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Styrene-butadiene-styrene (SBS) modified asphalt is susceptible to aging due to the combined effects of environmental
factors, including temperature, ultraviolet radiation, and humidness. However, existing studies primarily focus on single
aging conditions, neglecting the synergistic effects of thermal, ultraviolet, and humidness factors on the aging properties
of asphalt. Given the vast territory and significant environmental variations in China, this study selects five representative
cities as subjects for research. The research utilizes the Rolling Thin Film Oven Test (RTFOT) in combination with a
coupled aging chamber to simulate the aging process. This study analyzes the effects of varying temperature, duration of
ultraviolet radiation exposure, and humidness conditions on the macroscopic performance of asphalt, specifically through
ductility and softening point tests. Additionally, it elucidates the aging mechanisms of SBS modified asphalt using Fourier
Transform Infrared Spectroscopy (FTIR) and fluorescence microscopy (FM). The results indicate that high humidness and
temperature environments significantly accelerate the aging of asphalt, with temperature playing a dominant role in
hastening the aging process of SBS-modified asphalt. Microscopic analysis reveals that the primary mechanisms of SBS
degradation and oxidation reactions occur during the aging process. Notably, the change in the functional group index of
SBS-modified asphalt under high humidness and temperature conditions is most pronounced. The decomposition of the

SBS network crosslinking structure is most severe, resulting in the weakest fluorescence intensity.
Keywords: SBS modified asphalt, aging mechanisms, thermal, ultraviolet, humidity.

1. INTRODUCTION

Styrene-butadiene-styrene (SBS) modified asphalt is
one of the most widely used materials in road construction
in China, attributed to its advantageous performance
characteristics at both elevated and reduced temperatures, as
well as its durability. Additionally, it enhances driving
comfort and contributes to the maintenance of road
infrastructure [1-3]. SBS-modified asphalt pavements are
exposed to prolonged environmental conditions, where they
encounter a combination of various factors, including
temperature  fluctuations, ultraviolet radiation, and
humidity. This exposure results in a significant degradation
in the performance of SBS-modified asphalt, as evidenced
by various forms of distress, including cracking and
delamination on the pavement surface. Consequently, these
issues negatively impact the overall service life of the
asphalt pavement [4, 5]. Therefore, it is essential to clarify
the aging mechanisms of SBS-modified asphalt when
exposed to natural climatic conditions.

The aging processes of asphalt, both in the short term
and long term, are modeled through the Rolling Thin Film
Oven Test (RTFOT) and the Pressure Aging Vessel (PAV),
respectively. Empirical studies have shown that asphalt
undergoes hardening and an increase in butadiene levels due
to varying degrees of thermal-oxidative aging [6 —9]. Qin et
al. 10 conducted a microscopic examination to assess the
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impact of thermal-oxidative aging on asphalt. Their findings
revealed that this process leads to a transformation of
asphalt components and polar functional groups into
recombined structures. This transformation alters the
original colloidal structure of the asphalt, leading to a
deterioration of its properties. Sun et al. [11] utilized three
ultraviolet lamps, each with a power output of 300 W, to
simulate outdoor ultraviolet radiation. The vertical distance
between the asphalt samples and the ultraviolet lamps was
maintained at 30 cm, with a radiation area of 0.8 m2. The
measured intensity of ultraviolet radiation was 35 W/mz2.
Liu et al. 12 initially conducted the Thin Film Oven Test
(TFOT) to simulate the short-term aging of asphalt,
subsequently using the aged asphalt from the TFOT for
ultraviolet aging evaluation. The intensity of UV radiation
was established at levels of 6 W/m?, 7 W/m2, 8 W/m?,
9W/m?2 and 10 W/m2, with an exposure duration of
48 hours. Zeng et al. 13 conducted aging experiments at
three distinct temperatures: 30 °C, 50 °C, and 70 °C, while
ensuring consistent ultraviolet aging conditions. Their
results indicated that temperature had a negligible effect on
ultraviolet aging at 50 °C. However, under ultraviolet aging
conditions at 70 °C, there was a significant increase in the
aging index of asphalt, accompanied by considerable
deterioration of SBS-modified asphalt. Li et al. 14 reported
a decrease in the ductility of SBS-modified asphalt as aging
time, temperature, and ultraviolet intensity increased,



