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Weathering aging resistance

In seasonal frozen regions:

A comparative study of SBS-
and SBR-modified asphalt
binders through rheological and
morphological characterization
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In seasonal frozen regions, asphalt pavements face accelerated degradation due to extreme
environmental stressors-including cyclic freeze-thaw transitions and intense ultraviolet radiation-that
induce severe thermo-oxidative and UV aging effects. These compounded aging mechanisms lead to
premature cracking, raveling, and functional failure of road surfaces, imposing significant economic
burdens on infrastructure maintenance. To address this critical challenge, this study systematically
investigates the alterations in the rheological properties of AH-90 base asphalt, SBR-modified
asphalt, and SBS-modified asphalt under natural aging conditions over varying time intervals using
temperature sweep tests, bending beam rheometer tests, and multi-stress creep recovery tests. The
influence of natural weather conditions on the microstructure of asphalt binders was examined by
Fourier transform infrared spectroscopy and fluorescence microscopy before and after different nature
aging conditions. The findings demonstrate that the use of modifiers can modify the natural aging
characteristics of asphalt binders. Compared to BA, SBS demonstrates superior resilience to natural
aging, while SBR is more susceptible to aging. After natural aging, the stiffness modulus of BA, SBS,
and SBR increased by 21%, 10%, and 39% respectively. T30 (The temperature at which the limiting
phase angles grades reaches 30°) exhibits a robust association with the intrinsic aging features of
asphalt binders, facilitating the assessment of natural aging impacts on asphalt qualities. Throughout
natural aging, the modifier deteriorates due to the oxidation of the unsaturated polybutadiene
component by chain scission, while SBS exhibits a more stable phase structure than SBR during the
aging process.
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Nowadays, asphalt has become a commonly used highways construction materials, due to its unique technical
advantages (such as driving comfort, low noise, etc.)!. Nevertheless, Asphalt is highly sensitive to temperature,
leading to rutting at high temperatures and cracking at low temperatures®. In addition, during service,
asphalt undergoes oxidation, UV irradiation aging, and physical hardening, leading to increased brittleness
and stiffness®. This subsequently leads to various forms of damage, such as stripping, pothole formation, and
raveling®>. Improving pavement performance and extending service life requires an understanding of how aging
processes affect the physical, rheological, and microstructural properties of asphalt®. A significant amount of
research has been dedicated to examining the alterations in asphalt properties resulting from aging’~1°. The
field aging process of asphalt pavement is slow and continuous, from a mechanistic perspective, asphalt aging
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involves a series of oxidation reactions, resulting in the volatilization of lighter components and an increase
in asphaltene content!!. Therefore, to simulate the aging process, researchers have employed accelerated aging
tests, such as the Rolling Thin Film Oven Test (RTFOT) and the Pressure Aging Vessel (PAV)!2. For instance,
short-term aging occurring during paving and compaction can be simulated using the rolling thin film oven
test (RTFOT), while long-term aging is simulated with the pressure aging vessel (PAV)!3. At same time, many
time-extended aging tests also were pointed out based on standard RTFOT and PAV test, such as 180, 360 min
RTFOT test and 40, 100, 120 h PAV test!4!>. Li et al.!%, found that extended RTFOT can effectively replicate
the long-term aging of asphalt used in pavements, with approximately 60 min of prolonged RTFOT aging
corresponding to one year of field aging. Research has shown that RTFO durations of 5 h 20 min and 6 h can
serve as alternatives to the PAV test!”. Liu et al.!®>, demonstrated that extracted asphalt can be simulated in the
laboratory using standard RTFO conditions and a 26-hour PAV test. These efforts allow researchers to grasp
the degradation of asphalt properties during pavement service period, and provide a reference for asphalt
recycling and regeneration, which is meaningful for improving the quality of pavements. Although artificial
aging simulation tests have been widely used in existing research and have proven their effectiveness!®. During
service periods, the aging of asphalt is a complex process encompassing several chemical and physical changes'.
For example, asphalt may surfer a thermal and ultraviolet oxygen aging and in summer?®, and in winter, a long
period of low temperature environment will make the asphalt ap-pears a physical hardening phenomenon?!-%.
In the repeated alternation of the above process, the asphalt aging may be a certain difference with the expected
condition. Due to the artificial simulation of aging may ignore these processes?’. As found by Zhang et al.,
Accelerated aging may replicate the initial behaviors observed during the early phases of field aging; however,
as the aging process progresses, it becomes less effective at mimicking the aging characteristics present in more
intricate scenarios. Consequently, the extent of aging observed through accelerated methods is less pronounced
compared to that experienced in the mid to late stages of field aging?®. Consequently, there are some studies to
carry out the relevant field aging test based on the local condition, to establish relationship between field aging
and artificial aging tests?*~28. Hu et al.?%, assessed the impact of weathering and aging on high viscosity modified
asphalt under defined environmental conditions. Their findings demonstrate that, in contrast to PAV aging,
high viscosity modified asphalt undergoes more pronounced chemical alterations during weather aging, chiefly
attributable to the synergistic effects of solar radiation and temperature. As discussed above, the changes in
properties associated with the microstructure of asphalt under natural weather conditions are different from the
artificial simulated aging test. Under natural weather conditions, the effect of freeze-thaw cycles, rain, sunlight,
and other factors cannot be ignored. Despite numerous natural weather-aging studies that have been carried
out using asphalt, it is crucial to acknowledge that the weathering-aging characteristics of asphalt might differ
considerably across different locales. Especially in some areas with harsh cold weather and high-temperature
gradients, such as seasonal frozen regions. Premature cracking is a common distress on asphalt pavements in
seasonal frozen regions, which will further aggravate the pavement conditions. To enhance the quality and
prolong the lifespan of pavements, it is essential to study how this type of climatic environment influences the
performance and microstructural features of asphalt.

