic properties and anti-aging behavior of
the aged asphalt. Additionally, the polymer-rejuvenated asphalt mixtures exhibited an
excellent road performance. Almusawi utilized polymers as rejuvenators for RAP, resulting
in significant improvements in the moisture stability and strength of the rejuvenated asphalt
mixtures [17]. Viscione employed the dry method to incorporate polymers into rejuvenated
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asphalt mixtures [18]. The polymers enhanced the moisture stability and crack resistance
of the mixtures.

In summary, polymers enhance the low-temperature service behavior and fatigue
resistance by forming new cross-linked network structures within aged asphalt. Moreover,
aging reduces the adhesion between asphalt and aggregates, severely impacting moisture
sensitivity. Polymers significantly increase the high-temperature properties of aged as-
phalt binder. In addition, polymers can enhance the adhesion between aged asphalt and
aggregates, thereby protecting reclaimed asphalt mixtures from water damage.

1.3. Objective

The aging process of SBS-modified asphalt includes two parts: neat asphalt aging and
polymer degradation. In this study, soybean oil and SBR were utilized to reclaim aged
SBS-modified asphalt. On the one hand, soybean oil, as a waste product, has essentially the
same composition as neat asphalt and contains sufficient lightweight components. Soybean
oil can supplement the volatilized lightweight components. On the other hand, SBR can
supplement the deteriorated polymers. The feasibility and effects of soybean oil and SBR
on aged SBS-modified asphalt and its mixture are worth investigating.

This study evaluated the properties of reclaimed asphalt with different dosages of
soybean oil and SBR. The reclaimed asphalt properties mainly include conventional and
rheological properties, with indicators such as penetration, softening point, viscosity, rutting
index, m-value, and stiffness modulus. The optimal preparation content for SSRA was
determined. Additionally, the road properties of the SSRA mixture were tested.

2. Materials and Tests Design
2.1. Materials

The SBS-modified asphalt was purchased from Baoli Bitumen Co., Ltd. in Changsha,
China. The dosage of the SBS modifier was 5%. The property indicators of the original
asphalt are displayed in Table 1. SBS-modified asphalt was utilized to prepare the aged
asphalt. The SBR was purchased from Shanghai Jinlang Rubber & Plastic Technology Co.,
Ltd., in Shanghai, China. The bio-oil was purchased from Shandong Fenghui New Energy
Co., Ltd., in Jinan, China. Soybean oil and SBR were used as regenerating agents, and the
performance indicators are described in Tables 2 and 3.

Table 1. Performance indicators of original asphalt.

Index Results Technical Requirements

Solubility (%) 99.8 ≥99.5
Penetration (0.1 mm) 58.6 60~80

Ductility (cm) 126.4 ≥100
Viscosity (60 ◦C) (Pa·s) 206.5 ≥160

Softening point (◦C) 79.6 ≥46
Flashpoint (◦C) 256.2 ≥230

After RTFOT aged

Mass loss (%) 0.06 ≤±0.8
Penetration ratio (%) 65 ≥61

Ductility (5 cm/min, 10 ◦C) 7.9 ≥6

Table 2. Performance indicators of soybean oil.

Index Results

PH 2.76
Flashpoint (◦C) 239
Ash dosage (%) 0.07

Aliphatic acid dosage (%) 65.8
Alcohol dosage (%) 5.62

Density (g/cm3) 0.941
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Table 3. Performance indexes of SBR.

Index Results

Solid dosage (%) 58.4
Viscosity (MPa) 74.8

PH 7.2
Tensile strength (MPa) 24.5

Styrene dosage (%) 26.3

2.2. Preparation of Soybean Oil/SBR Reclaimed Asphalt

The asphalt was then heated at 163 ◦C for 85 min with a specified air flow rate,
preparing rolling thin-film oven test (RTFOT) aged asphalt. Subsequently, the RTFOT aged
asphalt was subjected to the PAV aging procedure. The test conditions for PAV were an air
pressure of 2.1 MPa ± 0.1 MPa, a test temperature of 100 ◦C ± 0.5 ◦C, and an aging time of
20 h. Then, the RTFOT+PAV aged asphalt was prepared.