particularly under the combined effects of heat and light.
They also observed an increase in the concentrations of
asphaltenes and aromatics in the material. Zhang et al. 15
investigated the aging effects of three distinct
methodologies: Ultraviolet Radiation (UV), Pressure Aging
Vessel (PAV), and Thin Film Oven Test (TFOT). Their
findings indicated that both PAV aging and ultraviolet aging
had more significant effects on the degradation of the SBS
polymer. The existing literature primarily focuses on the
various factors influencing asphalt aging, particularly in the
contexts of ultraviolet aging, thermal aging, and thermal-
ultraviolet aging, along with their interactions. It has been
observed that the effects of complex aging processes are
more pronounced than those resulting from singular aging
mechanisms.

In regions with substantial precipitation, water
molecules play a significant role in the aging process of
asphalt [16, 17]. Water infiltration can accumulate within
the asphalt mortar layer or the surface layer of the film,
subsequently migrating inward through the asphalt film
until it reaches the bonding interface between the asphalt
and the aggregate 18. Due to the hydrophilic nature of the
aggregate surface, the adhesive interaction between the
aggregate and water molecules is significantly stronger than
the adhesion between the aggregate and the asphalt film. As
driving loads are continuously applied, detachment occurs
between the asphalt film and the aggregate surface. Wei et
al. 19 assert that the aging of asphalt pavement throughout
its service life is influenced not only by high temperatures
and ultraviolet radiation but also significantly by humidity,
which warrants careful consideration. Liu et al. 20
demonstrated that immersing asphalt in water leads to
several changes, including reduced adhesion, increased
stiffness, and a higher concentration of oxygen-containing
functional groups and polar components. Research indicates
that the introduction of an agueous solution to polymer-
modified asphalt can compromise the colloidal integrity of
the asphalt, accelerate its aging process, and ultimately
reduce the lifespan of asphalt pavement [21, 22].

In practical applications, the properties of asphalt are
significantly influenced by environmental factors such as
temperature, ultraviolet radiation, and humidity. These
multifaceted conditions contribute to the degradation of
asphalt characteristics to varying degrees. Therefore, it is
essential to investigate the impact of various environmental
factors on the aging of asphalt to enhance the effectiveness
of practical applications [23, 24]. Researchers have utilized
coupled aging test chambers to simulate the effects of
environmental factors, including high temperature,
humidity, ultraviolet radiation, and oxygen, on the aging
process of asphalt [25-28].

Li et al. 29 found that the rheological properties of
asphalt at low temperatures deteriorate more significantly
under three-factor coupling aging conditions compared to
two-factor or single-factor aging, leading to a reduction in
crack resistance. Yang et al. 30 demonstrated that under
thermal-oxidative conditions, the simultaneous effects of
ultraviolet radiation and humidity lead to the formation of
micro-cracks on the asphalt surface. Additionally, the
interaction with humidity exacerbates the growth of these
micro-cracks and accelerates the process of water-induced
aging. Sun et al. 31 indicated that ultraviolet radiation can
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accelerate the aging process of asphalt. Specifically, daily
exposure to ultraviolet radiation can increase the aging
degree of matrix asphalt and modified asphalt by
approximately 5% and 1.5 %, respectively, compared to
thermal-oxidative aging. Yuan et al. 32 showed that
elevated temperatures increase the interaction with
humidity, resulting in a significant reduction in the adhesion
between asphalt and aggregate. This reduction subsequently
leads to the spalling of asphalt from the exterior to the
interior. Moreover, under the combined influence of
ultraviolet light and humidity, both the oxidation and
dissolution of asphalt occur simultaneously, further
propagating cracks. The presence of these cracks allows
water to infiltrate the asphalt, ultimately resulting in a
decline in its performance.

