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Abstract: In order to promote the efficient utilization of bio-oil, corn stover oil and petroleum asphalt
were used to prepare bio-asphalt. UHMWPE was adopted to strengthen the high-temperature
properties of bio-asphalt. UHMWPE-modified corn stover oil asphalt was prepared. Rheological and
microscopic tests were carried out to study its performance. The softening point and viscosity of the
modified asphalt were enhanced with a rise in the UHMWPE dosage. Its ductility and deformation
ability increased at 5 ◦C. An MSCR test suggested that the asphalt’s creep recovery ability and
anti-rutting properties decreased at a high stress level. Meanwhile, the low-temperature rheological
behavior of UHMWPE-modified corn stover oil asphalt was superior to that of neat asphalt. The corn
stover oil ameliorated the asphalt’s low-temperature properties but weakened its high-temperature
behavior. The optimal preparation schemes for UHMWPE-modified corn stover oil asphalt were
recommended through a comprehensive analysis of the properties. The recommended dosage of
UHMWPE was 3–4%, while the corn stover oil dosage was 5%. However, when the dosage of
corn stover oil was 10%, the recommended dosage of UHMWPE was 4%. UHMWPE powder was
melted and cross-linked with neat asphalt during high-temperature preparation, demonstrating
that UHMWPE can enhance the properties of asphalt. The UHMWPE polymer macromolecules can
be dispersed in corn stover oil. UHMWPE can form a compact and robust network structure with
asphalt. The feasible application of corn stover oil in road engineering was verified, which provides
efficient solutions for waste utilization. This study will contribute to the sustainable development of
road construction.

Keywords: UHMWPE; biomass materials; rheological properties; morphology characteristics; preparation
scheme

1. Introduction

During its service period, an asphalt pavement will suffer from vehicle load, chang-
ing temperature, and moisture, which aggravate the damage to the pavement structure.
Structural damage will shorten the service time of an asphalt pavement, seriously affecting
road traffic capacity, leading to the waste of resources, and increasing maintenance project
costs. In order to satisfy the demands of an increase in traffic volume and the development
of green transportation, it is necessary to improve pavement performance and ensure
the development of green pavement materials. Meanwhile, bio-asphalt is widely used in
modified asphalt due to its vast source and low price. The development of bio-asphalt
can contribute to the development of green transportation. This study will explore the
application of ultra-high-molecular-weight polyethylene (UHMWPE) polymer in modified
bio-asphalt and provide a novel scheme for the modification of petroleum asphalt.
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1.1. Polymer-Material-Modified Asphalt

In the 1930s, Britain began to use rubber-modified asphalt in large quantities. Since
1945, polymer-modified asphalt has been regarded as an effective method to improve
asphalt pavement performance. Recently, polymer-modified asphalt has been widely used
in road construction. Polymers include styrene–butadiene–styrene (SBS), rubber powder,
polyphosphoric acids (PPA), etc. Polymers have remarkable effects on improving asphalt,
such as high-temperature stability, low-temperature crack resistance, and ultraviolet aging
resistance [1,2].

Viscione [3] used recycled plastics to modify asphalt (RPMA). Furthermore, labo-
ratory tests revealed that the polymers could improve the mechanical properties of the
asphalt mixture. The cracking resistance and rutting resistance of RPMA were obviously
strengthened. Gabriel [4] summarized a polymeric-waste-modified asphalt mixture. It is
beneficial as it raised the deformation resistance, fatigue cracking, and low-temperature
cracking behavior of an asphalt pavement [5]. Mashaan [6] suggested that the optimal
dosage of waste plastic is 6–8% in modified asphalt, which enhances fatigue, aging, and
temperature stability behavior. The efficient utilization of waste plastics in road engineering
can minimize the amount of waste plastics and effectively protect the environment. Waste
tires can be shredded into rubber powder. Rubber powder has been successfully used in
modified asphalt. Dibyendu [7] reported that a rubber-powder-modified asphalt mixture
has excellent durability and is more resistant to moisture failure. Rubber powder can ame-
liorate the tensile strength of the asphalt mixture by 11.7%. Yan [8] studied the degradation
within high-dosage polymer-modified asphalt (HDPMA). The results showed that the
polymer appears to have noticeable degradation during the aging process. HDPMA is
more sensitive to short-term aging at high temperatures. Polymer degradation increases the
stiffness of asphalt, decreases its elastic recovery ability, and dramatically affects the phase
angle. The polymer could significantly increase the rheological behavior and anti-aging
properties of HDPMA. Sulfur improves the viscosity and storage stability of HDPMA [9].
However, excessive polymer has a limited effect on asphalt modification [10]. Esraa R.
Al-Gurah [11] investigated polymer-modified asphalt binder (PMAB), adding different
fillers. The application of PMBA remarkably improves the properties of asphalt mixtures.
The rutting depth of the PMBA mixture decreased by 48% compared with the contrast test,
which improved the deformation resistance of the pavement. Vamegh [12] investigated
the performance of polypropylene- and styrene butadiene rubber (SBR)-modified asphalt.
He reported that SBR could ameliorate the moisture behavior of asphalt, which decreased
asphalt spalling by 50%. The combined effect of polypropylene and SBR could dramatically
improve the deformation resistance of the asphalt mixture. This successful modification
scheme can reduce the modification cost. Polymers can also be used as a rejuvenator to
recover the performance of recycled asphalt (RA). Daryoosh [13] reported that a polymer
and rejuvenator could improve the properties of aged asphalt. The low-temperature PG
of recycled asphalt was upgraded to −22 ◦C. The polymer greatly enhanced the fatigue
behavior of aged asphalt by 300% compared with neat asphalt. Ren [14] evaluated the
properties of polymer-modified recycled asphalt (RMA). SBS and rubber could raise the
high-temperature anti-deformation performance, aging resistance behavior, and viscosity
of recycled asphalt (RA). The RA and PMA could strengthen the asphalt against fatigue
cracking [15].