The main objective of this study is to (1) evaluate the combined effects of thermo-oxidative and ultraviolet
(UV) aging on asphalt degradation in seasonal frozen regions, (2) characterize the divergent aging mechanisms
of SBS and SBR modifiers through rheological-microstructural correlations, and (3) develop a phase angle-
derived evaluation criterion to quantify aging resistance. At first, the asphalt binder was stored in small
aluminum boxes and exposed outdoors in June 2023. Subsequently, the samples were taken at a specific time to
follow experiments protocol. The asphalt binders were eventually assessed by temperature sweep tests, frequency
sweep tests, MSCR, FTIR, and FM to determine the variation in asphalt properties under natural settings.

Materials and methods

Materials

The asphalt used in this study was AH-90 (BA), supplied by a petroleum company in Liaoning, China. The SBS
used is a thermoplastic elastomer with excellent thermoplastic, high elasticity, and compatibility, significantly
enhancing the fatigue resistance of asphalt. The SBR used is a synthetic rubber copolymerized from styrene and
butadiene, offering superior resistance to ultraviolet radiation and oxidation. In related research®®?!, the typical
dosage of SBS and SBR ranges from 2 to 4% and 3-5%, respectively, excessive amounts of modifiers may lead
to segregation and insufficient storage stability, whereas an insufficient dosage may result in an inconspicuous
modification effect. Considering these factors, this study adopted 3% SBS and 4% SBR as the optimal dosages®>%.
The parameters of the modifier are shown in Tables 1 and 2 below.

Preparation of modified asphalt

The BA was heated in a constant-temperature oil bath at 150 +1 °C until it reached a fully fluid state. Then, 3%
SBS (or 4% SBR) gradually added while stirring at 2000 rpm for 20 min at 150 °C using a mechanical mixer.
Subsequently, the temperature was increased to 160 °C, and the mixture was subjected to high-speed shearing at
5000 rpm for 40 min using an emulsifying shear device. Finally, the mixture was allowed to expand and develop
in a constant-temperature oven at 160 + 1 °C for 30 min, yielding the SBS (or SBR) modified asphalt. The physical
properties of used asphalt binder are shown in Table 3. Subsequently, a 48-hour segregation test was conducted,
and the results are presented in Fig. 1. The softening point differences were determined to be 0.6 °C and 0.4 °C,
respectively, meeting the standard requirements and indicating good storage stability.
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Properties Unit SBS
Structure 1401 Linear
Styrene-butadiene ratio 40/60
Average molecular weight | 104 g/cm -3 | 9.5

Shore hardness A 92

Tensile strength MPa 36.5

300% Tensile stress MPa 3.86

Melt flow rate g/min 0.5-5

Table 1. Properties of SBS.

Properties Unit | SBS
State White powder

Styrene dosage | % 20-36%
Tensile strength | MPa | 24.5
PH 7.2
Viscosity MPa | 74.8

Table 2. Properties of SBS.