The soybean oil and RTFOT+PAV aged asphalt were blended first. The soybean oil
dosages were 5%, 7.5%, 10%, and 12.5% (mass ratio of aged asphalt) [5]. During this process,
the shear temperature was 150 ◦C. The shear rate was 1500 r/min for 30 min [19]. Soybean
oil reduced the viscosity of the aged asphalt, facilitating a better blend of the SBR and aged
asphalt. Next, the SBR was blended with the soybean oil reclaimed asphalt. The SBR dosages
were 4% and 6% (mass ratio of aged asphalt) [19]. The shear temperature was 160 ◦C, and the
shear rate was 3000 r/min for 30 min [5]. To ensure that the SBR and soybean oil reclaimed
asphalt fully dispersed, the asphalt was developed at 160 ◦C for 60 min. The abbreviations for
the soybean oil/SBR reclaimed asphalt (SSRA) are shown in Table 4.

Table 4. Abbreviations of soybean oil/SBR reclaimed asphalt.

SBR Dosage Soybean Oil Abbreviation

4%
5% SBR-4%+Oil-5%

7.5% SBR-4%+Oil-7.5%
10% SBR-4%+Oil-10%

6%
7.5% SBR-6%+Oil-7.5%
10% SBR-6%+Oil-10%

12.5% SBR-6%+Oil-12.5%

2.3. Test Methods
2.3.1. Conventional Properties Tests of Asphalt

Penetration, softening point, viscosity, and segregation tests were performed to assess
the conventional performance of the recycled asphalt. The penetration tests were performed
at 25 ◦C [20]. The softening point tests were conducted according to the specification
requirements [21]. The viscosity tests were performed at 160 ◦C. The segregation test was
performed to assess the storage stability of the reclaimed asphalt. The compatibility of the
soybean oil, SBR, and aged asphalt was investigated. To ensure the accuracy of the test
results, three parallel tests were conducted for each conventional properties test.

2.3.2. Rheological Behavior Tests of Asphalt

Temperature sweep and bending beam rheometer (BBR) tests were utilized to reveal
the rheological properties of the reclaimed asphalt. The temperature sweep test was
conducted at 46–82 ◦C. The temperature sweep test was conducted in strain-controlled
mode. The gap distance and diameter of the specimens were 1 mm and 25 mm, respectively.
The tests were performed at a constant loading frequency of 10 rad/s. The RTFOT+PAV
aged asphalt samples were also subjected to BBR tests. The BBR tests were performed at
−24 ◦C [22]. To ensure the accuracy of the test results, three parallel tests were conducted
for each rheological behavior test.
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2.3.3. Performance Tests of Asphalt Mixture

This study conducted road performance tests on the recycled asphalt mixtures. To
ensure the accuracy of the test results, three parallel tests were conducted for each mixture
test. The wheel tracking test (T 0719-2011) was utilized to verify the high-temperature sta-
bility of the mixtures [23,24]. In the laboratory, asphalt mixture specimens with dimensions
of 300 mm × 300 mm × 50 mm were prepared. The specimens were kept at 60 ◦C for 8 h.
The dynamic stability of the specimens was calculated using Equation (1).

Dynaamic stability =
(t2 − t1)× N

d2 − d1
× C1 × C2 (1)

where: t2 is 60 min, t1 is 45 min, N represents the reciprocating rolling speed (42 times/min),
C1 is the equipment factor (C1 is 1.0), C2 is the asphalt mixture size factor (C2 is 1.0), d1 is
the deformation of the specimen at 45 min, and d2 is the deformation of the specimen at
60 min.

The freeze–thaw indirect tension test can simulate the process experienced by asphalt
roads in freeze–thaw regions, accelerating the damage caused by water to the mixture.
After subjecting the specimens to freeze–thaw treatment, the indirect tension strength was
tested according to the specifications (T 0729-2011) [24].

The low-temperature service performance of the mixture was tested through the
low-temperature bending test (T 0715-2011) [24]. The specimens were prismatic with
dimensions of 250 mm × 30 mm × 35 mm. Before testing, the beams were conditioned at
−10 ◦C for 3 h. The data were processed using Equation (2).

SB =
RB
εB

(2)

where RB represents the bending tensile strength of the specimen (MPa), εB represents
the maximum strain of the specimen (µε), and SB represents the flexural modulus of the
specimen (MPa).