In summary, the existing literature has thoroughly
examined the effects of various environmental factors,
including thermal-oxidative aging, ultraviolet aging, and
humidness aging, on the properties of asphalt. However, the
mechanisms driving changes in the macro properties and
microstructure of asphalt subjected to aging from the
combined influences of thermal-ultraviolet-humidness
exposure remain insufficiently elucidated. Additionally, the
synergistic interactions among various environmental
factors within the multifactorial coupled aging process,
along with their collective impact on asphalt properties, are
not well understood. To address this gap, a multi-factor
coupled aging test apparatus was utilized to simulate the
environmental conditions characteristic of five distinct
climatic regions: Lhasa, Harbin, Beijing, Shanghai, and
Guangzhou. The study focused on the synergistic effects of
temperature, ultraviolet radiation intensity, and humidness
on the properties of asphalt materials. This was
accomplished through the evaluation of densification and
softening point, along with fluorescence microscopy,
Fourier transform infrared spectroscopy, and various other
microstructural characterization techniques. The objective
of this research is to develop a theoretical framework for
understanding the aging behavior of asphalt pavement under
the combined effects of thermal-ultraviolet-humidness.
Moreover, the findings have significant engineering
implications for improving the performance and extending
the lifespan of asphalt pavement.

2. MATERIALS AND METHODS

The SBS modified asphalt material analyzed in this
research is supplied by Qilu Petrochemical Company, and
its key parameters conform to the criteria outlined in the
“Specifications for Construction of Highway Asphalt
Pavements (JTG F40-2004)”. The primary characteristics of
the SBS modified asphalt are detailed in Table 1.

The SYD-2806E asphalt softening point tester and the
LYY-7D asphalt ductility tester were utilized to perform
softening point and 5°C ductility tests on asphalt,
respectively, in order to characterize its performance at both
high and low temperatures. Microstructural analysis was
conducted using an LW100 FT/B fluorescence microscope
at a magnification of 400x. The chemical functional groups
of both aged and rejuvenated asphalt were examined using
a Nicolet 5700 Fourier transform infrared (FTIR)
spectrometer, which operated within a typical spectral



wavenumber range of 400-4000 cm™ and achieved a

Table 4. Ultraviolet irradiation time

resolution of 0.4 cm™. :
The average total Ultraviolet Ultraviolet
Table 1. Performance indicators of SBS-modified asphalt City solar radiation in radiation duration. h
summer, MJ/m? | intensity, MJ/m? '
Technical Indicators Unit | Standards | Results Beijing 1755.6 —2048.2 95.095 110
Penetration (25 °C, 100 g,5s)| mm 40 ~ 60 57 Guangzhou | 1254-1504.8 68.97 80
Softening point o 75 825 Shanghai 1254-1504.8 68.97 80
(ring and ball method) < > : Harbin 1755.6-2048.2 95.095 110
Ductility at 5°C cm > 20 61.4 Lhasa 2340.8—-2672 125.32 145
Elastic recovery at 25 °C % >75 92 . . .
Kinematic viscosity at 135 °C | Pa-S <3 2.710 Table 5. Combined aging conditions
Flash point (open cup) °C >230 329 Cit Humidness, | Temperature, Ultraviolet
Solubility in trichloroethylene| % >99 99.74 1y mm °C duration, h
Density at 15 °C glem? Actual (| 103 Beijing 3.8 65 110
measuremen Guangzhou 9.7 70 80
First, each 359 bitumen sample was aged for ngr:gihnal i'i 28 18100
85 minutes at 163 °C using the Rolling Thin Film Oven Test Lhasa 35 oc 15

(RTFOT). This procedure was designed to simulate the
thermal-oxidative aging process of bitumen. Following the
initial phase of thermal-oxidative aging, the asphalt was
placed in a coupling aging test chamber that allows for
temperature regulation. Intermittent application of water
was utilized to simulate the coupling aging effects on
asphalt under conditions characterized by the interaction of
thermal-ultraviolet-humidness. Various parameters were
established in accordance with specific climatic conditions,
ultimately facilitating the aging of asphalt under these
diverse scenarios. For detailed conditions, please refer to
Table 2—Table 5, and the aging flowchart is presented in
Fig. 1.