Properties BA | SBS | SBR
Penetration (25 ‘C, 0.1 mm) 92.4 | 68.2 | 80.7
Softening Point (‘C) 472 1 67.1 | 51.5
Ductility (5 'C, cm) 8.0 | 28.3 | 150

Viscosity (135 ‘C, Pa-s) 0.43 | 1.44 | 1.13
Rutting factor G*/sind (52 °C, kPa) | 1.72 | 3.64 | 2.75

Table 3. Physical properties of asphalt.
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Fig. 1. Modified asphalt 48 h storage stability.
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Fig. 3. Asphalt sample container.

Methods

Natural weather aging protocol

The asphalt binder analyzed and evaluated in this study was obtained after 12 months of weathering and
multiple seasonal freeze-thaw cycles. Previous research indicates****that UV radiation and thermo-oxidative
aging typically occur on the pavement surface. To accurately assess the impact of natural aging on asphalt
binders, the sample thickness was standardized to 1 mm®. Initially, BA, SBS, and SBR were heated to a molten
condition and subsequently put into aluminum molds measuring 50 mm in diameter, 25 mm in height, and
1 mm in thickness. The samples were then exposed to the natural weather conditions in Harbin, China, which
experiences a seasonal freeze-thaw climate, from June 2023 to May 2024. Finally, the samples were collected for
subsequent experimental procedures in October 2023, February 2024, and June 2024, and were labeled as 1st
aged, 2nd aged, and 3rd aged, respectively. During the experiment, the highest and lowest monthly temperatures
are presented in Fig. 2, the aging sample container is shown in Fig. 3.

Temperature sweep test (TS)
The effect of natural weather conditions on the rheological properties of asphalt binders at both high and low
temperatures was evaluated using a dynamic shear rheometer (MCR302, Anton Paar, Graz, Austria)*’during a
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temperature sweep test. Several criteria were acquired and computed, including complex moduli (G*), phase
angles (8), and the temperatures T30, T45, and T60 corresponding to the limiting phase angles of 30°, 45°, and
60° respectively®. The rheological test protocols are as follows: (1) The test temperature ranges from 52 °C to
82 °C, with a 6 °C increment, while the controlled strain was maintained at 12% and the loading frequency set
to 10 rad/s (1.59 Hz). (2) The test temperature ranges from —12 °C to 30 °C, with a 6 °C increment, while the
controlled strain was set at 1% and the loading frequency at 10 rad/s (1.59 Hz).

To assess the changes in asphalt performance before and after aging, two types of aging indices were calculated
from the obtained G* and § data at different aging stages, using Eq. (1) and Eq. (2), respectively.

G = Gpirain
Aging Ratiog, = | —29¢40) v .
G*virgin
0 Aged(i) — Ovirgi
Aging Ratios = w o
virgin

Multiple stress creep recovery test (MSCR)

MSCR tests were performed using a dynamic shear rheometer (MCR302, Anton Paar, Graz, Austria) across a
temperature range of 52 °C to 76 °C, with a 6 °C increment?. The non-recoverable creep compliance (Jnr) and
average percent recovery (R) were measured at 0.1 kPa and 3.2 kPa, respectively, to assess the high-temperature
deformation resistance of the asphalt binders.

Bending beam rheometer test (BBR)

The low-temperature properties of asphalt binders were evaluated using creep stiffness (S) and the m-value,
determined via the BBR test. In accordance with the ASTM D6648 protocol, the test temperatures ranged from
—12 °C to —24 °C, with intervals of 6 °C, three replicate samples were tested for each condition.

Fourier transform infrared (FTIR) spectroscopy

The changes in the chemical bonds of asphalt binders were investigated using a Nicolet IS50 FTIR instrument.
The analysis was conducted using wavelengths from 4000 cm™ to 400 cm™, the binder was dissolved in carbon
disulfide at a concentration of 5 wt% and applied to KBr plates for FTIR analysis.

Fluorescence microscopy (FM)

The morphology of asphalt binders was examined using an Axioskop2plusFL optical microscope. Small
quantities of heated samples were placed between microscope slides and observed at a magnification of 400x.
The research flowchart is shown in Fig. 4.

Results and discussion

High- and low-temperature rheological properties

Figures 5, 6 and 7 demonstrates the effect of weathering aging on the rheological characteristics of asphalt
binders at elevated and reduced temperatures during different aging phases.