2.4. Flow Chart

Figure 1 shows the test flow chart of this study.
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3. Soybean Oil/SBR Reclaimed Asphalt Performance Test Results
3.1. Penetration

Penetration is an indicator that reveals the consistency of asphalt. The penetration test
results are described in Figure 2.
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After thermo-oxidative aging, the penetration of the original asphalt was reduced from
58.6 to 52.1. Aging causes the lighter components to volatilize and increases the stiffness of
the asphalt [25]. From the results of Figure 2, it can be seen that the addition of SBR and
soybean oil enhanced its penetration.

When the SBR dosage was 4% and the soybean oil dosage was 5%, 7.5%, and 10%, the
penetration of SSRA was 55.1, 58.4, and 62.5, respectively. There was an obvious increase
in the penetration of SSRA with an increase in the bio-oil dosage. This was mainly due to
the high content of light fractions in the soybean oil, which reduced the stiffness of aged
asphalt. This indicated that soybean oil effectively restored the aged asphalt [19].

The penetration of SBR-4%+Oil-5% was still lower than that of the original asphalt.
When the SBR dosage was 4% and the soybean oil dosage was 7.5%, the penetration of
the RTFOT+PAV aged asphalt could be reclaimed to its original state. However, with the
soybean oil dosage increased to 10%, the penetration of SBR-4%+Oil-10% increased by
6.66% compared to the original asphalt.

When the SBR dosage was 6% and the soybean oil dosage was 10%, the penetration
of SSRA was 57.6. This showed that the consistency of SBR-6%+Oil-10% was the same as
that of the original asphalt. Moreover, SBR-6%+Oil-10% and SBR-4%+Oil-7.5% provided
the same degree of penetration recovery for the RTFOT+PAV aged asphalt. When the
soybean oil dosage was 10%, the penetration of SBR-6%+Oil-10% and SBR-4%+Oil-10%
was 57.6 and 62.5. This indicated that SBR had a reduction effect on the penetration of the
reclaimed asphalt.

The analysis of the penetration indicator indicated that the penetration of SBR-4%+Oil-
7.5% and SBR-6%+Oil-10% was basically the same as that of the original asphalt samples.
As the soybean oil dosage continued to increase, the SSRA penetration would exceed that
of the original asphalt. This is due to the fact that the lighter components of bio-oil would
reduce the consistency of the aged asphalt [26].
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3.2. Softening Point

The softening point, as one of the essential performance indicators of asphalt, can
reflect the temperature sensitivity of asphalt, the results of which are illustrated in Figure 3.
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The softening point of the RTFOT+PAV aged asphalt increased by 7 ◦C compared to
the original asphalt. The aging process led to the volatilization of lighter components and
the degradation of polymers, resulting in an increase in the molecular weight of the asphalt
and a higher softening point [27]. Figure 3 illustrates a gradual decrease in the softening
point of SSRA with an increasing soybean oil dosage. Specifically, at an SBR dosage of
4%, the softening point of SSRA decreased by 5.8%, 8.31%, and 10.4% with soybean oil
dosages of 5%, 7.5%, and 10%, respectively. Soybean oil supplementation replenished the
lighter components of the aged asphalt, while bio-oil reduced the temperature sensitivity
of the aged asphalt. Notably, at a soybean oil dosage of 7.5%, the softening points of
SBR-4%+Oil-7.5% and SBR-6%+Oil-7.5% were 79.4 ◦C and 82.9 ◦C, respectively. SBR, acting
as a polymer, contributed to enhancing the high-temperature behavior of the RTFOT+PAV
aged asphalt [28].

The analysis of the softening point of SSRA demonstrated that the synergistic action
of SBR and soybean oil partially restored the softening point. Specifically, when the SBR
dosage was 4% and the soybean oil dosage ranged from 7.5% to 10% or when the SBR
dosage was 6% and the soybean oil dosage ranged from 10% to 12.5%, the softening point
of SSRA closely approximated that of the original asphalt.

3.3. Viscosity

Asphalt viscosity refers to the flowability or consistency of asphalt at a certain temper-
ature. It plays a crucial role in determining the mixing and construction temperatures of
asphalt mixtures. Figure 4 displays the viscosity results of the original asphalt, RTFOT+PAV
aged asphalt, and various types of SSRA asphalt.