All in all, due to the favorable modification effects of various polymers, they are
widely used in modified asphalt. Polyethylene is one of the most widely used plastic
products. Polyethylene accounts for one-third of global plastic production. According
to the division method of Philips Petroleum Company, polyethylene with a molecular
weight of more than 1.5 million is called ultra-high-molecular-weight polyethylene [16,17].
UHMWPE is a kind of thermoplastic engineering material with a moderate price and
excellent performance due to its extremely high molecular weight [18]. UHMWPE has
incomparable comprehensive properties, such as abrasion resistance, impact resistance,
low-temperature resistance, corrosion resistance, and low density compared with ordinary
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polymers. UHMWPE has been widely used in the textile, papermaking, and chemical
industries, and medical treatment [19,20]. The polymer has good compatibility with asphalt.
However, there is little research on UHMWPE application in petroleum asphalt [21]. This
study broadens the utilization of UHMWPE in engineering.

1.2. Bio-Asphalt

Bio-oil can be produced from various plants using pyrolysis technology [22]. As
a renewable material, bio-oil has better application advantages. It’s functional groups
are similar to the functional groups of petroleum asphalt, and they have outstanding
compatibility [23]. Bio-asphalt is a blend of bio-oil and petroleum asphalt. The poor
high-temperature performance of bio-asphalt is a crucial factor limiting its promotion. In
order to promote the efficient application of bio-asphalt, there are numerous studies about
modified bio-asphalt [24,25].

Deng [26] used sludge bio-oil to modify asphalt and conducted tests to investigate
the intermolecular interactions between sludge bio-oil and asphalt. Sludge bio-oil’s main
constituent is esterification, with a dosage of 75.94%. Their FTIR results indicated that no
new functional groups appeared in the bio-asphalt, and the sludge bio-oil was blended
with asphalt. The sludge bio-oil could influence the colloidal structure of the asphalt, which
ameliorated its anti-creaking properties. Abdulnaser [27] investigated the application
feasibility of crude palm oil (CPO). Their research demonstrated that palm oil could
enhance mixtures’ fatigue and low-temperature properties. It was reported that the bio-
asphalt containing 5% CPO had the same complex shear modulus as the neat asphalt. He
also conducted other studies about nano-silica (NS)-modified CPO bio-asphalt [28]. NS
could raise the rutting index of CPO bio-asphalt, which compensated for the drawback
of the high-temperature performance of bio-asphalt. At shear stress levels of 0.1 kPa and
3.2 kPa, the recovery rate of this modified asphalt increased by 27.7% and 8.8% compared
to neat asphalt. Heny [29] extracted the bio-oil from sugarcane using pyrolysis technology.
Their study indicated that the penetration of the bio-asphalt was consistent with that of
70# asphalt (penetration between 60 and 70). Lei [30] introduced a novel preparation
method of rubber-modified bio-asphalt (RMBA). The rubber enhanced the anti-stripping
behavior of asphalt by about three times. Meanwhile, as a closely connected twist band,
bio-oil could enable the modified asphalt to be better adsorbed on the aggregate surface.
RMBA has great elastic recovery ability at high temperatures. Furthermore, it also has
satisfactory storage stability and temperature sensitivity [31]. The rubber powder formed a
skeletal structure in RMPA that dramatically enhanced the rutting resistance of the mixture.
Jiang [32] developed the utilization of resin bio-oil. Resins bio-oils can positively strengthen
bio-asphalt’s elastic recovery behavior and high-temperature stability. Furthermore, it
is recommended that the best replacement amount of resin bio-oil is 30% of the asphalt.
Zheng [33] studied 4,4′-diphenylmethane diisocyanate (MDI)-modified wood-oil asphalt.
The MDI and wood oil changed the colloid type to a gel structure, enhancing the deflection
resistance. The chemical reaction between MDI and asphalt leads to the enhancement of
high-temperature properties. Yang [34] promoted the utilization of bio-asphalt modified
with PPA and SBS. Bio-oil could facilitate the compatibility of the SBS modifier with
asphalt. The chemical reaction between PPA and asphalt formed a network structure,
which ameliorated the high-temperature behavior of the bio-asphalt [23]. Zhang [35]
summarized the preparation and application of bio-asphalt. He pointed out that most types
of bio-oil can reduce the asphaltene dosage and strengthen the low-temperature behavior
of asphalt. The low viscosity of bio-asphalt leads to lower energy consumption during the
compaction of pavement construction [36]. Applying bio-asphalt in road engineering can
promote the effective utilization of waste and reduce costs.