Figure 5(a), 6(a) and 7(a) distinctly illustrates that the effects of aging and temperature on the complex
shear modulus (G*) vary across different asphalt binders. The G* of all the asphalt binders decreased by various
magnitudes with increasing test temperature, while the effect of aging on the complex shear modulus is quite
different. This variation is mainly due to the differences in temperature sensitivity and aging resistance between
base and modified asphalts, the effect of aging ratio on the complex shear modulus (G*) of base asphalt becomes
more pronounced as natural aging progress, especially during the early stages of aging. Natural aging also has a
considerable effect on the properties of modified asphalt. As the duration of natural aging progressed from 1 to 3,
the G* initially rose and then declined. This phenomenon is primarily attributed to early-stage aging, during which
natural light and oxidation reactions promote the crosslinking of asphalt molecular chains, thereby increasing
stiffness and consequently raising the G* value. However, as aging progresses, excessive oxidation induces the
scission and degradation of macromolecular chains, leading to the breakdown of the asphalt molecular structure
and a subsequent reduction in stiffness. Moreover, the effect of natural aging on SBR was more obvious than on
SBS. Compared with base asphalt and SBR, SBS showed higher aging resistance, resulting in slight performance
changes under the same aging conditions. Previous research has indicated that the aging resistance of SBR is
less favorable, leading to significant changes in G* following the first aging protocol. Furthermore, natural aging
results in oxidative stiffening and polymer degradation in asphalt binders, the G* of modified asphalt declines
with further aging cycles.

As illustrated in Fig. 5(b), 6(b) and 7(b), the effects of natural aging and temperature on the § is different with
G*. Specifically, the asphalt binder increases with rising temperatures, whereas it decreases with prolonged aging
times. Generally, the conclusions drawn regarding the changes in phase angle (8) with respect to aging time are
consistent with G*, with only quantitative differences observed. For instance, in the case of base asphalt, the
G* increased by approximately 0 to 40% as the degree of aging progressed from one to three times, while the §
changed by only about 3%. Additionally, by analyzing the variation of the G* value of asphalt at different testing
temperatures, it was found that, when the aging degree indicator is kept constant, the aging rate of G* increases
with rising temperature. Based on this phenomenon, G* can be considered as a significant evaluation parameter
when investigating the degree of aging in asphalt binders. Moreover, this parameter provides higher precision
and accuracy at elevated testing temperatures.

Scientific Reports |

(2025) 15:13625 | https://doi.org/10.1038/s41598-025-98396-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

P L
| Base asphalt AH-90 [ 1 Add SBS or SBR 160 °C Exf“.anblén tf)‘rljo
| r—— " Shear at 211;'2““"),’;5 1
onstant-temperature 5000rpm SBS-modified
heating in an oil bath Pr asphalt / SBR-
| . for 40min i
at 150 = 1°C modified asphalt
P g R e SN S S W

Natural Ageing
pm—————— ~
1Pour the asphalt intol . 202 October 2023 -
Aglng fac[or I the aluminum box Harbln JUHC 0 3 to _ lSt aged
A May 20
PERIODIC S —

AGING
- . SPECIMEN Exposure to i Wi i
eathering and

Ultraviolet radiation PREPARATION et e g

Thermal oxidation aging conditions Seaso?ﬁ;geeze- June 2024 3rd aged
Evaluation Method

REEEEN cmm—— m———— pm——— Rttt

J s SR vsck PSR sk | rrir (SN v (T
I 1 Evaluanon: ' ofhi lm Evaluate : : Evaluation | 1 Evaluation |I

I of ! ofhigh ) ¢ ehangos 1  valua
: . I[non-recoverable creep|' ; ow 114000 em™! - 400 | 10F changes 1l e of '
Aging Ratio,.,|' ic X P|, temperature; Stiftness cm . 5 1 | Observation of |1
I [A8m8 G |rh:§lz§li:l: compliance (Jr) | 4oformation!| modulus (S) |tem‘peralure' -~ Spectra and| c?emlchal 1| microstructure Imlcrostru_cm:
I [Aging Ratio : prop | average percent I o otance : Creep rate (m) :pertonnancel characteristic : properties : at magnification|,"® evolution )
1 re R 1

I R recovery ) |~ ; S , peaks S 7 of 400x L 'll
L)

— o o EE— EE EEE EEE SN EEE MmN N EEE M EEm MEm M MEm MEn SEn GEm MEE GEn SEm M SEm MEm S GEn MEm Smm Mmm e mmm e e s e s el

Fig. 4. Research flowchart.