The viscosity of the RTFOT+PAV aged asphalt exhibited a significant increase com-
pared to that of the original asphalt. Thermal oxidative aging resulted in a decrease in
the dosage of light components and an increase in the dosage of heavy components in the
asphalt [29]. Thermal oxidative aging caused the asphalt to become harder and resulted
in an increase in its viscosity. The effect of SBR and soybean oil significantly decreased
the viscosity of the RTFOT+PAV aged asphalt. With a continued enhancement in the
bio-oil dosage, the soybean oil significantly reduced the viscosity of SSRA. This was con-
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sistent with the results of the softening point test. The viscosities of SBR-4%+Oil-10% and
SBR-6%+Oil-12.5% were lower than that of the original asphalt.
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The viscosities of the six types of SSRA prepared in this study did not differ signif-
icantly from that of the original asphalt. This finding also suggested that the selected
combination of SBR and soybean oil dosage in this study was appropriate for restoring
the viscosity of the RTFOT+PAV aged asphalt. The viscosities of SBR-4%+Oil-7.5% and
SBR-6%+Oil-10% were essentially consistent with that of the original asphalt.

3.4. Storage Stability Tests

Compatibility reactions between bio-oil and asphalt may occur, resulting in changes
in its chemical properties. Certain bio-oils may partially dissolve in asphalt, leading to
modifications in its viscosity, flowability, and stability [30]. Therefore, storage stability tests
on SSRA must be conducted, and the experimental results are shown in Table 5. Previous
studies have indicated that asphalt maintains a good storage stability when the softening
point difference is less than 2.5 ◦C [31].

Table 5. Softening point difference of soybean oil/SBR reclaimed asphalt.

Asphalt Types Softening Point Difference (◦C) Standard Deviation

Original asphalt 1.3 0.16
PAV aged asphalt 1.8 0.15
SBR-4%+Oil-5% 1.5 0.09

SBR-4%+Oil-7.5% 1.9 0.13
SBR-4%+Oil-10% 2.4 0.18
SBR-6%+Oil-7.5% 1.5 0.13
SBR-6%+Oil-10% 2.1 0.19

SBR-6%+Oil-12.5% 2.9 0.18

The findings presented in Table 5 revealed that, as the soybean oil dosage increased
in SSRA, so did the difference in the softening point [30]. Notably, when the soybean
oil dosage exceeded 10%, the difference in the softening point of SSRA exceeded 2.5 ◦C.
This suggested that an excessive soybean oil dosage degraded the storage stability of
SSRA. However, with a constant soybean oil dosage, the difference in the softening point
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decreased with an increase in the SBR dosage. The softening point difference between
SBR-6%+Oil-10% and SBR-4%+Oil-10% decreased by 0.5 ◦C. This occurred due to the
formation of a cross-linked network structure between the SBR and asphalt, enhancing the
storage stability of SSRA [32]. Based on the analysis of the softening point difference of
SSRA, it is recommended that the soybean oil dosage should not exceed 10%, as it may
otherwise affect the storage stability of the asphalt.

3.5. Temperature Sweep

The rutting index of asphalt indicates its tendency to develop ruts under the load of
vehicle traffic and heavy loads. The rutting index has frequently been employed to evaluate
the properties of asphalt in resisting deformation. Figure 5 depicts the rutting indexes of
the various asphalt binders.

Figure 5 illustrates that PAV aging increased the rutting index of the original asphalt.
When the temperature was 64 ◦C, the RTFOT+PAV aged asphalt showed an increase of
6.693 kPa compared to the original asphalt. After aging, the asphalt’s molecular chains
may experience breaking, cross-linking, or increased rigidity, leading to an enhancement in
the rutting factor [33].

The addition of SBR and soybean oil resulted in a reduction in the rutting index of
SSRA. This suggested that the SBR and soybean oil contributed to partially restoring the
aged asphalt. At a test temperature of 64 ◦C, with an SBR dosage at 4% and soybean oil
dosage at 5%, 7.5%, and 10%, the rutting index of SSRA increased by 1.92 kPa, 4.5 kPa, and
−0.33 kPa, respectively. Moreover, with an increase in the dosage of the soybean oil, there
was a significant decrease in the rutting index of SSRA. This indicated that the soybean oil
significantly restored the performance of the aged asphalt, bringing its high-temperature
performance back to the level of the original asphalt [3].