In summary, various bio-asphalts have the obvious drawback of poor high-temperature
behavior. It is essential to make up for this defect of bio-asphalt. Common polymers, such as
SBS, PPA, MDI, and SBR, are used in modified bio-asphalt. The emergence of nanomaterials
has also promoted the utilization of bio-asphalt.
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1.3. Study Objectives

The objectives of this study were to promote the efficient application of corn stover oil.
However, the poor high-temperature performance of bio-asphalt has limited its promotion.
So, UHMWPE was adopted to strengthen the high-temperature properties of corn stover
oil bio-asphalt. The UHMWPE-modified corn stover oil asphalt (UCA) was prepared. Some
laboratory tests were conducted to study its properties. The following objectives were
established:

• To promote the efficient application of corn stover oil bio-asphalt.
• To evaluate the high- and low-temperature characteristics and microscopic morphol-

ogy of UCA.
• To determine the dosage of UHMWPE and CSO to prepare the UCA.

2. Raw Materials and Test Methods
2.1. Materials

SK neat asphalt (SK-NA) was selected in this research study, produced by Qingdao
Rishi Jitong Company (Qingdao, China). The technical indicators of SK-NA are displayed
in Table 1. The corn straw oil (CSO) selected in this study belongs to one kind of bio-oil. It
has a wide range of sources, a low price, and a promising foundation for application [37].
Its technical indicators are shown in Table 2. Ultra-high-molecular-weight Polyethylene
(UHMWPE) has excellent serviceability due to its super high molecular weight. UHMWPE
is a three-million mesh of powder polymers. Furthermore, the technical indicators of
UHMWPE are shown in Table 3.

Table 1. Technical indicators of SK-NA.

Indicator Value Requirements

Penetration at 25 ◦C (0.1 mm) 71.2 60~80

Ductility at 15 ◦C (cm) 121.6 ≥100

Softening point (◦C) 48.2 ≥46

Flash point (◦C) 312 ≥260

After RTFO-aging
Mass loss (%) 0.028 ≤±0.8

Penetration ratio (%) 62.6 ≥61
Ductility at 10 ◦C (cm) 7.3 ≥6

Table 2. Technical indicators of CSO.

Indicator Value

Flash point (◦C) 267
Density at 15 ◦C (g/cm3) 0.937

Ash dosage (%) 0.064
Aliphatic acid dosage (%) 67.3

Alcohols dosage (%) 4.68

Table 3. Technical indicators of UHMWPE.

Indicator Value

Density at 15 ◦C (g/cm3) 0.986
Molecular weight ≥1.5 million

Appearance White-colored powder
Water-absorbing capacity (%) ≤0.01

Melting point (◦C) 134
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2.2. Preparation of UHMWPE-Modified CSO Bio-Asphalt

The SK-NA and CSO were heated to form a flowing liquid in an oven at 135 ◦C. Firstly,
a high-speed shear was utilized to prepare the CSO bio-asphalt. The dosages of CSO were
5% and 10% of the mass of the SK neat asphalt. The shear rate was 2000 rpm. The shear
time was 30 min. The temperature was maintained at 135 ◦C during the preparation of the
CSO bio-asphalt. Secondly, UHMWPE was added to the CSO bio-asphalt, and its dosages
were 2%, 3%, and 4% of the mass of the CSO bio-asphalt. In this step, the shear rate was
3000 rpm, the shear time was 60 min, and the shear temperature was 150 ◦C. Then, the
UHMWPE-modified CSO bio-asphalt (UCA) was prepared. The diffident types of modified
asphalt are displayed in Table 4. The SK-NA was the contrast test in this study and reflects
the modification effects of UCA.

Table 4. The various types of modified asphalt.