The temperature corresponding to the limit phase angle exhibits high sensitivity, accuracy, and precision,
requiring only a small amount of material and enabling rapid testing. Furthermore, thermoreversible aging
processes are less of a confounding factor when binders are tested at higher temperatures, where equilibration
typically occurs more quickly than at lower temperatures. Therefore, the temperature at which the limit phase
angle reaches 30° is an ideal parameter for assessing the low-temperature performance of asphalt. The phase
angle () derived from rheological principles is commonly used to characterize the viscoelastic properties of
asphalt materials. Studies suggest that when §= 0°, the asphalt binder is in an elastic state, whereas when 6=
90°, the asphalt binder is in a viscous state. When the § is 45°, the asphalt binder is considered in a viscoelastic
equilibrium state*’. Consequently, calculating the temperatures where § reached a particular value can help to
study the viscoelastic properties of the asphalt binder further. Previous studies have demonstrated that T60,
T45, and T30 are reliable indicators for assessing asphalt performance under both high and low temperature
conditions®. Significantly, according to relevant studies, the temperature corresponding to the limit phase
angle of 30°, denoted as T30, shows a strong correlation with results obtained from critical crack tip opening
displacement tests, double edge notched tensile tests, and extended bending beam rheometer tests. Furthermore,
T30 demonstrates superior accuracy in evaluating the performance grade loss compared to T45 and BBR
tests*!42. The low-temperature cracking resistance of asphalt is directly related to its elastic recovery ability. When
the phase angle of asphalt is low, it indicates that the material maintains better elasticity at low temperatures,
allowing it to resist stress concentrations induced by temperature variations and reduce the occurrence of cracks.
Therefore, asphalt with a lower T30 phase angle exhibits stronger crack resistance and can effectively withstand
thermal stress at low temperatures.

The calculated values of T60, T45, and T30 for asphalt binders are presented in Fig. 5(c), 6(c) and 7(c). A
noticeable increase in T60, T45, and T30 values of asphalt binders is observed as aging progresses. Compared
to base asphalt, both modified asphalts exhibit relatively higher T45 and T60, along with lower T30 at the same
age®’degree. The findings indicate that altered**asphalt possesses a higher percentage of elastic materials at
identical temperatures, which in turn improves its resistance to deformation. Furthermore, compared to T45
and T60, the variation in T30 with aging is particularly obvious, demonstrating a strong positive correlation.
This suggests that with increasing aging, asphalt binders exhibit greater brittleness, particularly in terms of
their resistance to physical hardening®>*¢. Consequently, this may explain why asphalt binders exhibit good
performance occurring premature cracking after paving.

Multiple stress creep recovery test
Figures 8, 9 and 10 shows the anti-deformation ability of different kinds of asphalt materials at different
temperatures after real aging service of pavement in seasonal frozen areas.

Generally, the nonrecoverable creep compliance (Jnr) of asphalt binders increases with increasing
temperature, while the average percent recovery (R) gradually decreases. Additionally, both Jnr and R of asphalt
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Fig. 5. The effect of weather aging on the rheological properties of BA at different age state. (a) The effect of
weather aging on G* of BA; (b) The effect of weather aging on § of BA; (c) the effect of weather aging on the
rheological criteria of BA.

binders decreased with increasing load level. Notably, SBS exhibits a lower Jnr, and a higher R compared to SBR.
It indicates that both temperature and loading levels significantly influence the de-formation resistance and
recovery of asphalt binders. Additionally, incorporating SBS significantly improves the permanent deformation
resistance of base asphalt, whereas the effect of the SBR modifier is less pronounced.

With increasing aging, the Jnr and R values of different asphalt binders show significant variations. Specifically,
as the aging degree progresses from the 1 st to the 3 rd stage, the Jnr of BA at different temperatures decreases,
while the R value increases. The extent of property changes in BA also varies significantly across different ageing
periods. Notably, the performance changes observed between the 1 st and 3 rd aging stages are more obvious,
whereas the 2 nd aging stage has a relatively slight impact on BA performance. This indicates that the aging of
asphalt binder is more pronounced under elevated ambient temperatures and increased UV radiation in summer
(1 st aging), while the aging behavior is mitigated under conditions characterized by lower average ambient
temperatures and UV radiation (2 nd aging). During the freeze-thaw cycle (3 rd aging), moisture exposure
accelerates the aging process of asphalt binder.