As illustrated in Figure 5a, when the SBR dosage was 4% and the soybean oil dosage
was 10%, the rutting index of SSRA was lower than that of the original asphalt. Similarly,
as depicted in Figure 5b, the rutting index of SBR-6%+oil-10% was slightly higher than that
of the original asphalt, while the rutting index of SBR-6%+oil-12.5% was lower than that
of the original asphalt. This observation indicates that a significant amount of soybean oil
contributed to a marked reduction in the rutting index of SSRA.

Comparing the rutting indexes of the original asphalt and SSRA, it became apparent
that the synergistic influence of soybean oil and SBR played a crucial part in restoring the
rutting index of the RTFOT+PAV aged asphalt. The rutting indexes of SBR-4%+oil-10% and
SBR-6%+oil-10% were largely consistent with those of the base asphalt.
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3.6. BBR Test

The BBR is a widely utilized test to assess the deformation performance of asphalt
under low-temperature conditions [34]. This test has commonly been employed to assess
the low-temperature embrittlement characteristics of asphalt binders in order to evaluate
their performance in cold climates. The BBR tests were performed at −24◦C, and the results
are presented in Figure 6.

According to the specifications, when asphalt maintains good low-temperature rheo-
logical properties at a certain temperature, the m-value must be higher than 0.3 and the
stiffness modulus must be lower than 300 MPa [22]. The findings in Figure 6 suggested that
the original asphalt retained a better low-temperature performance at −24 ◦C. However,
after PAV aging, the m-value reduced to 0.248, while the stiffness modulus increased to
376 MPa. Under the influence of oxidation, the asphalt experienced oxidation, hardening,
and degradation, resulting in an increased brittleness and susceptibility to cracking [35].
PAV aging markedly deteriorated the low-temperature behavior [36].

The findings in Figure 6 describe that the SBR and soybean oil blended with the aged
asphalt and enhanced its low-temperature performance. Moreover, with an increase in the
soybean oil dosage, the m-value of SSRA gradually rose while the stiffness modulus de-
clined. At an SBR dosage of 4% and soybean oil dosages of 5%, 7.5%, and 10%, the m-value
of SSRA increased by 14.5%, 31%, and 42.74%, respectively, compared to the RTFOT+PAV
aged asphalt. Likewise, the stiffness moduli of SBR-6%+oil-7.5%, SBR-6%+oil-10%, and
SBR-6%+oil-12.5% decreased by 21.8%, 35.37%, and 42.55%, respectively, compared to the
RTFOT+PAV aged asphalt. Soybean oil enhanced the low-temperature toughness of the
aged asphalt, restoring its low-temperature performance.

Among the six types of SSRA, SBR-4%+oil-7.5%, SBR-4%+oil-10%, SBR-6%+oil-10%,
and SBR-6%+oil-12.5% exhibited favorable resistance to low-temperature cracking at
−24 ◦C. This indicated that, when the SBR dosage was 4% and the soybean oil dosage
was 7.5% and 10% or when the SBR dosage was 6% and the soybean oil dosage was 10%
and 12.5%, the low-temperature performance of the RTFOT+PAV aged asphalt could be
restored to its original state.
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4. Determining the Optimal Preparation Scheme for Soybean Oil/SBR
Reclaimed Asphalt

The optimal preparation method of SSRA was determined by analyzing the conven-
tional and rheological properties of various types of SSRA. Table 6 presents the optimal
preparation scheme for SSRA, determined through different asphalt tests.

An analysis of various tests revealed that, when the SBR dosage was 6% and the
soybean oil dosage was 10%, the PAV aged asphalt could be restored to a performance level
equivalent to that of the original asphalt. Thus, the optimal preparation scheme for SSRA,
SBR-6%+oil-10%, was determined.



Buildings 2024, 14, 2085 12 of 17

Table 6. SSRA optimal preparation scheme.

