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The temperature in the southwest Castel highland area is relatively low, and the
asphalt concrete on the road surface is in a low-temperature state all year round.
Strong ultraviolet radiation will interfere with the material and cause it to fracture
and damage. This paper uses a low-temperature bending test and thermal stress
constrained specimen test (TSRST) to test the low-temperature performance of
asphalt mixtures with different gradation and asphalt types under different
ultraviolet (UV) aging conditions. Existing studies are mainly based on asphalt
aging, which cannot take into account the interactions between the binder and
aggregate phases during aging. This paper analyzes the correlation between test
indexes after UV aging and asphalt mixture parameters, as well as the impact of UV
on asphalt mixtures, and the mechanical strength prediction model was
established. The results indicate that when the aging time is less than
2 months, the low-temperature performance degradation rate of the asphalt
mixture first accelerates and then gradually slows down. The degree of
influence of ultraviolet radiation on different graded asphalt mixtures is in
descending order: stone asphalt concrete, AC 16 asphalt concrete, and AC-13
asphalt concrete. The relationship between fracture thermal stress and asphalt
mixture parameters is strong. It is suggested that the appropriate equivalent
outdoor aging time is 2 months in the low-temperature performance test of
asphalt mixture after UV aging. At the point when there is no UV test condition, the
worth acquired by the test is prescribed to consider the UV aging attenuation
coefficient, and the matrix asphalt can allude to 0.84; modified asphalt has a value
of 0.9. This article is of great significance for guiding the research on thermal stress
fracture of low-temperature asphalt concrete in Castel high-altitude areas.

KEYWORDS

castor high altitude area, asphalt concrete, low temperature performance, fracture stress,
attenuation coefficient

1 Introduction

Flexible pavement is the most important type of roadway structure. It typically consists
of an asphalt mixture, semi-rigid material, and granular material. The asphalt mixture is
most commonly found on the surface of flexible pavement, directly under the environment’s
influence. Thermal stress and shrinkage are observed in the asphalt mixture when the
temperature in the highland region of southwestern Castel is low or drops precipitously. This
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is the point at which the thermal stress surpassing the strength of the
material causes the asphalt mixture to break down. Thermal cracks
are the name given to these cracks. The asphalt mixture’s thermal
crack resistance is assessed using low-temperature performance. The
composition of the material, the aggregate, and the asphalt all have
an impact, but ultraviolet (UV) radiation is also a major factor (Zeng
et al., 2015; de et al., 2013; Li et al., 2017). UV irradiation results in
asphalt aging, which affects the mixture’s performance at low
temperatures as well as its engineering performance. UV
irradiation is particularly strong because of the long duration of
the action and the greater degree of influence in the highland region
(Xiao et al., 2015) of southwestern Castel (Xiao et al., 2015).

The effects of ultraviolet (UV) aging on asphalt’s physical and
chemical properties have been the focus of intense research in recent
decades (Yu et al., 2020; Zadshir et al., 2020), with the aging of UV
having a greater negative impact on the properties of asphalt
compared to thermal aging (Zou et al., 2021). Asphalt’s low-
temperature properties suffer the most from UV aging, which is
detrimental to its performance at both high and low temperatures
(Fang and Tu, 2019; Li et al., 2020). At the same time, many different
investigations have demonstrated that irradiation with UV has an
impact on the rheological properties of asphalt samples (Cong et al.,
2012; Wu et al., 2012; Hu et al., 2018a; Sun et al., 2020). UV
irradiation has been shown to have a significant impact on the
asphalt mixture’s surface due to the thinness of the asphalt film (Tia
et al., 1988). As a result, the asphalt mixture’s UV aging test can
mimic the true condition of asphalt pavements.

As opposed to the study of asphalt binders, there is a paucity of
studies on the performance of asphalt mixture after aging in the
presence of UV radiation. Ahmed et al. (Abouelsaad and White,
2022) studied the effects of thermal aging, UV aging, and
conventional thermal oven aging on the elastic modulus of asphalt
mixture samples. These observations demonstrated that samples
subjected to both heat and UV irradiation aged at a faster rate as a
function of time. Ma et al. (Ma, 2014) studied the water stability of the
asphaltmixture before and after aging bymeans of the water immersion
rutting test, the freeze-thaw fractionation test, and the Marshall water
immersion test using two methods of UV aging: simulation in the
indoor environment and exposure to the atmosphere, which showed
that water consistency decreased with increasing UV aging time. On
asphalt sand, Xie et al. (Xie et al., 2020) conducted an indoor accelerated
UV aging test. After UV aging, it was found that the asphalt mixture’s
low-temperature performance decreased. After testing the semi-circular
flexural strength and fatigue strength of asphalt concrete as a result of
UV aging, for example, Wu et al. (Wu et al., 2019) found that the
strength and fatigue life of asphalt mixture was decreased by UV
radiation.