Table 2. Urban simulated rainfall

City Total summer rainfall, | Average daily rainfall,
mm mm
Beijing 6862.80 3.8
Guangzhou 17556.03 9.7
Shanghai 10671 5.9
Harbin 7430.4 4.1
Lhasa 6333.3 3.5

Table 3. Urban simulation temperature
City Summer average Simulated
temperature, °C temperature, °C
Guangzhou 35-40 70
Shanghai 35-40 70
Beijing 30-35 65
Harbin 25-30 60
Lhasa 20-25 55
&

N =
"IQ

Unaged SBS modified asphalt

Short-term aged asphalt

RTFOT

Fig. 1. Aging process flow chart
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Considering the vast geographical diversity of China
and the significant regional disparities in climatic
conditions, this study aims to conduct a comprehensive
examination of the aging behavior characteristics of SBS-
modified asphalt. To facilitate this investigation, four cities
with distinct climatic profiles were selected: Shanghai,
which exemplifies the eastern coastal subtropical monsoon
climate; Guangzhou, representing the southern tropical
monsoon climate; Lhasa, indicative of the western plateau
mountain climate; and Harbin, reflecting the northern cold
temperate climate. Furthermore, Beijing, known for its
relatively moderate climate, was designated as the control
region for this analysis. Due to significant variations in
seasonal characteristics, the climatic conditions of summer
are primarily used as the experimental benchmark in this
research. Building on previous studies, a multi-factor
coupling aging experimental system was developed to
accurately simulate the aging process of asphalt as
influenced by natural environmental conditions. This
system achieves this by regulating various environmental
parameters, including temperature, humidity, and the
duration of ultraviolet radiation exposure.

1. Assessment of precipitation conditions. This research
utilized meteorological observation data obtained from
the China Meteorological Data Network to compile and
analyze summer precipitation data (from June to
August) for Guangzhou, Shanghai, Beijing, Harbin, and
Lhasa, covering the period from 2001 to 2020. The
cumulative precipitation and mean daily precipitation
for the summer season were calculated through
statistical analysis. Comprehensive data is presented in
Table 2.

SBS modified asphalt

Thermal-ultraviolet-moisture after coupling aging

coupledaging test chamber



2. Assessment of thermal conditions. A statistical analysis
was conducted on the maximum summer average
temperatures of five representative cities — Guangzhou,
Shanghai, Beijing, Harbin, and Lhasa — using data from
the China Meteorological Data Network. Research
conducted by both domestic and international scholars
has revealed a significant disparity between the surface
temperature of asphalt pavement and the ambient air
temperature. It is generally observed that the surface
temperature of asphalt pavement can exceed the
ambient air temperature by approximately 30 °C. In
light of this temperature differential, the present study
designates 30 °C as the threshold for the experimental
group to ensure that the experimental conditions
accurately reflect real-world scenarios. Specific data is
presented in Table 3.

3. Determination of ultraviolet conditions. An analysis of
the survey data obtained from the China Meteorological
Data Network was conducted to quantify the total solar
radiation for five representative cities: Guangzhou,
Shanghai, Beijing, Harbin, and Lhasa, during the
summer season. A heat-light-water coupling aging test
chamber has been constructed and is equipped with six
integrated 40W ultraviolet lamps. In accordance with
the principle of energy equivalence 32, the duration of
the testing period is designed to simulate one year of
exposure in a real-world environment, as established by
Eq. 1. Specific data are detailed in Table 4.

ro_Y_
3600X

where T is the indoor ultraviolet irradiation time, h; X is the

irradiation intensity of the ultraviolet lamp, W/mz; Y is the

average solar ultraviolet radiation intensity during summer,

MJ/mz2,

4. Determination of coupling aging conditions. Table 5
provides a comprehensive overview of aging
temperature, ultraviolet radiation, and precipitation.