Tests SSRA Optimal Preparation Scheme

Penetration SBR-4%+Oil-7.5% and SBR-6%+Oil-10%
Softening point SBR-4%+Oil-7.5%, SBR-4%+Oil-10%, SBR-6%+Oil-10%, and SBR-6%+Oil-12.5%

Viscosity SBR-4%+Oil-7.5% and SBR-6%+Oil-10%
Storage stability SBR-4%+Oil-5%, SBR-4%+Oil-7.5%, SBR-4%+Oil-10%, SBR-6%+Oil-7.5%, and SBR-6%+Oil-10%

Temperature sweep SBR-4%+oil-10% and SBR-6%+oil-10%
BBR SBR-4%+Oil-7.5%, SBR-4%+Oil-10%, SBR-6%+Oil-10%, and SBR-6%+Oil-12.5%

5. Soybean Oil/SBR Reclaimed Asphalt Mixture Performance Test Results
5.1. Asphalt Mixture Gradation Design

To verify the rejuvenation effects of soybean oil and SBR, this study conducted asphalt
mixture tests on both the original asphalt mixture and the SBR-6%+oil-10% mixture. More-
over, the feasibility of the SBR-6%+oil-10% scheme was further validated. The aggregate
gradation type of the asphalt mixture was AC-16, as illustrated in Figure 7. Limestone was
selected as the aggregate. The limestone originated from the Shengxing Stone Quarry in
Guangxi Province, China. The properties of limestone are shown in Table 7. The asphalt–
stone ratio for the different asphalt mixtures was established through the Marshall test [37].
The results regarding the mixing temperature, compaction temperature, and asphalt–stone
ratio for the various asphalt mixtures are presented in Table 8.
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Table 7. The properties of limestone.

Properties Test Results Requirements

Needle-flake particle dosage 3.2% ≤15
Abrasion value 16.3% ≤30
Polished value 59.6% ≥45

Crush value 17.6% ≤26
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Table 8. The preparation conditions for different types of mixtures.

Asphalt Types of
Mixture Mixing Temperature Compaction

Temperature Asphalt-Stone Ratio

Original asphalt 173 ◦C–175 ◦C 164 ◦C–168 ◦C 4.97
SBR-6%+oil-10% 174 ◦C–177 ◦C 165 ◦C–169 ◦C 4.93

5.2. Wheel Tracking Test

As traffic loads increase, asphalt pavement becomes more susceptible to plastic de-
formation, resulting in an increase in rut depth [38]. The rutting resistance of both the
SBR-6%+oil-10% and original asphalt mixtures was tested, and the total deformation and
dynamic stability are illustrated in Figure 8.
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Figure 8. The total deformation and dynamic stability.

As illustrated in Figure 8, the original asphalt mixture exhibited a total deformation
of 3.56 mm and a dynamic stability of 2864 times/mm. On the other hand, the SBR-
6%+oil-10% mixture demonstrated a total deformation of 3.26 mm and dynamic stability
of 3500 times/mm. In comparison, the total deformation decreased by 8.43%, while the
dynamic stability increased by 22.21%.

The SBR-6%+oil-10% mixture exhibited improved high-temperature properties com-
pared to the original asphalt mixture. The difference in the high-temperature performance
between these two types of asphalt mixtures was minimal. The conclusions drawn from
wheel tracking tests on the asphalt mixtures aligned with those obtained from the rheologi-
cal tests on the asphalt. The synergistic effect of SBR and soybean oil led to an enhanced
rejuvenation of the RTFOT+PAV aged asphalt [39,40]. Soybean oil increased the proportion
of lighter components in the RTFOT+PAV aged asphalt, while SBR supplemented the
polymers that underwent degradation due to the aging process [19].

5.3. Freeze–Thaw Indirect Tension Test

When water infiltrates into asphalt pavement, it can cause a decrease in the adhesion
behavior of asphalt, leading to a reduced pavement strength and stiffness [41]. Furthermore,
the aging process can also decrease the adhesion property of asphalt. Therefore, evaluating
the water stability of recycled asphalt mixtures is of practical significance. Freeze–thaw
splitting tests were utilized to assess the moisture sensitivity of the mixture, with the results
depicted in Figure 9.
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Figure 9. Freeze–thaw indirect tension test results.

After immersing the asphalt mixtures in water for 0.5 h, the indirect tension strength of
the original asphalt mixture was 15.6 MPa. Meanwhile, the strength of the SBR-6%+oil-10%
mixture was 16.3 MPa, reflecting an increase of 0.8 MPa compared to the original asphalt
mixture. After 48 h of immersion in water, there was a notable decrease in the strength [42].
The strength of the original asphalt mixture was 14.12MPa, with a splitting tensile strength
ratio of 90.5%. However, the splitting tensile strength ratio of the SBR-6%+oil-10% mixture
was 89%. The splitting tensile strength ratios of these two asphalt mixtures were essentially
the same. This suggested that the moisture sensitivity of the SBR-6%+oil-10% mixture was
essentially equivalent to that of the original asphalt mixture.