With the progression of aging, the Jnr value of SBR decreases initially and then rises, while the R value follows
the opposite pattern. This is consistent with the mechanisms of asphalt aging described in the literature>*, this
behavior can be primarily attributed to the mild oxidation of the asphalt matrix and the volatilization of light
components during the early aging stage, which result in increased viscosity and a denser internal structure.
Additionally, the uniform dispersion of the SBR phase contributes to the enhancement of the polymer network
stability. However, with further aging, molecular chain scission and the degradation of SBR occur, leading to the
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Fig. 6. The effect of weather aging on the rheological properties of SBS at different age state. (a) The effect of
weather aging on G* of SBS; (b) The effect of weather aging on § of SBS; (c) the effect of weather aging on the
rheological criteria of SBS.

deterioration of the elastic network structure. Consequently, the asphalt becomes more brittle and susceptible
to cracking, the recovery capacity is significantly reduced, and the extent of non-recoverable creep deformation
increases. However, as aging progresses, natural aging results in oxidative stiffening and polymer degradation in
asphalt binders, which reduces its modifying effect. A comparable pattern is seen in SBS-modified asphalt, though
the effect of aging on SBS is less pronounced compared to SBR. Notably, SBS maintains a higher resistance to
permanent deformation even after two aging cycles. With increases in aging degree, the Jnr of SBS also presents
an increasing trend. This implies that SBS exhibits superior aging resistance compared to SBR, and under
comparable conditions, SBS undergoes less degradation and aging than SBR. The main reason for this difference
is that SBS, as a triblock copolymer, forms a stable three-dimensional network structure through crosslinking
with the asphalt molecules, whereas SBR is a diblock copolymer. During aging, the risk of molecular chain
scission is higher for SBR. Under prolonged thermal-oxidative coupling in natural environments, SBR exhibits
earlier hardening, and performance degradation compared to SBS. In the laboratory aging experiments®>>°, the
aging levels of SBS and SBR were similar in the short term, while SBS performed better than SBR after long-term
aging. Based on the observations in this study, it can be concluded that under natural aging conditions in cold
regions with large temperature fluctuations, the long-term aging resistance, component stability, and molecular
chain strength of SBS are all significantly superior to the base asphalt and SBR.

BBR test
The results of the BBR test for asphalt binders, conducted at various aging levels and temperatures, are presented
in Figs. 11 and 12.
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Fig. 7. The effect of weather aging on the rheological properties of SBR at different age state. (a) The effect of
weather aging on G* of SBR; (b) The effect of weather aging on § of SBR; (c) the effect of weather aging on the
rheological criteria of SBR.

As illustrated in Figs. 11 and 12, with the gradual decrease in testing temperature, the S value of the asphalt
binder continues to increase, while the m value decreases. This signifies that the deformation resistance and stress
relaxation characteristics of the asphalt binder decline because of low temperatures. Furthermore, in comparison
to the unaltered asphalt at the same temperatures, the modified asphalt binder demonstrates a reduced S value
and an elevated m value, indicating that the modification method substantially enhances the low-temperature
performance of the asphalt binder. Among them, SBR has the smallest S and the highest m-value before aging,
followed by SBS. It proves that the low temperature improvement of BA by SBR modifier is more significant
compared to SBS modifier.

After natural aging, the S of asphalt binder increases while m-value decreases, this indicates that the asphalt
binder exhibits increased brittleness and hardness at low temperatures, while both its toughness and strength
are reduced. Consistent with the results obtained from previous tests, the low-temperature performance of the
base asphalt showed a significant change after 1 st aging, and then gradually weakened. In addition, compared
with the BA, the aging effect on modified asphalt is relatively limited, as even after the third cycle of natural
aging, the low-temperature grading temperatures of both modified asphalts remained unchanged. At the —18
°C test, both the S and m values meet the regulatory requirements. However, as the test temperature decreases,
particularly at —24 °C, the effect of aging becomes significant. Following natural aging, the stiffness modulus of
BA, SBS, and SBR increased by 21%, 10%, and 39% respectively, while the m-values decreased by 17%, 6%, and
24% correspondingly.