1)

3. ROAD PERFORMANCE

The softening point and ductility of SBS-modified
asphalt were evaluated under different aging conditions, and
the results are presented in Fig. 2.

The softening point and ductility of SBS-modified
asphalt decreased by 24.36 % and 28.50 %, respectively,
after undergoing thermal oxidation aging treatment. This
indicates significant declines in both the high-temperature
and low-temperature performance properties of the asphalt.
Ren et al. [34] also confirmed that pure thermo-oxidation
has a significant aging effect on asphalt. In comparison to
single thermo-oxidative aging, asphalt subjected to the
combined effects of thermal-ultraviolet-humidness three-
factor coupling aging exhibited a more significant decline in
performance. The observed variations in softening point and
ductility across different samples indicate a ranking of aging
severity in asphalt as follows: Guangzhou > Shanghai >
Beijing > Harbin > Lhasa. The aging of asphalt is influenced
by thermal oxidation, ultraviolet radiation, and humidity,
correlating with variations in temperature and moisture
levels, with thermal oxidation playing a critical role. This
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finding contrasts with the results of Zhang et al. [33] which
indicates that ultraviolet light is the primary factor
influencing the low-temperature performance of SBS-
modified asphalt. This discrepancy may be attributed to the
fact that humidity during the three-factor coupling aging
process exacerbates the thermo-oxidative aging effect.

A comparative analysis reveals that Shanghai and
Guangzhou exhibit similar climatic conditions concerning
temperature and ultraviolet radiation.  However,
Guangzhou, designated as a rainy city, experiences greater
degradation of asphalt compared to Shanghai. This finding
suggests that humidity accelerates the aging of asphalt when
exposed to the combined effects of thermal-ultraviolet-
humidness. The climatic conditions, particularly
temperature and humidity, in both Guangzhou and Shanghai
are significantly higher than those in Beijing. Despite
Beijing's elevated levels of ultraviolet (UV) exposure, the
rate of asphalt aging in the city is comparatively lower than
that in Guangzhou and Shanghai. This observation indicates
that the combined effects of increased temperature and
humidity have a more significant impact on asphalt
degradation.
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Harbin and Beijing experience identical durations of
ultraviolet irradiation; however, the 8.33% higher
temperatures in Beijing have resulted in a more pronounced
asphalt aging reaction. This is evidenced by significant
macro-performance disparities, with ductility and softening



point differing by 6.69 % and 0.92 %, respectively. These
findings indicate that temperature plays a primary role in the
coupling effect. The temperature and humidity conditions in
Beijing are 1.18 and 1.09 times greater than those in Lhasa,
respectively, while Lhasa's ultraviolet radiation intensity is
1.32 times greater than that of Beijing. From a pavement
performance perspective, the degree of aging in Beijing is
significantly higher than that in Lhasa, with ductility
reduced by 10.30 % and the softening point decreased by
1.54 %. This reaffirms that the coupling effect between
temperature and humidity surpasses that of ultraviolet
radiation, with temperature exerting the predominant
influence.

4. FUNCTIONAL GROUPS

The results of the Fourier Transform Infrared (FTIR)
analysis for Styrene-Butadiene-Styrene (SBS) modified
asphalt, which has been subjected to aging conditions that
include the simultaneous effects of heat, light, and moisture
in various urban environments, are presented in Fig. 3 and
Fig. 4.

Unaged asphalt

Thermal-oxidative aging : :
Beijng

Guangzhou

Shanghai

Lhasa

Harbin Y S
g
1601 %6
1375 1030 725
| 2851
2919
1 1 1 1 1 1 1 ]