Dosage of UHMWPE and CSO Dosage of CSO Is 5% Dosage of CSO Is 10%

Dosage of UHMWPE is 2% UCA 2–5 UCA 2–10
Dosage of UHMWPE is 3% UCA 3–5 UCA 3–10
Dosage of UHMWPE is 4% UCA 4–5 UCA 4–10

2.3. Test Methods

A test chart of this research study is shown in Figure 1. The tests were divided
into three main parts: conventional performance tests, rheological performance tests, and
microscopic characteristics tests. The conventional and rheological performance tests were
conducted according to the SHRP specifications. The ductility test was conducted in a
water bath at 5 ◦C. The extension rate of the ductility test was 5 ± 0.25 cm/min. This study
tested the Brookfield rotational viscosity of asphalt at 135 ◦C. A dynamic shear rheometer
conducted temperature sweep (TS) and multiple stress creep recovery (MSCR) tests. The TS
test was performed on the original asphalt sample, and the test temperature was 42–80 ◦C.
The MSCR test was performed on the short-term-aged asphalt sample. The bending beam
rheometer (BBR) test proceeded at −18 ◦C and −24 ◦C. Scanning electron microscope
(SEM) and fluorescence microscope (FM) tests were carried out to reflect the morphology
characteristics of the materials.
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3. Results and Discussion
3.1. Conventional Performance of Modified Asphalt
3.1.1. Softening Point

Figure 2 summarizes the softening point and segregation test results of SK-NA and
UCA. The softening point of SK-NA is 48.2 ◦C. The softening point dramatically rose when
5% CSO and a 2–4% dosage of UHMWPE were all blended with SK-NA. This was mainly
because UHMWPE enhanced the high-temperature performance of asphalt. However,
when the CSO dosage was 10%, the softening points of UCA were dramatically reduced.
This was mainly because 10% CSO softened the asphalt and decreased the softening point.
The CSO could have a negative effect on the high-temperature performance of asphalt. As
detailed in Figure 2a, UCA 4–5 had a maximum value of 59.3 ◦C. Compared with SK-NA,
the softening point of UCA 4–5 was increased by 23.03%. Unfortunately, the softening
point of UCA 2–10 was merely 42.5 ◦C, which was reduced by 11.83% compared with
SK-NA. The enhancements of the softening point caused by a 1% dosage of UHMWPE are
marked in Figure 2a. It can be noted from Figure 2a that the softening point of UCA was
positively enhanced with the increase in the UHMWPE blending amount. It is summarized
that UHMWPE can improve the high-temperature property of UCA. When UHMWPE
was blended in a certain amount, the softening points of UCA2–10, UCA 3–10, and UCA
4–10 declined by 14.49%, 11.38%, and 11.64%, respectively, compared with UCA 2–5,
UCA 3–5, and UCA 4–5. It can be concluded that CSO has the most dramatic impact on the
high-temperature property of UCA.
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Buildings 2023, 13, 2167 7 of 19

Considering the results in Figure 2a, the UHMWPE dosage should be higher than 2%
when the CSO dosage is 5%, and the UHMWPE dosage should be higher than 3% when the
CSO dosage is 10%. In this sense, the softening point of UCA is greater than that of SK-NA.

Stability is an essential factor that influences the performance of polymer-modified
asphalt. The segregation tests were conducted to reveal the stability of UCA. Moreover, the
softening point difference was utilized as an evaluation index. The stability test results are
displayed in Figure 2b. As displayed in Figure 2b, the softening point difference of SK-NA
was 0.45 ◦C. With the increases in UHMWPE dosage, the softening point difference of UCA
gradually decreased. When the CSO dosage was 5%, the softening point difference of UCA
was lower than that of SK-NA. However, the softening point difference of UCA increased
when the CSO dosage was increased from 5% to 10%. Compared to SK-NA, the softening
point differences of UCA 2–10 and UCA 3–10 were increased by 0.2 ◦C and 0.1 ◦C. The
segregation test results indicate that the UCA maintained good stability.

3.1.2. Penetration

Penetration is a routine index for assessing the consistency of asphalt, in which a
higher value means the binder is softer. Figure 3 presents the penetration of SK-NA and
UCA. The penetration was tested at 25 ◦C, near the average service temperature. As
detailed in Figure 3, there was a strong correlation between the penetration of UCA and the
dosage amount of UHMWPE. The penetration decreased as more UHMWPE was blended
with the UCA, indicating that UHMWPE could ameliorate the CSO bio-asphalt stiffness.
By contrast with SK-NA, the penetration of UCA 2–5, UCA 3–5, and UCA 4–5 increased by
5.48%, −5.62%, and −15.17%, respectively. There was a noticeable rise in the penetration of
UCA as the CSO dosage was changed from 5% to 10%. This illustrates that CSO can soften
the UCA and reduce its consistency.
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Figure 3. Penetration of UCA and SK-NA.

We can see that the penetration grade of UCA has not changed and still belongs to 70#
(penetration between 60 and 80) asphalt. Therefore, in terms of penetration, we suggest
that the dosage of CSO and UHMWPE in UCA should be 5–10% and 2–4%, respectively.