Due to the high altitude and cold climate in China, the Qinghai-
Tibet Plateau has low temperatures, a large temperature differential,
and a large amount of UV radiation (Peng et al., 2015). The impact
of UV radiation on low-temperature performance should be further
considered when designing this region’s asphalt mixture. Although a
great deal of research has been conducted on asphalt’s UV aging,
there has been little work on the performance of asphalt blends after
UV aging. Because the effects of UV aging time, type of asphalt, and
type of grading on the low-temperature performance of an asphalt
mixture after UV aging are unclear, material selection and design of
an asphalt mix in a cold, high-elevation region cannot be guided by

this data. The article’s research site was therefore selected as Lhasa
City, Tibet. Firstly, the indoor UV-accelerated aging test conditions
were determined based on Lhasa’s UV irradiances. Second, the low-
temperature performance of asphalt mixtures with various
gradation types and asphalt types under various UV aging
conditions was evaluated using the low-temperature bending test
and the thermal stress restrained specimen test (TSRST). After
analyzing the effects of UV aging time, asphalt type, and grading
type on the asphalt mixture’s performance at low temperatures, the
authors proposed a suitable ultraviolet aging time, applicable asphalt
type, and gradation type for both the high-altitude and cold regions.
Following analysis of the correlation between test indices and
asphalt mixture, the parameters of the mechanical strength
prediction model, a low-temperature performance evaluation
index of the asphalt blend after UV aging was proposed. The
objective of this paper is to guide research on the thermal stress
fracture of asphalt concrete at low temperatures in Castel high-
altitude areas, and with the use of the design of optimized asphalt
concrete material composition at lower temperatures, it might be
expected that the service life of asphalt pavements would be better
extended; it is possible to improve pavement performance and
reduce the cost of road maintenance.

2 Materials and methods

2.1 Materials

2.1.1 Asphalt
The 80/100 pen grade matrix asphalt delivered by Karamay

Petrochemical Branch of PetroChina Co., Ltd., Styrene-Butadiene-
Styrene Block Copolymer (SBS) modified asphalt, and polymerized
Styrene-Butadiene-Rubber (SBR) modified asphalt created by SK
HOLDINGS were utilized. In this study, the three asphalts are
designated as matrix, SBS, and SBR, and their primary technical
indicators are displayed in Table 1.

2.1.2 Aggregate and filler
Diorite was used to make the aggregate, and limestone powder

was used to make the filler. Tables 2, 3, 4 represent the technical
indicators.

2.1.3 Asphalt mixture
The gradation of AC-13 asphalt concrete (AC-13), AC-16

asphalt concrete (AC-16), and stone mastic asphalt concrete
(SMA-13) are shown in Figure 1.

AC-13, AC-16, and SMA-13 were made with matrix asphalt,
SBS-modified asphalt, and SBR-modified asphalt, respectively, to
test the asphalt mixture’s low-temperature performance under UV
aging. The Marshall test was used to determine the optimal amount
of asphalt for the asphalt mixture, as shown in Table 5.

2.2 Test methods

2.2.1 Parameter design of UV aging test
The aging chamber was used for the UV aging test, as shown in

Figure 2. A high-pressure Mercury lamp with a power of 1,000 W
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per square meter was chosen for the UV aging test (Physiogrip,
2008; Wu et al., 2010; Zhang et al., 2016; Li et al., 2019a; Li et al.,
2019b). A mirror-glass plate made of stainless steel was installed
on top of the test chamber to increase the light intensity. Two

TABLE 1 Technical indicators of asphalt.