3200 2800 2400 2000 1600 1200 800 400
Wavenumber. cm™

L 1

4000 3600

Fig. 3. Functional groups of aged asphalt

The analysis of the infrared spectrum indicated that the
bitumen samples, which underwent various aging processes,
displayed distinct absorption peaks at wavenumbers of
2919, 2851, 1601, 1375, 1030, 966, and 725 cm™'. The
prominent peaks at 2919 cm™ and 2851 cm™ are attributed
to the asymmetric and symmetric stretching vibrational
modes of the C-H bonds found in methylene groups. The
absorption peak at 1601 cm™ corresponds to the skeletal
vibrations of the benzene ring. The absorption peak at
1601 cm™ corresponds to the skeletal vibrations of the
benzene ring. The absorption feature at 1375 cm™ is
associated with the symmetric bending vibrations of the
methyl group, while the peak at 1030 cm™ corresponds to
the stretching vibrations of the sulfoxide functional group.
Notably, the absorption at 966 cm™ is attributed to the
bending vibrations of the C=C bond in polybutadiene,
whereas the peak at 725 cm™ corresponds to the vibrational
mode of methylene groups linked to the benzene ring in
polystyrene.
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These two specific peaks may serve as a basis for
evaluating the SBS modifier. Although there is variability
in the intensity of the absorption peaks, their positions in
terms of wavenumber demonstrate a high degree of stability.
Due to the significant systematic error associated with
measuring the carbonyl peak area, the butadiene index (Bl),
sulfoxide index (Sl), and aromaticity index (CI) were
calculated to assess the content and degree of aging of the
SBS modifier. This methodology facilitates the analysis of
the aging and regeneration mechanisms of asphalt, as
outlined in Eq. 2, Eqg. 3, and Eq. 4.

A366
Bl = —-

Aus @
Sl = % ; )



CI — A1600 ’
Al375

where Agee, A1030. A1375, and Ai741 are the areas of the
absorption peaks at 966 cm™, 1030 cm™?, 1375 cm?, and
1741 cm't, respectively.

As illustrated in Fig. 4, the Butadiene Index (BI),
Sulfoxide Index (SI), and Aromaticity Index (CI) of asphalt
exhibit significant variations due to the aging process. This
observation indicates that the concentrations of butadiene,
sulfoxide, and aromatics in the asphalt have undergone
substantial changes. The results indicate that the aging
process is primarily characterized by the degradation of
styrene-butadiene-styrene (SBS) and oxidative reactions.
The intensified thermal-oxidative effects associated with
hot oxygen aging catalyze extensive oxidation reactions,
leading to the degradation of SBS. This process results in a
24.56 % decrease in the Butadiene Index (BI), an 18.18 %
increase in the Sulfoxide Index (SI), and an 11.06 %
increase in the Aromaticity Index (ClI). Furthermore, the
performance of asphalt on roadways is significantly affected
by a reduction in both the softening point and ductility.
Consequently, the overall performance of the asphalt is
further compromised by the combined effects of thermal-
ultraviolet-humidness. A comparison of the degree of aging
across each group revealed that the indices recorded in
Guangzhou exhibited the most significant changes. The
Butadiene Index (BI) decreased by 37.31 %, while the
Sulfoxide Index (SI) and the Aromaticity Index (CI)
increased by 30.35 % and 33.35 %, respectively. In contrast,
the indices observed in Lhasa showed the least variation,
with the BI decreasing by 17.19 %, while the SI and CI
increased by 13.39 % and 12.46 %, respectively. These
variations in index changes underscore the substantial
effects of aging attributable to temperature and humidness.
The Butadiene Index (BI), Sulfoxide Index (SI), and
Aromaticity Index (CI) in Guangzhou have shown a decline
of 3.60 %, an increase of 2.78 %, and an increase of 1.14 %,
respectively, compared to those in Shanghai. This
observation indicates that the significantly higher
humidness levels in Guangzhou, which are 1.64 times
greater than those in Shanghai, play a critical role in
accelerating the aging process. In contrast to Beijing,
Harbin, and Lhasa, both Guangzhou and Shanghai exhibit
more significant declines in the Butadiene Index (BI),
accompanied by increases in the Sulfoxide Index (SI) and
the Aromaticity Index (CI). This trend indicates that the
coupling effect under high temperatures and humidness is
more significant than in environments with high UV
radiation exposure. Ma et al. [0] and Gong et al. [36] also
confirmed the enhancing effect of the interaction between
temperature and humidity on asphalt aging. However, their
experiments only simulated the aging behavior of asphalt
under the combined influence of thermal and humidity
factors. The BI, Sl, and CI values in Beijing decreased by
8.44 %, while the Sl and CI values increased by 3.50 % and
6.76 %, respectively, compared to those in Harbin. This
indicates that the additional humidness condition in Harbin
(7.89 %) had a weaker enhancing effect on the coupling
effect compared to the higher temperature condition in
Beijing (8.33 %). In contrast, the BI, SI, and CI values in