3.1.3. Ductility

A ductility test measures the ability of asphalt to be stretched or drawn without
breaking. This test was conducted to measure the tensile properties and evaluate the
compatibility of the binder. The ductility results are given in Figure 4. It is worth noting
that the ductility of UCA was significantly improved. Compared to the results of Figure 4,
the ductility of UCA 2–5, UCA 3–5, and UCA 4–5 increased by 45.4%, 66.98%, and 105.4%,
respectively. Moreover, when the CSO dosage increased to 10%, the ductility of UCA
continued to increase. Significantly, the ductility of UCA 4–10 was enhanced by 155.87%
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compared with SK-NA. The UCA’s ductility increase will reduce the possibility of cracking
of the asphalt pavement at low in-service temperatures. This is mainly due to the dual roles
of CSO and UHMWPE. On the one hand, CSO could increase the oil content in UCA. On
the other hand, UHMWPE swelled in SK-NA during the preparation at high temperatures,
thus strengthening the toughness and resistance to deformation of UCA. UHMWPE and
CSO significantly increase the tensile properties of UCA.
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3.1.4. Viscosity

The asphalt viscosity at 135 ◦C is near the mixing and laydown temperature for HMA.
Viscosity is vital for HMA construction. It can determine the mixing and compaction range
of HMA. In terms of performance, the viscosity reflects the high-temperature properties
of the asphalt. The viscosity experiment results are given in Figure 5. As seen from
Figure 5, when more UHMWPE was blended into the CSO bio-asphalt, the viscosity of
UCA gradually increased. Compared to the UCA 2–5 viscosity, that of UCA 3–5 and UCA
4–5 increased by 9.07% and 16.37%, respectively. When a 10% dosage of CSO was blended
with asphalt, the viscosity was obviously reduced. The UCA 2–10 viscosity was decreased
by 14.8% compared with UCA 2–5.

Buildings 2023, 13, 2167 8 of 19 
 

resistance to deformation of UCA. UHMWPE and CSO significantly increase the tensile prop-
erties of UCA. 

31.5

45.8
52.6

64.7
68.4

74.6
80.6

SK-NA UCA2-5 UCA3-5 UCA4-5 UCA2-10 UCA3-10 UCA4-10
0

20

40

60

80

100

D
uc

til
ity

 (c
m

)
 Ductility

 
Figure 4. Ductility of UCA and SK-NA. 

3.1.4. Viscosity 
The asphalt viscosity at 135 °C is near the mixing and laydown temperature for HMA. 

Viscosity is vital for HMA construction. It can determine the mixing and compaction range of 
HMA. In terms of performance, the viscosity reflects the high-temperature properties of the 
asphalt. The viscosity experiment results are given in Figure 5. As seen from Figure 5, when 
more UHMWPE was blended into the CSO bio-asphalt, the viscosity of UCA gradually in-
creased. Compared to the UCA 2–5 viscosity, that of UCA 3–5 and UCA 4–5 increased by 
9.07% and 16.37%, respectively. When a 10% dosage of CSO was blended with asphalt, the 
viscosity was obviously reduced. The UCA 2–10 viscosity was decreased by 14.8% compared 
with UCA 2–5. 

 
Figure 5. Viscosity test at 135 °C. 

As reported in Figure 5, merely three kinds of UCA exceeded SK-NA viscosity. They 
are UCA 3–5, UCA 4–5, and UCA 4–10, respectively. Therefore, considering the results of 
Figure 5 separately, it is suggested that when the dosage of CSO is 5%, the UHMWPE 
dosage is 3–4%. It is recommended that the dosage of CSO is 10% and the dosage of 
UHMWPE is 4%. 

468
452

493

526

385

429

481

SK-NA UCA2-5 UCA3-5 UCA4-5 UCA2-10 UCA3-10 UCA4-10
350

400

450

500

550

V
isc

os
ity

 (m
Pa

·s
)

 Viscosity

Figure 5. Viscosity test at 135 ◦C.



Buildings 2023, 13, 2167 9 of 19

As reported in Figure 5, merely three kinds of UCA exceeded SK-NA viscosity. They
are UCA 3–5, UCA 4–5, and UCA 4–10, respectively. Therefore, considering the results
of Figure 5 separately, it is suggested that when the dosage of CSO is 5%, the UHMWPE
dosage is 3–4%. It is recommended that the dosage of CSO is 10% and the dosage of
UHMWPE is 4%.

3.1.5. Summary of Conventional Performance

The softening point and viscosity of UCA are enhanced with a UHMWPE dosage
increase. Its ductility and deformation ability increase at 5 ◦C. Because of the composite
modification of CSO and UHMWPE, UCA’s high- and low-temperature properties are
satisfactorily strengthened. Asphalt performance improves because of the light fraction
contained in CSO, which increases the oil content in UCA and ameliorates its tensile
properties. Meanwhile, UHMWPE is melted in CSO bio-asphalt, and UHMWPE can form
a compact and robust network structure in UCA [21]. These lead to dramatic stiffness and
toughness enhancements in UCA. The dosages of UHMWPE and CSO in UCA are listed
in Table 5 based on conventional performance. In order to make sure the UCA properties
were better than SK-NA, the UHMWPE dosage was 3–4%, while the CSO dosage was 5%.
The UHMWPE dosage was 4% when the CSO dosage was 10%.