Technical indicators Matrix asphalt Styrene-butadiene-
styrene block

copolymer (SBS)
modified ssphalt

Styrene-butadiene-
rubber (SBR) modified

asphalt

Value Requirements Value Requirements Value Requirements

Penetration (25 °C, 100 g, 5 s)/(0.1 mm) 93.9 80–100 74.3 60–80 76.2 60–80

Penetration index −1.1 −1.5-+1.0 −0.2 ≥−0.4 −0.4 ≥−0.6

Ductility(5 cm/min, 5°C)/cm 5.2 - 36.5 ≥30 43.2 ≥40

Softening point/°C 49 ≥44 68 ≥55 56 ≥50

Rotating film oven test (163°C, 85 min) Mass loss/% 0.4 ±0.8 0.7 ≤1.0 0.5 ≤1.0

Residual penetration ratio/% 65 ≥57 69 ≥60 65 ≥60

Residual ductility(10 °C)/cm 21 ≥8 31 ≥20 24 ≥10

TABLE 2 Technical indicators of coarse aggregate.

Technical indicators Value Requirements

Crushing value/% 15.2 <26

Los Angeles wear loss/% 17.2 <28

Apparent relative density/(g/cm3) 2.76 >2.6

Water absorption/% 0.88 <2

Needle flake content/% 9 <15

Mud content/% 0.5 <1

TABLE 3 Technical indicators of fine aggregate.

Technical indicators Value Requirements

Apparent relative density/(g/cm3) 2.76 >2.5

Fineness modulus 3.2 >2.3

Mud content/% 1.3 <3

Sand equivalent/% 76 >60

TABLE 4 Technical indicators of filler.

Technical indicators Value Requirements

Apparent relative density/(g/cm3) 2.77 >2.5

Water absorption/% 0.47 <1

Appearance no agglomerates no agglomerates

hydrophilic coefficient 0.76 <1

plasticity index 2.9 <4

FIGURE 1
Gradation of AC-13 asphalt concrete (AC-13), AC-16 asphalt
concrete (AC-16), and stone mastic asphalt concrete (SMA-13).

FIGURE 2
Ultraviolet (UV) aging chamber.
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blowers were introduced at the front and back of the test
chamber to cool the temperature and guarantee the wind
stream. The sample’s surface temperature was 45°C–50°C
when the temperature gun was used in the test. A solar
radiation tester was used to measure the test chamber’s
irradiance. The total UV radiation per hour was 0.621 MJ/m2,
and the measured UV irradiance was 172.5 W/m2.

Eq. 1 was used to determine the conversion time of the indoor
test to the monthly average outdoor UV radiation.

T � Um

Uh
(1)

where, T is the conversion time of the indoor test;Um is the monthly
average outdoor UV radiation; and Uh is the indoor UV radiation
per hour.

Lhasa was used as a reference for the outdoor irradiance of the cold,
high-altitude area chosen for this study. The annual UV radiation was

317.55MJ/m2, while the average daily UV radiation was 0.87 MJ/m2

(Zhang et al., 2012; Yan et al., 2021; Yan, 2023). There were a total of 0,
2, 4, 6, 8, 10, and 12 months of outdoor aging. The laboratory test time
was 0, 86, 171, 256, 342, 427, and 512 h, according to Eq. 1.

2.2.2 Low-temperature bending test
A universal testing machine was used for the low-temperature

bending test in accordance with JTG E20-2011 standard T0715-2011
(Code of China, 2011), as shown in Figure 3. The loading rate during
the test was 50 mm/min at a temperature of −10°C±0.5°C. The test
used nine asphalt mixtures. AC-13, AC-16, and SMA-13 were the
gradation types, and the asphalt types were matrix asphalt, SBS-
modified asphalt, and SBR-modified asphalt. Five specimens were
manufactured for each asphalt mixture at each test condition. The
asphalt mixture was rolled into plate-shaped specimens according to
T0703-2011 in the JTG E20-2011 standard (Code of China, 2011).
The asphalt mixture was initially mixed using the JTG E20-2011
T0702-2011 standard. The second method was to load the mixed
asphalt mixture into the test mold and use the small compaction
hammer to tamp it once from the edge to the middle and level it in a
convex circle. The test mold with the specimen was then placed on
top of the wheel mill platform, and the wheel mill was then used to
roll the specimen. It had a rolling load of 300N/cm and round-trip
rolling of 24 times, such that the specimen was compacted and
formed with dimensions of length 300 mm, width 300 mm, and
height 50 mm. The specimen was demoulded and sectioned into
prisms after 12 h cooling to room temperature. The dimensions of
the specimen were 250 mm long, 30 mm wide, and 35 mm tall, as
displayed in Figure 4. The specimen underwent UV aging before the
low-temperature bending test. The UV aging was exposed to UV
radiation on one side and simulated outdoor conditions. The UV
radiation side was put through flexural-tensile stress in the test.