5.4. Low-Temperature Bending Test

When there is a sudden drop in temperature, if the thermal stress generated within the
asphalt surface layer does not relax promptly, exceeding the tensile strength of the asphalt
layer, it may lead to fracture. Low-temperature bending tests were performed at −10 ◦C to
assess the low-temperature performance of the mixtures, and the results are presented in
Table 9.

Table 9. The bending test results.

Mixture
Types

Parallel
Specimens RB/MPa Average

Value /MPa εB/µε Average
Value /µε SB/MPa Average

Value /MPa

Original
asphalt
mixture

1 7.16
7.23

2367
2423

3025
29842 7.23 2446 2956

3 7.29 2456 2968

SBR-6%+oil-
10% mixture

1 8.19
8.25

2648
2724

3093
30282 8.21 2759 2976

3 8.34 2765 3016

The failure flexural tensile strength of the original asphalt mixture was 7.23 MPa,
while that of the SBR-6%+oil-10% mixture was 8.25 MPa, representing an increase of
14.1% in contrast with the original asphalt mixture. The failure strains of the original
asphalt mixture and the SBR-6%+oil-10% mixture were 2423 µε and 2724 µε, respectively.
The flexural moduli of bending of the original asphalt mixture and the SBR-6%+oil-10%
mixture were 2984 MPa and 3028 MPa, respectively. Both the failure flexural tensile
strength and failure strain of the SBR-6%+oil-10% mixture were improved compared to the
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original asphalt mixture, indicating a significant increase in low-temperature behavior. This
could be attributed to the soybean oil increasing the lighter components proportion in the
recycled asphalt, thereby increasing the oil dosage ratio in the SBR-6%+oil-10% mixture [43].
Changes in the asphalt components enhanced the low-temperature service properties of
the SBR-6%+oil-10% mixture [4,44].

6. Conclusions

This study explored the regeneration effects of soybean oil and SBR. The optimal reju-
venation method for RTFOT+PAV aged asphalt was determined based on performance test
results. Moreover, mixture road properties tests were conducted to validate the feasibility
of the optimal rejuvenation method for aged asphalt.

1. With an increase in the soybean oil dosage, the penetration of SSRA gradually in-
creased, while high-temperature performance indicators such as the softening point,
viscosity, and rutting index gradually decreased. The softening points of SBR-4%+Oil-
7.5% and SBR-6%+Oil-7.5% were 79.4 ◦C and 82.9 ◦C, respectively. Soybean oil
supplemented the aged asphalt with lighter components, significantly restoring its
low-temperature performance. The stiffness modulus of SBR-6%+oil-10% decreased
by 35.37%.

2. By comparing the performances of six different kinds of SSRA, it was found that when
the soybean oil dosage was 10% and the SBR dosage was 6%, the PAV aged asphalt
could be rejuvenated to its original state. Soybean oil supplemented the volatilized
lightweight components. SBR supplemented the deteriorated polymers.

3. Mixture tests were conducted on SBR-6%+oil-10% and original asphalt. The results
indicated that the SBR-6%+oil-10% mixture exhibited improved high-temperature
and low-temperature service properties. In comparison, the total deformation of
the SBR-6%+oil-10% mixture decreased by 8.43%, while its dynamic stability in-
creased by 22.21%. However, this degree of improvement compared to the original
asphalt mixture was not significant. The splitting tensile strength ratio of the SBR-
6%+oil-10% mixture was 89%, which was reduced by 1.5% compared to the original
asphalt mixture.

4. The utilization of soybean oil as a waste material in rejuvenating asphalt enables waste
utilization. Moreover, this study will offer new ideas for polymer-aged
asphalt regeneration.

5. The medium properties and fatigue behavior of SSRA will be revealed in future
studies. The types of bio-oils are diverse, and their effects on the performance of
asphalt are different. In the future, we will evaluate the rejuvenation effects of different
types of bio-oils on aged asphalt to determine the optimal type and dosage of bio-oil
for asphalt rejuvenation.
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