(4)
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Harbin decreased by 1.82 %, increased by 1.53 %, and
increased by 2.32 %, respectively, when compared to those
in Lhasa. The lower BI gap confirms the aging effects of
ultraviolet radiation, as Lhasa's UV intensity was 1.32 times
greater than that of Harbin. However, the resulting aging
effect remained limited. Collectively, these results
demonstrate that high-temperature and high-humidity
environments exhibit stronger coupling aging effects
compared to high-UV environments. Specifically, elevated
temperatures accelerate the formation of oxidative cross-
linking chains in asphalt, while moisture exacerbates this
process. This finding contrasts with the mechanism
proposed by Sun et al. [31], which suggests that water
mitigates aging through physical shielding and the
inhibition of oxidation in both thermo-humidness coupling
and thermal-ultraviolet-humidness coupling systems. The
discrepancy may be attributed to variations in the thickness
of the asphalt film used in the experiments.

5. MICROSCOPIC FORM

Fig. 5 illustrates the results of the FM test conducted on
SBS-modified asphalt that has undergone aging due to the
combined effects of heat, light, and moisture in various
urban environments. As depicted in Fig.5a, the SBS
component in unaged asphalt demonstrates a distinctive
cross-linked network structure. This structure is formed
through the adsorption and subsequent sulfoxidation of
asphalt, which facilitates the development of a network
configuration. The presence of this network structure
significantly enhances the fundamental properties of
asphalt. In the context of thermal-oxidative aging (Fig. 5 b),
the cross-linked structure of the SBS network experiences
significant disintegration, transforming into a distinct
flocculent and point-like morphology, accompanied by a
loss of clarity in its outline. During the coupling aging
process, the cross-linked structure of the SBS network
within each group completely disperses into a disrupted,
chain-like configuration. This transformation results in a
reduction in volume and a corresponding decrease in
fluorescence intensity. The findings indicate that the
coupling aging process significantly impacts SBS, leading
to the deterioration and degradation of numerous SBS units,
as well as the disruption of the network structure. This
observation correlates with the noted decline in
macroeconomic  performance. The primary factors
contributing to the degradation of the asphalt SBS structure
can be attributed to two main aspects. First, the degradation
of lighter components, particularly the saturated and
aromatic constituents, results in reduced compatibility at the
asphalt-SBS interface. Second, the thermal-oxidative
decomposition of the butadiene chain segment leads to the
cleavage of molecular chains, a phenomenon corroborated
by previous detection results of the butadiene index. Based
on the volume size of fractured SBS chains, the degree of
connectivity, and the fluorescence intensity shown in
Fig. 5¢, d, e, f, and g, the degradation levels of each group
are ranked as follows: Guangzhou > Shanghai > Beijing >
Harbin > Lhasa. The reduced and more dispersed volume of
fractured chain structures observed in Guangzhou and
Shanghai suggests that significant chemical reactions are
occurring within the asphalt matrix.
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Fig. 5. SBS morphology and distribution after aging (400x):
a—unaged asphalt; b-thermal-oxidative aged asphalt;
c—Beijing; d-Guangzhou; e-Shanghai; f-Harbin;
g-Lhasa