The flexural-tensile strength and flexural-tensile strain are used
as test indexes, and the parallel test values were normalized. UV

TABLE 5 The optimum content of asphalt for asphalt mixture.

Asphalt mixture Matrix asphalt SBS modified asphalt SBR modified asphalt

AC-13 AC-16 SMA-13 AC-13 AC-16 SMA-13 AC-13 AC-16 SMA-13

Optimum content of asphalt/% 5.0 4.6 6.4 5.1 4.6 6.6 5.2 4.7 6.5

FIGURE 4
Asphalt mixture specimen.

FIGURE 3
Low-temperature bending test.
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aging decay rate was used as the evaluation index, which could be
calculated by Eq. 2. The positive value indicates that the
performance of the asphalt mixture decreases after aging, while
the negative value indicates that the performance of the asphalt
mixture improves after aging.

K � Ib − Ia
Ib

× 100% (2)

where,K is the UV aging decay rate of asphalt mixture performance;
Ib is the performance index value of asphalt mixture before UV
aging; and Ia is the performance index value of asphalt mixture after
UV aging.

2.2.3 Thermal stress restrained specimen test
The low-temperature bending test under UV aging was used

to evaluate the asphalt mixture’s low-temperature performance
in a cold and high-altitude region. This is in line with the low-
temperature performance evaluation index of the JTG D50-2017
standard (Cod e of China, 2017). However, the field pavement
temperature and stress cannot be directly related to flexural-
tensile strength and flexural-tensile strain, which are indirect
evaluation indices. The TSRST uses fracture temperature and
fracture stress as indexes, making it easier to evaluate low-
temperature performance (Pszczola et al., 2018; Radevic et al.,
2020; Wang et al., 2021).

The TSRST was carried out with the aid of a low-temperature
stress constraint instrument, as depicted in Figure 5A, in accordance
with the EN 12697-46 standard (Iteh Standards, 2020). By cooling
the asphalt mixture specimen and limiting its shrinkage, the test
simulated the actual pavement condition. The test started at a
temperature of 10°C and was cooling at a rate of 5°C per hour.
Nine asphalt mixtures were used in the same manner as in the low-
temperature flexural test. Five specimens were fabricated for each
asphalt mixture. Figure 5B depicts the specimen’s dimensions of
200 mm in length, 40 mm in width, and 40 mm in height. The
specimen was subjected to UV aging prior to the test. The specimen
mold was then put in place, as depicted in Figure 5C. Devcon plastic
steel repair agent was used in the test to firmly bond the specimen’s
upper and lower planes to the chassis. The bonding work was
completed in 15 min after glue A and glue B were mixed in a 9:
1 ratio. After that, it was left in place for more than 24 h to make sure
the specimen and the chassis were well-bonded.

3 Results and discussion

3.1 Low-temperature bending test

Through the low-temperature bending test, the flexural-tensile
strength and flexural-tensile strain attenuation law of asphalt
mixtures with various asphalt types and gradation types under
various UV aging times were noticed. The asphalt mixture’s
capacity to withstand tensile stress at low temperatures is
represented by its flexural-tensile strength. The asphalt mixture’s
capacity to withstand tensile stress at low temperatures increases
with its flexural-tensile strength. The asphalt mixture’s ability to
deform at low temperatures is represented by the flexural-tensile
strain. The asphalt mixture’s ability to deform at low temperatures is
stronger, the greater flexural-tensile strain (Lv, 2012; Zhu et al., 2017;
Cheng et al., 2018; Wei et al., 2019; Li et al., 2022; Yang et al., 2022;
Yang and Liu, 2022; Gao et al., 2023).

3.1.1 The effect of UV aging time on low-
temperature bending test results

Figures 6, 7 show the low-temperature bending test results of the
asphalt mixture under different aging times. With the augmentation
of UV aging time, the flexural-tensile strength and flexural-tensile
strain of each asphalt mixture overall showed a reducing trend. It
showed clear attenuation and afterward changed gradually after the
indoor aging time was 86 h, which is comparable to 2 months spent
outside.