Table 5. The preparation scheme of UCA is based on conventional performance.

Performance Index Dosage of CSO Is 5% Dosage of CSO Is 10%

Softening point 2–4% 3–4%
Penetration 2–4% 2–4%

Ductility 2–4% 2–4%
Viscosity 3–4% 4%

Dosage of UHMWPE 3–4% 4%

3.2. Rheological Performance of Modified Asphalt
3.2.1. TS Test

In a high-temperature environment, asphalt is a viscous fluid. The higher the temper-
ature, the lower the viscosity, and the asphalt emerges with superior fluidity [38]. A TS
test can reflect the rheological properties of asphalt. The rutting index (G ∗ / sin δ) of the
TS test results reveals the high-temperature performance of UCA. The bigger G ∗ / sin δ,
the inferior flow performance of asphalt, indicating satisfactory deformation resistance.
Figure 6 lists the TS test results. As detailed in Figure 6, the G ∗ / sin δ and temperature are
fitted for the asphalt, and the R2 is 0.99. This exhibits good relevance between G ∗ / sin δ
and temperature.

We can note that the G ∗ / sin δ of UCA rose, while the UHMWPE dosage increased.
When the TS temperature was 64 ◦C, the G ∗ / sin δ values of UCA 2–5, UCA 3–5, and
UCA 4–5 were 1.564 kPa, 2.674 kPa, and 3.861 kPa, which increased by −11.25%, 51.72%,
and 119.07% compared to those of SK-NA. UCA 2–5’s high-temperature performance was
inferior to that of SK-NA. However, the G ∗ / sin δ values of UCA 3–5 and UCA 4–5 were
superior to the those of the contrast test, proving that UHMWPE could strengthen the
shear deformation resistance of the CSO bio-asphalt. When the CSO dosage of UCA rose to
10%, the 64 ◦C G ∗ / sin δ values of UCA 2–10, UCA 3–10, and UCA 4–10 were 1.2348 kPa,
1.6842 kPa, and 2.9945 kPa, which increased by −29.94%, −4.44%, and 69.91% compared
to those of SK-NA. The rutting index of UCA 3–10 was the same as that of the contrast
test. Furthermore, the high-temperature properties of UCA 4–10 were outstanding. This
also proved that the UHMWPE dosage must be higher than 3% when the CSO dosage
is 10%. Comparing the data in Figure 6a,b, it is not difficult to find that the UCA de-
creased with the increase in CSO dosage. The CSO could overcome the high-temperature
rheological behavior.
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Figure 6. TS test results: (a) CSO dosage 5%; (b) CSO dosage 10%.

The above TS analysis recommends that the UHMWPE dosage be higher than 3%
when the CSO dosage is 5–10%. UCA 3–5, UCA 4–5, and UCA 4–10 have superior high-
temperature rheological behavior, indicating that CSO and UHMWPE jointly provide
favorable modification. This is mainly due to UHMWPE, as a polymer, having good
compatibility and forming a stable network structure with CSO bio-asphalt [16]. The
strengthening of the UCA microstructure resulted in a satisfactory amelioration in its
performance.
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3.2.2. MSCR Test

The MSCR test evaluates the rheological behavior of asphalt by applying repeated cycle
loads to aged asphalt specimens. MSCR tests were performed at 58 ◦C. Recovery rate (R)
and Jnr are crucial evaluation indexes of this test, and precisely reflect the service state of an
asphalt pavement under actual load [39]. R reflects the recoverability of the asphalt binder.
Jnr reflects the resistance against rutting deformation of the asphalt binder. Generally
speaking, the larger the R demonstrated, the stronger the elastic recovery behavior of the
asphalt sample, and the smaller the Jnr, the better the rutting deformation resistance of the
asphalt sample. The MSCR test results are exhibited in Figure 7.
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Figure 7. MSCR test result: (a) 0.1 kPa; (b) 3.2 kPa.



Buildings 2023, 13, 2167 12 of 19

As detailed in Figure 7, whatever the stress level, it can be noted that increasing the
UHMWPE dosage or decreasing the dosage of CSO will decrease the high-temperature
behavior of UCA.

Under stress of 0.1 kPa, in comparison to SK-NA, the R values of the UCA 2–5, UCA
3–5, and UCA 4–5 samples containing 5% CSO increased by −18.56%, 14.96%, and 38.93%,
respectively. Under stress of 3.2 kPa, the R containing 5% CSO increased by −43.34%,
11.45%, and 16.91%, respectively. Under stress of 0.1 kPa, the Jnr values of UCA 2–5,
UCA 3–5, and UCA 4–5 were 1.212 kPa, 0.937 kPa, and 0.761 kPa, which decreased by
−2.86%, 19.7%, and 34.79% compared to the contrast test. Under stress of 3.2 kPa, Jnr
reduced by −5.51%, 15.43%, and 27.07%, respectively. The above analysis suggests that the
creep recovery ability and anti-rutting properties of UCA decrease at high stress levels. We
can conclude that the UHMWPE dosage should be 3–4% when the CSO dosage is 5%.