In summary, under natural aging conditions, asphalt shows significantly different aging behaviors before and
after modification. In the seasonal frozen region, the aging of asphalt binders is more obvious during higher
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Fig. 8. MSCR test results of BA at different age state. (a) nonrecoverable creep compliance at 0.1 kPa; (b)
nonrecoverable creep compliance at 3.2 kPa; (c) average percent recovery at 0.1 kPa; (d) average percent
recovery at 3.2 kPa.

average ambition temperatures and UV radiation, as well as during the freeze-thaw periods. The incorporation
of modifiers can enhance both high and low-temperature performance, as well as the aging resistance of asphalt
binder; however, the effectiveness of the modification is influenced by the type of modifier used. Following
aging, the asphalt binder exhibits an increase in its elastic component, which results in a higher modulus and
improved resistance to deformation. However, because of the degradation of the modifier, the performance
of modified asphalt can undergo considerable changes following specific natural aging periods. Although the
low-temperature grading temperature of the asphalt remains unchanged after one year of natural aging, The
increase in the T30 value shows a strong positive correlation with the extent of natural aging. This indicates that
relying solely on performance grading methods to assess the impact of aging on asphalt properties may neglect
important changes occurring throughout the aging process. It may result in the early fracturing of asphalt
pavements, T30 can be considered a dependable measure for evaluating the effects of natural aging on asphalt
performance.

FTIR analysis

FTIR spectral analysis was performed on asphalt binders at different stages of aging to clarify the changes in
functional groups throughout the natural aging process. The test findings are illustrated in Figs. 13, 14 and 15,
while the principal bond assignments of the asphalt in the FTIR spectrum are detailed in Table 4*7.
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The aging of asphalt binder is widely recognized to involve intricate oxidative reactions, which include the
evaporation of lighter components and the transformation of resins into asphaltenes, along with changes in the
colloidal structure'?. Consequently, changes in the carbonyl (C = O, spectral bands at 1700 cm™!) and sulfoxide
(S =0, spectral bands at 1030 cm™) are frequently employed to assess the degree of aging in asphalt binders*.

Figures 13, 14 and 15 demonstrate that the FTIR spectra of the asphalt binders undergo noticeable alterations
throughout the natural aging process. Generally, with increasing aging, the characteristic peaks of the asphalt
binders remain relatively consistent; instead, there are only variations in the intensity and broadening of certain
characteristic peaks. It is noteworthy that prior to aging, both SBR- and SBS-modified asphalts show higher
absorption at 1030 cm™! compared to base asphalt, probably resulting from the bending vibration of the sulfoxide
group. It may be due to the higher preparation temperature and extended shearing time during the modification
process, which a certain degree of oxidation reaction of asphalt binder can be induced.

As aging progresses, the absorption peak areas at 1030 cm™'for all three asphalt binders increase, indicating
that an oxidation reaction occurs during aging, and the sulfur turned into sulfoxide. This phenomenon is also
documented in prior research’#>*%. Additionally, under identical aging conditions, both modified asphalt
binders demonstrate reduced absorbance at 1030 cm™'. The results suggest that modified asphalt binders might
act as antioxidants to sulfoxide formation. However, it is noteworthy that the absorption peak at 1700 cm™! does
not exhibit significant changes during the aging process, suggesting that sulfur oxidation is more likely to occur
in the early stages of natural aging and produce sulfoxide in asphalt compared to carbon-oxygen reactions.
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Nonetheless, the extent of aging and the limited sample numbers necessitate further investigation and discussion.
Previous studies have also indicated that the variation of the carbonyl group at 1700 cm™ is not particularly
noticeable for SBS and SBR modified asphalt binders during aging. This suggests that a possible degradation
mechanism for the polymer is the oxidation of the unsaturated polybutadiene segment through chain scission.

In comparison to the BA, SBR and SBS exhibit distinct absorption peaks at 966 cm™! and 748 cm™,
respectively, this due to the bending vibrations of both styrene and butadiene. These peaks represent the primary
characteristic features of SBR and SBS modified asphalt. As the natural aging state progresses from the 1 st to the
3rd stage, the intensity of the peaks at 966 cm™! and 748 cm™! for SBR and SBS modified asphalt binders gradually
decreases. It is noteworthy that the absorption peak area of SBR-modified asphalt at 966 cm™ diminished after
the first aging stage, whereas the intensity of the absorbance peak at 748 cm™ for SBS remained largely stable
until the second aging stage. It means that SBS has better natural aging resistance with lower rates of polymer
degradation and oxidation than SBR.

Morphology
The microstructure of asphalt treated by different modification processes in seasonal frozen areas is analyzed.
The process of structural evolution with natural weathering is shown on Figs. 16 and 17.