FIGURE 5
Thermal stress restrained specimen test (TSRST): (A) instrument;
(B) specimen; (C) specimen model installation.
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This could be on the grounds that UV light has a short wave and
a shallow radiation profundity (Feng et al., 2013; Hu et al., 2018b;
Zeng et al., 2018). When the outdoor aging was 2 months, the
surface of the asphalt mixture had fully aged, while the asphalt
mixture below the surface had a slower aging speed and less impact.
Ahmed et al. (Abouelsaad and White, 2022) led tests on the asphalt
mixture’s resilient modulus under an assortment of UV aging
conditions and found that the resilient modulus essentially
increased following 56 days of open-air aging. This is practically
identical to the review’s decision. Thus, it is recommended that the
fitting identical outside aging age be 2 months for the low-

temperature performance test of the asphalt mixture subsequent
to aging.

3.1.2 The effect of gradation type on low-
temperature bending test results

Figure 8 shows the test results of asphalt mixtures of different
gradation types under UV aging. When the equivalent outdoor
aging time was 2 months, the average flexural-tensile strength decay
rate of SMA-13 was 1.23 times that of AC-13 and 1.09 times that of
AC-16. The average flexural-tensile strain decay rate of SMA-13 was
1.22 times that of AC-13 and 1.18 times that of AC-16. It showed

FIGURE 6
Flexural-tensile strength of asphalt mixture after ultraviolet (UV) aging.

FIGURE 7
The flexural-tensile strain of asphalt mixture after UV aging.
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that under the same UV aging conditions, the degree of low-
temperature performance degradation from large to small was as
follows: SMA-13, AC-16, and AC-13.

This could be related to the amount of asphalt in the mixture as
well as the void. The asphalt film thickens as the asphalt content
rises. The asphalt mixture’s aging becomes more significant as the
asphalt binder affected by UV aging increases on its surface
(Yamaguchi et al., 2005). With the increment of the void, the
impact profundity of UV aging becomes further, and the aging of
asphalt mixtures turns out to be more serious.

3.1.3 The effect of asphalt type on low-
temperature bending test results

Figure 9 depicts the results of the low-temperature bending
tests for various asphalt types aged by UV light. The average
decay rate of the matrix asphalt mixture’s flexural-tensile
strength was 2.14 times that of the SBS-modified asphalt
mixture and 1.46 times that of the SBR-modified asphalt
mixture when the equivalent outdoor aging time was
2 months. The typical flexural-tensile strain decay rate of
matrix asphalt was 2.17 seasons for the SBS-modified asphalt
mixture and 1.48 seasons for the SBR-modified asphalt mixture.

It demonstrated that, under the same UV aging conditions, the
following levels of large to small performance degradation at low
temperatures occurred: SBS-modified asphalt, SBR-modified
asphalt, and matrix asphalt mixture.

The decay law of the asphalt mixture’s low-temperature
performance was compared using various asphalt types and
gradation types. After UV aging, it was discovered that the type
of asphalt had a greater impact on the asphalt mixture’s low-
temperature performance than the type of gradation.

The low-temperature bending test under UV aging can be used to
assess the asphalt mixture’s low-temperature performance in cold and
high-altitude regions. TheUV aging attenuation coefficient, which is the
ratio of the value obtained by the test under UV aging to the value
obtained by the conventional test, should be taken into consideration
when the test value is determined under the absence of UV aging.
Matrix asphalt’s reference value is 0.84, while modified asphalt’s is 0.9.

3.2 Thermal stress restrained specimen test

The test indexes decay law of asphalt mixtures containing
various asphalt types and gradations under UV aging was

FIGURE 8
Low-temperature bending test results of asphalt mixtures of
different gradation types under UV aging: (A) Flexural-tensile strength
and decay rate of asphalt mixtures; (B) Flexural-tensile strain and
decay rate of asphalt mixtures.

FIGURE 9
Low-temperature bending test results of asphalt mixtures of
different asphalt types under UV aging: (A) Flexural-tensile strength
and decay rate of asphalt mixtures; (B) Flexural-tensile strain and
decay rate of asphalt mixtures.
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FIGURE 10
TSRST results of asphalt mixtures of different gradation types
under UV aging: (A) Fracture temperature and decay rate of asphalt
mixtures; (B) Fracture stress and decay rate of asphalt mixtures; (C)
Slope absolute value and decay rate of asphalt mixtures; (D)
Turning point temperature and decay rate of asphalt mixtures.