When the CSO dosage is 10%, the changing trend of MSCR results in a UCA similar to
that with a CSO dosage of 5%. In order to ensure that the MSCR results of UCA containing
10% CSO are superior to those of the contrast test, it is recommended that the dosage of
UHMWPE is 4%.

Analyzing the TS and MSCR test results of UCA, it can be concluded that the UHMWPE
dosage is 3–4%, and the CSO dosage is 5%. When the CSO dosage is increased to 10%, the
UHMWPE dosage is 4%. Only in this way can UCA exhibit excellent high-temperature
rheological properties.

3.2.3. BBR Test

When the temperature drops suddenly or in a very low-temperature environment,
asphalt will generate temperature stress, leading to cracking on the pavement surface. This
will affect the pavement’s service state and lifespan [40]. The BBR test can determine the
low-temperature cracking resistance of asphalt. The stiffness modulus (S) and m-value are
taken as evaluation criteria. Generally speaking, the S must be less than 300 MPa, and the
m-value must be higher than 0.3. The BBR results are given in Figure 8.

As listed in Figure 8a, S gradually rose with the increase in UHMWPE dosage. How-
ever, there was an inevitable reduction in S when the CSO dosage increased to 10%. The
higher dosage of UHMWPE made the asphalt more susceptible to temperature stress. This
indicated that UHMWPE would affect the low-temperature crack resistance of UCA. CSO
contains more light substances and oil, which can effectively reduce the generation of
temperature stress. At the same BBR test temperature, the S of the modified asphalt was
lower than that of the SK-NA. It can be seen in Figure 8b that the m-value of UCA was
higher than 0.3 at −18 ◦C. When the BBR test temperature was decreased to −24 ◦C, only
the m-value of UCA 2–10 met the specification.

As shown in Figure 8, when the BBR test temperature was −18 ◦C, the BBR results
of SK-NA and UCA results satisfied the requirements. When the test temperature was
decreased to −24 ◦C, the S values of UCA was all higher than 300 MPa, and the m-value
was lower than 0.3. It is worth mentioning that the S and m-values of UCA were better
than those of the contrast test. One can conclude that the low-temperature rheological
behavior of UCA is superior to that of SK-NA. A high dosage of CSO will ameliorate the
low-temperature behavior of UCA. The CSO will weaken the high-temperature behavior to
a certain extent. Considering the BBR test results alone, it is appropriate that the UHMWPE
dosage is 2–4% when the CSO dosage is 5–10%.

3.3. Optimal Preparation Scheme of UCA

The recommended UHMWPE and CSO dosages for each test are summarized in
Table 6. We considered UCA’s conventional and rheological behavior and determined the
dosage of UHMWPE and CSO in UCA. As detailed in Table 6, each test’s recommended
amounts were considered. In order to make sure the UCA properties were better than those
of the SK-NA, the preparation scheme of UCA was obtained. When the dosage of CSO is
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5%, the recommended dosage of UHMWPE is 3–4%. However, when the dosage of CSO is
10%, the recommended dosage of UHMWPE is 4%.
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Table 6. The preparation scheme of UCA.

Tests Dosage of CSO Is 5% Dosage of CSO Is 10%

Conventional tests 3–4% 4%
TS test 3–4% 3–4%

MSCR test 3–4% 4%
BBR test 2–4% 2–4%

Dosage of UHMWPE 3–4% 4%

3.4. Morphology Characteristics
3.4.1. SEM

We used a scanning electron microscope to scan the different types of asphalt and
observed the micro-properties. The SEM images of the asphalt are visible in Figure 9.

As seen in Figure 9a, the microstructure surface of SK-NA did not present wrinkles.
After blending CSO in SK-NA, smooth wrinkles appeared in the CSO bio-asphalt, as
displayed in Figure 9b. Meanwhile, its SEM image became darker, which was caused by
CSO [41]. The cross-linked molecular structure of the UHMWPE-modified SK asphalt
can be seen in Figure 9c. UHMWPE powder was melted and cross-linked with SK-NA
during high-temperature preparation to shape the stable cross-linked structure. This
demonstrates that UHMWPE could influence the properties of asphalt. However, the cross-
linked structure changed after blending UHMWPE with CSO bio-asphalt, as presented
in Figure 9d. This phenomenon may be due to the adsorption of CSO by the reticular
structure.