This observation supports the assertion that the
interplay of humidness and temperature has a significant
degrading impact on SBS materials. Compared to
Guangzhou, the more intact structure of SBS chain scission
observed in Shanghai suggests that higher humidness
exacerbates SBS degradation. However, this finding
contrasts with the results from asphalt immersion tests,
which indicate that water does not significantly degrade the
chemical structure of SBS [20]. This discrepancy may be
attributed to the fact that the immersion tests were
conducted at ambient temperature, resulting in a reduced
temperature-coupling effect. Furthermore, when comparing
Harbin to Beijing, the higher incidence of disrupted SBS
chains in Beijing indicates that elevated temperatures have
a more significant degrading effect on SBS than humidity.
In contrast to the conclusion that ultraviolet (UV) light
significantly degrades SBS under single aging conditions
[15], the SBS chain scission structure observed in Lhasa
demonstrates relatively tight connections between the
scissions. This suggests that ultraviolet (UV) light has a
diminished effect on the degradation of the network
crosslinking  structure of SBS under combined
environmental conditions. This outcome may be attributed
to the limited aging effects of ultraviolet (UV) light during
the thermal-ultraviolet-humidity coupled aging process of
asphalt.

6. CONCLUSIONS

This study utilized indoor simulations to replicate
various urban climate conditions, with a particular emphasis
on the interactions of thermal-ultraviolet-humidness within
an aging environment. An analysis was conducted on the
macroscopic properties and microstructural changes of



SBS-modified asphalt during the aging process. The
investigation provided valuable insights into the aging
mechanisms associated with SBS-modified asphalt, which
was beneficial to the development of anti-aging technology
of SBS modified asphalt. The key findings are summarized
as follows:

1.

Research indicates that thermal-ultraviolet-humidity
significantly influences the aging process of SBS-
modified asphalt, albeit to varying degrees. This aging
process leads to a reduction in ductility and an increase
in the softening point of the material. Notably, the
overall performance of asphalt deteriorates primarily at
elevated temperatures, highlighting the significance of
temperature as a critical factor in asphalt aging. The
aging process leads to the partial hardening of the
asphalt's surface layer. When this hardening occurs
alongside the formation of a water film on the surface,
it mitigates the effects of ultraviolet radiation.
Additionally, the presence of humidness has been
observed to contribute to the accelerated aging of
asphalt to some extent.

In the field of thermal-ultraviolet-humidness coupling
aging, the aging characteristics of SBS-modified
asphalt demonstrate significant regional disparities.
The degree of aging is observed to decrease in the
following sequence: high-temperature and humidness
environment, medium temperature and humidness
environment, benchmark climate environment, cold
temperate continental climate environment, and plateau
environments with strong ultraviolet exposure. This
phenomenon is closely linked to the temperature and
humidity conditions prevalent in different geographical
regions. Notably, the effects of a hot-wet environment
on asphalt aging are more pronounced than those of a
dry environment with increased ultraviolet exposure.
This finding further underscores the critical influence
of temperature and humidity on the aging process of
asphalt.

Fluorescence microscopy has shown that the
microstructural characteristics of SBS-modified asphalt
undergo significant changes during the aging process.
In unaged asphalt, the SBS component exhibits a cross-
linked network structure. However, with aging, this
network progressively disintegrates, resulting in the
emergence of a distinct flocculent and punctate
morphology. The degradation of the SBS polymer is
further exacerbated by the aging effects associated with
hot-wet environments, as indicated by an increased
disruption of its chain structure. These findings suggest
that SBS is particularly susceptible to degradation
under conditions of high temperature and humidity.
Analysis conducted using Fourier transform infrared
spectroscopy indicated a decrease in the Butadiene
Index, accompanied by an increase in both the
Sulfoxide Index and the Aromaticity Index during the
aging process. This finding suggests that the primary
mechanisms driving aging are the degradation of
styrene-butadiene-styrene  (SBS) and  oxidation
reactions. The modification of the functional group
index is particularly significant in environments
characterized by high temperatures and humidity.
Elevated temperatures accelerate the degradation of
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SBS and the oxidation of asphalt components.
Furthermore, the presence of moisture exacerbates the
deterioration of the asphalt structure through infiltration
and  dissolution processes. This observation
underscores the synergistic effects of temperature and
humidness on the aging of asphalt.
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