FIGURE 11
TSRST results of asphalt mixtures of different asphalt types under
UV aging: (A) Fracture temperature and decay rate of asphalt mixtures;
(B) Fracture stress and decay rate of asphalt mixtures; (C) Slope
absolute value and decay rate of asphalt mixtures; (D) Turning
point temperature and decay rate of asphalt mixtures.
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observed using the TSRST. The turning point temperature,
fracture temperature, fracture stress, and absolute slope value
are the TSRST test indexes. The temperature at which the
specimen breaks is known as the fracture temperature. This
temperature can directly reflect the lowest temperature that
the asphalt mixture can withstand. The specimen’s fracture
toughness reflects the maximum strength of the asphalt blend
during the temperature shrinkage process. The specimen’s
temperature-stress curve transitions from a curve to a straight
line at the turning point temperature, indicating the asphalt
mixture’s low-temperature stress relaxation capacity. The
specimen’s straight temperature-stress curve slope, which
reflects the rate of thermal stress growth, is the slope absolute
value (Pszczola et al., 2019).

3.2.1 The effect of gradation type on TSRST results
The TSRST results of asphalt mixtures with various gradations

undergoing UV aging are depicted in Figure 10. When assessing the
degree of degradation in the low-temperature performance of the
asphalt mixture, fracture temperature and fracture stress exhibited
good consistency, and the evaluation results were in line with the
findings of the low-temperature bending test. The following was the
degradation degree of fracture temperature and fracture stress from
large to small under the same UV aging conditions: AC-13, SMA-13,
and AC-16.

3.2.2 The effect of asphalt type on TSRST results
The TSRST results of asphalt mixtures of various asphalt

types aged under UV light are depicted in Figure 11. At the time
of assessing the degree of degradation in the low-temperature
performance of the asphalt mixture, the fracture temperature,
the fracture stress, and the slope absolute value were all
consistent The degradation degree of fracture temperature,
fracture stress, and slope absolute values from large to small
under the same UV aging conditions were as follows: SBS-
modified asphalt, SBR-modified asphalt, and matrix asphalt
mixture.

3.3 The effect of asphalt and asphalt mixture
parameters on test indexes

The aforementioned research demonstrates that the asphalt type
and gradation type have an impact on the low-temperature
performance test results of asphalt mixtures. To examine the
influence of endless asphalt blend boundaries, SPSS Statistics
25 was utilized as an information examination tool. The
correlation between the asphalt and asphalt mixture’s key
parameters and test indexes was examined using correlation
analysis. The brittleness points and 5°C ductility were chosen as
key boundaries of asphalt. The key parameters of the asphalt mixture
were the asphalt amount, the volume of air voids (VV), voids in
mineral aggregate (VMA), and voids filled with asphalt (VFA).
Table 6 displays each asphalt mixture’s most important parameters.

The ANOVA analysis was performed by taking the test indexes
as dependent variables and taking the key parameters of asphalt and
asphalt mixture as independent variables. The analysis results are
summarized in Table 7.

It can be seen from Table 7 that the p values of ductile points and
brittle points are less than 0.05, while the p values of other parameters
are greater than 0.05. It indicates that the asphalt ductility and
brittleness point have a significant influence on the test indexes,
while other parameters have no significant influence on the test indexes.

A data analysis technique called correlation analysis is used to
measure the degree of correlation between variables. The correlation
coefficient is represented by r. When r< 0, it is a negative
correlation; When r> 0, it is a positive correlation (Akaike, 1976;
Anderson, 1999). The relationship between test indexes and key
parameters of the asphalt mixture was examined, as displayed in
Table 8.

According to Table 8, the asphalt parameters like brittleness
point and ductility at 5°C had a good correlation with the test
indexes. The parameters of asphalt mixture, for example, asphalt
amount, VV, VMA, and VFA, had a low or frail relationship with the
test indexes. This suggests that asphalt mixture parameters have less
of an impact on asphalt mixture’s low-temperature performance

TABLE 6 Key parameters of asphalt and asphalt mixture.

Asphalt mixture 5°C ductility/cm Brittleness Point/°C Asphalt amount/% VV/% VMA/% VFA/%

Matrix asphalt AC-13 5.2 −15.4 5.0 4.3 15.5 72.3

AC-16 5.2 −15.4 4.6 4.1 14.2 71.1

SMA-13 5.2 −15.4 6.4 3.4 18.0 81.1

SBS modified asphalt AC-13 36.5 −20.6 5.1 4.2 15.2 72.4

AC-16 36.5 −20.6 4.6 4.3 14.8 70.9

SMA-13 36.5 −20.6 6.6 3.1 17.6 82.4

SBR modified asphalt AC-13 43.2 −21.2 5.1 4.1 14.7 72.1

AC-16 43.2 −21.2 4.7 3.9 14.0 72.1

SMA-13 43.2 −21.2 6.5 3.5 18.3 80.9

VV, is the volume of air voids; VMA, is voids in the mineral aggregate; VFA, is voids filled with asphalt.
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than do asphalt parameters (Hannele et al., 1996; Kaseer et al., 2021).
As a result, test indexes change with the asphalt type with good
regularity. The asphalt mixture parameters, on the other hand, have

a weak correlation with the turning point temperature and slope
absolute value. As a result, the gradation type has little effect on the
absolute slope value or turning point temperature.