3.4.2. FM

Poor solubility occurs between polymers and asphalt, which results in drawbacks
correlated with the properties of the modified asphalt. It is necessary to investigate the
compatibility of UHMWPE and CSO in asphalt. The FM images exhibit the morphology
between the modifier and SK-NA. Moreover, the FM images of SK-NA, CSO bio-asphalt,
UHMWPE-modified SK-NA, and UCA are exhibited in Figure 10.

The SK-NA and CSO bio-asphalt did not appear as fluorescent substances [41]. So,
Figure 10a was used to display their microscopic morphology. Figure 10b shows the
UHMWPE-modified SK-NA morphology. Many fluorescent substances can be seen in
Figure 10b. Compared with Figure 10a, it is presumed that the UHMWPE polymer exhibits
fluorescence characteristics. The morphology of UCA is given in Figure 10c. It can be noted
that many fluorescent spots appear, and they are evenly distributed. This is because the
compositions of CSO and SK-NA are similar, and polymer macromolecules can be dispersed
in CSO. UHMWPE appears in UCA as a small-molecular-weight solvent. UHMWPE and
CSO change the morphology of asphalt, which leads to the improvement of its performance.

3.5. Economic Analysis

In order to compare the economic benefits of bio-asphalt, the raw material costs of
the modified asphalt were calculated. The prices of SK-NA, CSO, and UHMWPE are
5000 CNY/ton, 1000 CNY/ton, and 15,000 CNY/ton. The raw material costs of UCA are
displayed in Table 7.

As displayed in Table 7, the raw material costs of UCA 2–10 and UCA 3–10 were lower
than that of SK-NA. With the increase in CSO dosage, there was a significant decrease in
the cost of UCA. The high price of UHMWPE increased the cost of UCA. UCA 4–5 had
the highest price of 5201.4 CNY/ton. Compared to SK-NA, the UCA 4–5 prices increased
by 4.028%. UCA 3–5, UCA 4–5, and UCA 4–10 were slightly more expensive than SK-NA,
but their conventional and rheological properties were significantly improved. Meanwhile,
CSO was used for modified asphalt. The efficient utilization of waste resources generates
positive environmental benefits.
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Figure 10. FM images: (a) SK-NA and CSO bio-asphalt; (b) UHMWPE-modified SK-NA; (c) UCA.

Table 7. The raw material costs of UCA.

Items Raw Material Costs (CNY/ton) Compared to SK-NA (CNY/ton)

SK-NA 5000 -
UCA 2–5 5009.3 9.3
UCA 3–5 5106.3 106.3
UCA 4–5 5201.4 201.4

UCA 2–10 4839.5 −160.5
UCA 3–10 4938.2 −61.5
UCA 4–10 5034.9 34.9
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4. Conclusions

In order to develop the utilization of CSO and UHMWPE in road engineering, UCA
was prepared in this paper. We conducted a series of laboratory tests to study its per-
formance. These experiments included conventional property, rheological behavior, and
morphology characteristic tests. We comprehensively analyzed these properties and rec-
ommended the optimal preparation scheme for UCA. In summary, we draw the follow-
ing conclusions.

(1) The softening point and viscosity of UCA are enhanced with an increase in the
UHMWPE dosage. Its ductility and deformation ability increase at 5 ◦C. The high- and
low-temperature properties of UCA are obviously strengthened. Asphalt performance
improves because of the light fraction contained in CSO, which increases the oil
content in UCA and ameliorates its tensile properties. UHMWPE can form a compact
and robust network structure in UCA. These lead to dramatic stiffness and toughness
enhancements in UCA.

(2) UCA 3–5, UCA 4–5, and UCA 4–10 have superior high-temperature rheological
behavior, indicating that CSO and UHMWPE jointly provide favorable modification.
This is mainly due to UHMWPE, as a polymer, having good compatibility and forming
a stable network structure with CSO bio-asphalt. The MSCR test suggests that UCA’s
creep recovery ability and anti-rutting properties decrease at a high-stress level. The
low-temperature rheological behavior of UCA is superior to that of SK-NA. The high
dosage of CSO will ameliorate the low-temperature behavior of UCA but will weaken
its high-temperature behavior to a certain extent.

(3) The recommended UHMWPE and CSO dosages for each test are summarized. When
the dosage of CSO is 5%, the recommended dosage of UHMWPE is 3–4%. However,
when the dosage of CSO is 10%, the recommended dosage of UHMWPE is 4%.

(4) UHMWPE powder is melted and cross-linked with SK-NA during high-temperature
preparation to shape the stable cross-linked structure. After blending UHMWPE with
CSO bio-asphalt, the cross-linked structure is changed. This phenomenon may be
due to the adsorption of CSO by the reticular structure. The UHMWPE polymer
exhibits fluorescence characteristics. The UHMWPE polymer macromolecules can
be dispersed in CSO. UHMWPE appears in UCA as a small-molecular-weight sol-
vent. UHMWPE and CSO change the morphology of asphalt, which leads to the
improvement of its performance.
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