Both Figs. 16 and 17 demonstrate that both modifiers display favorable compatibility with the base asphalt
binder, leading to a homogeneous dispersion system. In the aging evolution of the seasonal frozen area, the
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average size of SBS in the asphalt system is larger than that of SBR, and the average size of the two is gradually
decreasing with the intensification of weathering. Besides, certain modifiers display a larger particle size in
SBR and SBS. As aging progresses, the dispersion size of both modifiers in asphalt binder decreases, indicating
that the polymer undergoes degradation during this process. The microstructural changes are more obvious
in SBR, where smaller particles are nearly completely degraded following the initial phase of natural aging. In
contrast, SBS retains a considerable number of particles, with some of the larger particles degrading into smaller
ones. As aging progresses, the particles in SBS exhibit a more uniform size distribution, along with a further
size reduction. However, even after 3 rd of natural aging, a greater quantity of particles remains. Conversely,
the microstructure of SBR exhibits more significant alterations with increased aging, which causes a notable
decrease in the quantity of particles, with only a few remaining in the final stage of aging. This phenomenon
further demonstrates that SBS exhibits superior resistance to natural aging compared to SBR, as it maintains
the stability of its phase structure throughout the aging process, which contributes to the stabilization of the
properties of SBS.

Conclusions

This study examines the alterations in asphalt performance due to the climatic conditions typical of seasonally
frozen regions. Three types of asphalt binders were exposed to the natural environment, allowing them to
undergo aging for one year. Subsequently, the rheological properties and crack resistance of asphalt samples
were evaluated and analyzed, as well as microstructural analyses, at various aging states, and draw the following
conclusions:
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(1) The incorporation of polymers will alter the evolution patterns of complex shear modules (G*) and phase
angle (8) in asphalt during natural aging. Specifically, the BA demonstrates a continuous increase in G* with
prolonged aging time, accompanied by a corresponding decrease in 8. In contrast, polymer-modified asphalts
(SBS/SBR) exhibit biphasic behavior: both G* and § initially increase before subsequent reduction during aging
progression, with the primary distinction manifesting in their respective transition points.

(2) After natural aging, the stiffness modulus of BA, SBS-modified, and SBR-modified asphalt increased
by 21%, 10%, and 39% respectively, while the m-values decreased by 17%, 6%, and 24% correspondingly. The
findings demonstrate that SBS-modified asphalt exhibits superior natural aging resistance compared to base
asphalt (BA), whereas SBR-modified asphalt shows greater susceptibility to aging degradation. This necessitates
that modifier selection in seasonal frozen regions should not only account for conventional performance metrics
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Wavenumber (cm ')

Assignations

2925

C-H stretching vibration

1700

C =0 stretching vibration

1603

C =C in aromatic stretching vibration

1510

C-C stretching vibration

1030

S =O stretching vibration

966

Trans-C-H wagging vibration (butadiene block)

748

C-H bending vibration of aromatic monosubstituted (styrene block)

Table 4. The main bonds in the FTIR spectrum.

Fig. 16. The microstructure evolution of SBS-modified asphalt binder.
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Fig. 17. The microstructure evolution of SBR-modified asphalt binder.

(e.g., PG grading, ductility) but also carefully evaluate the binder’s durability against synergistic environmental
aging factors, particularly ultraviolet radiation and thermo-oxidative degradation mechanisms.

(3) Additionally, T30 demonstrates a positive correlation with aging in seasonal frozen area characteristics
of asphalt binders. In addition, asphalt binders may be more susceptible to physical hardening behavior after
undergoing natural aging, which may shed light on the susceptibility of some asphalt pavements to early
cracking. Consequently, binder selection protocols in seasonal frozen regions should comprehensive assessment
on physical hardening effects of asphalt binder’s low temperature performance and T30 is a favorable critical for
binder selection.

(4) In seasonal frozen regions, asphalt degradation mechanisms extend beyond conventional thermo-
oxidative aging to include substantial ultraviolet radiation-induced deterioration, necessitating comprehensive
consideration of these synergistic environmental stressors in material durability assessments. During
natural aging, modified asphalt experiences degradation of the polymer due to oxidation of the unsaturated
polybutadiene component through chain scission. Compared to SBR-modified asphalt, SBS-modified asphalt
retains a more consistent phase structure during the entire aging process.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request.
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