TABLE 7 ANOVA analysis of the effect of asphalt and asphalt mixture parameters on test index.

Test index Source Sum of squares Degree of freedom Mean square F value r value

Fracture temperature/°C 5°C Ductility/cm 102.101 2 51.05 17.354 0.003

Brittleness point/°C 102.101 2 51.05 17.354 0.003

Asphalt amount/% 100.634 6 16.772 1.755 0.407

VV/% 66.33 6 11.055 0.414 0.83

VMA/% 116.601 7 16.657 5.288 0.323

VFA/% 116.601 7 16.657 5.288 0.323

Fracture stress/MPa 5°C Ductility/cm 1.919 2 0.959 19.108 0.002

Brittleness point/°C 1.919 2 0.959 19.108 0.002

Asphalt amount/% 1.491 6 0.249 0.682 0.697

VV/% 1.131 6 0.189 0.346 0.868

VMA/% 2.187 7 0.312 9.611 0.244

VFA/% 2.187 7 0.312 9.611 0.244

Slope absolute value 5°C Ductility/cm 0.001 2 0 11.541 0.009

Brittleness point/°C 0.001 2 0 11.541 0.009

Asphalt amount/% 0.001 6 0 8.213 0.113

VV/% 0.001 6 0 1.131 0.539

VMA/% 0.001 7 0 13.821 0.204

VFA/% 0.001 7 0 13.821 0.204

Turning point temperature/°C 5°C Ductility/cm 43.82 2 21.91 77.329 0

Brittleness point/°C 43.82 2 21.91 77.329 0

Asphalt amount/% 37.195 6 6.199 1.489 0.454

VV/% 20.52 6 3.42 0.274 0.908

VMA/% 44.675 7 6.382 7.553 0.273

VFA/% 44.675 7 6.382 7.553 0.273

Flexural-tensile strength /MPa 5°C Ductility/cm 6.409 2 3.204 12.019 0.008

Brittleness point/°C 6.409 2 3.204 12.019 0.008

Asphalt amount/% 6.574 6 1.096 1.528 0.447

VV/% 3.276 6 0.546 0.231 0.932

VMA/% 7.638 7 1.091 2.951 0.421

VFA/% 7.638 7 1.091 2.951 0.421

Flexural-tensile strain /με 5°C Ductility/cm 716395.418 2 358197.709 18.222 0.003

Brittleness point/°C 716395.418 2 358197.709 18.222 0.003

Asphalt amount/% 661578.042 6 110263.007 1.276 0.501

VV/% 487481.169 6 81246.861 0.468 0.801

VMA/% 824505.029 7 117786.433 11.978 0.219

VFA/% 824505.029 7 117786.433 11.978 0.219
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It demonstrates that fracture temperature and fracture stress can
more accurately characterize the asphalt mixture’s low-temperature
performance than slope absolute value or turning point temperature.
In this way, the fracture temperature and fracture stress are likely to
assess the low-temperature performance of the asphalt mixture after
UV aging by utilizing TSRST. This is reliable with the current
research conclusions on the low-temperature performance of
asphalt mixture (Velasquez et al., 2009; Farrar et al., 2013;
Pszczoła and Judycki, 2015).

Regression analysis was used to establish a mathematical model
for predicting fracture temperature, fracture stress, flexural-tensile
strength, and flexural-tensile strain with key parameters. In order to
analyze the applicable regression analysis methods, a standard
multiple linear regression model was first constructed, and
collinearity statistics of independent variables were carried out.
The analysis results are shown in Table 9.

It can be seen that the tolerance on the independent variables is
below 0.2, and the VIF value is greater than 10, suggesting
multicollinearity between independent variables. For collinear
data analysis, the ridge regression approach may be used. The
prediction model of fracture temperature and fracture stress was
established by the Ridge regression method, as shown in Eqs 3, 4,
5, 6.

y1 � −0.0874 · x1 + 0.7244 · x2 − 14.3118, (3)
y2 � 0.0052 · x1 − 0.1311 · x2 + 1.5423, (4)

y3 � 0.0371 · x1 − 0.0658 · x2 + 5.5708, (5)
y4 � 5.6099 · x1 − 68.8317 · x2 + 844.2920, (6)

where, y1 is fracture temperature, °C; y2 is fracture stress, MPa; y3 is
flexural-tensile strength, MPa; y4 is flexural-tensile strain, με; x1 is
5°C Ductility, cm; and x2 is Brittleness Point, °C.

The correlation and ANOVA analyses of the model are shown in
Table 10.

The results of correlation and ANOVA analyses show that the
correlation coefficient of the Ridge regression model is more than 0.86,
and the p-value is less than 0.05. It indicates that the established prediction
model has a high correlation coefficient and statistical significance.

To obtain the test index prediction model established in the
current study, regression was performed on the test data, which has a
reference value for predicting the low-temperature performance of
different asphalt mixtures. But the independent variable is only the
bitumen parameter and there are few variables. Many experiments
are needed to further test the reliability of this model.

4 Conclusion

In this study, the UV-accelerated aging test conditions were
determined based on the UV irradiance in Lhasa. The low-
temperature performance of asphalt mixtures with different gradation
and asphalt types under different UV aging conditions were tested by
low-temperature bending test and TSRST. The correlation between the
index of test indexes and asphalt mixture parameters was analyzed, and
the mechanical strength prediction model was established. The results of
this study can guide research into the thermal stress fracture of asphalt
concrete at low temperatures in high-elevation areas of Castel. By
optimizing the composition of low-temperature asphalt concrete
materials, the service life of asphalt pavements can be better extended,
pavement performance can be improved, and road maintenance costs
can be reduced. The main conclusions are as follows:

TABLE 8 The correlation coefficient between test indexes and key parameters of asphalt and asphalt mixture.

Test index 5°C ductility/cm Brittleness Point/°C Asphalt amount/% VV/% VMA/% VFA/%

Fracture temperature/°C −0.92 0.92 −0.37 0.35 −0.30 −0.34

Fracture stress/MPa 0.75 −0.77 0.49 −0.45 0.43 0.47

Slope absolute value −0.96 0.94 0.04 0.05 0.16 0.06

Turning point temperature/°C −0.98 0.98 −0.09 0.1 0.01 −0.05

flexural-tensile strength/MPa 0.86 −0.84 0.39 −0.33 0.32 0.33

flexural-tensile strain/με 0.91 −0.92 0.41 −0.38 0.33 0.37

TABLE 9 Collinearity statistics of independent variables.

Independent variable Tolerance VIF

5°C Ductility/cm 0.005 194.737

Brittleness point/°C 0.005 194.737

Dependent variable: fracture temperature and fracture stress.

TABLE 10 Correlation and ANOVA analyses of the model.

Model Correlation coefficient F value r value

y1 � −0.0874 · x1 + 0.7244 · x2 − 14.3118 0.92 17.1883 0.0033

y2 � 0.0052 · x1 − 0.1311 · x2 + 1.5423 0.88 10.7631 0.0104

y3 � 0.0371 · x1 − 0.0658 · x2 + 5.5708 0.86 8.1555 0.0194

y4 � 5.6099 · x1 − 68.8317 · x2 + 844.2920 0.91 14.9955 0.0046
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(1) When the indoor aging time was 86h, which means 2 months
outdoor, the low-temperature performance of the asphalt mixture
showed obvious attenuation and then changed slowly. In the low-
temperature performance test of asphalt mixture after UV aging,
the appropriate equivalent outdoor aging time is 2 months.

(2) The degree of UV influence on asphalt mixtures with various
gradations from large to small is as follows: SMA-13, AC-16,
and AC-13. The degree of UV influence on asphalt mixtures
containing various types of asphalt is as follows: matrix asphalt,
SBR-modified asphalt, and SBS-modified asphalt.

(3) Contrasted and gradation type: the asphalt type impacts the
low-temperature performance of the asphalt mixture after UV
aging. At the point when there is no UV test condition, the
worth acquired by the test is prescribed to consider the UV
aging attenuation coefficient, and the matrix asphalt can allude
to 0.84; modified asphalt has a value of 0.9.
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