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Traditional modified asphalt has limitations in anti-aging, fatigue resistance, and environmental protection performance.
In this study, a new type of graphene/rubber powder composite modified asphalt (CMA) is prepared to synergistically
enhance the anti-aging and anti-fatigue properties. CMA is prepared by melting and co-mixing at 180 °C and high-speed
shearing at 5000 rpm. The performance is evaluated using scanning electron microscopy (SEM), dynamic shear rheometer
(DSR), and Fourier transform infrared spectroscopy (FTIR) in the experiment. The results showed that the modified asphalt
showed excellent anti-aging performance. After 60 hours of aging, the phase angle only decreased from 60.1° to 56.4°,
while the phase angle of the unmodified matrix asphalt group decreased from 50.1° to 40.3°. The smaller the decrease of
phase angle, the better the aging resistance of asphalt. The anti-aging performance of the modified asphalt was about 62.2%
higher than that of the base asphalt. The aging index of carbonyl and sulfoxide groups significantly decreased (0.035 and
0.037, respectively). The anti-fatigue performance has also been significantly improved, with the CMA reaching 113,652
cycles at 2.5 % strain, an increase of 73.98 % compared to the matrix asphalt group. This mechanism was attributed to the
layered barrier structure of graphene (delaying oxidation) and the sulfur crosslinked network of rubber powder (absorbing
thermal stress). At the same time, the rigid structure of graphene combined with the flexibility of rubber formed an
interlocking network that resisted crack propagation and could suppress the propagation of asphalt microcracks. Such a
structure can effectively improve the anti-aging and anti-fatigue performance of modified asphalt, providing a promising

solution for the design of long-life pavement, especially in heavy traffic and extreme climate environment.
Keywords: graphene, rubber powder, asphalt, anti-aging performance, fatigue resistance performance.

1. INTRODUCTION

With the continuous development of transportation
infrastructure  construction, the demand for high-
performance asphalt materials is increasing day by day. The
limitations of traditional modified asphalt in anti-aging,
fatigue resistance, environmental protection, and other
aspects are gradually highlighted, and it is difficult to meet
the high-performance requirements of modern traffic for
pavement materials [1]. Modern transportation presents the
characteristics of high density, large tonnage, and speed.
The frequent passage of heavy vehicles imposes enormous
loads on the road surface, leading to accelerated fatigue
damage. In addition, the increase in traffic flow also puts
the service life of the road surface to a severe test [2].
According to statistics, for every doubling of traffic volume,
the service life of the road surface will be shortened by half.
In addition to the impact of traffic loads, environmental
factors have also caused serious damage to asphalt
pavements. Natural factors such as ultraviolet radiation,
temperature changes, and rainwater erosion accelerate the
aging process of asphalt [3]. The performance of aged
asphalt significantly decreases, manifested as increased
viscosity, decreased toughness, and increased brittleness,
ultimately leading to pavement cracking, peeling, and
potholes. Therefore, it is of great practical significance to
develop new modified asphalt materials with excellent anti-
aging and anti-fatigue properties [4]. At present, many
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scholars have also achieved certain research results in
graphene and rubber powder modified asphalt.

Yang et al. addressed the shortcomings of traditional
asphalt in terms of high-temperature stability, resistance to
permanent deformation, and dispersibility of polymer
modifiers. They used a titanate coupling agent to wet
modify heavy calcium carbonate. This method prepared
calcium carbonate coupled with titanate, and then blended
with styrene butadiene styrene to modify asphalt, resulting
in composite modified asphalt (CMA). The CMA prepared
by this method exhibited better high-temperature stability,
resistance to permanent deformation, and compatibility
with polymer modifiers [5]. Yan et al. added nano titanium
dioxide and graphene to asphalt, and improved the
performance of asphalt through mutual synergy [6]. Li etal.
addressed the issue of road surface aging under
environmental factors such as temperature and light, and
prepared CMA of nano CaCOs/nano ZnO/styrene
butadiene rubber (SBR) using 6 % KH-550 activated nano
CaCOs; surface and 6% aluminate activated nano ZnO
surface. The optimal ratio of CMA was 4 % nano
CaCOs + 5 % nano ZnO + 4 % SBR. Under this ratio, the
aging performance of CMA decreased by 6.9%, and the
viscosity increased by 14.6 %—23.1 % [7]. Wen et al.
proposed a composite modification of petroleum asphalt
using rock asphalt, other modifiers, and crushed rubber (CR)
to address the shortcomings of traditional petroleum asphalt
in terms of fatigue life and performance degradation after
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aging. Reducing the content of rock asphalt and increasing
the content of rubber powder could significantly improve
the fatigue resistance of styrene butadiene styrene
(SBS)/CR CMA, extending its fatigue life by more than
5 times [8]. In a word, although the schemes of Yang S.,
Yan K. and Li Z. have improved the high-temperature
stability or aging resistance of asphalt to varying degrees,
they have failed to effectively solve the problem of fatigue
resistance, leading to hidden dangers in the durability of
modified asphalt under long-term cyclic load. Although
Wen Y's scheme significantly extends fatigue life, itignores
the synchronous optimization of anti-aging performance,
which is difficult to resist the potential weakening of
environmental aging on fatigue performance. And these
studies have not explored the synergistic enhancement
mechanism between fatigue resistance and anti-aging (anti-
oxidation) performance.

The above research results are far from sufficient to
improve the performance of asphalt and meet the needs of
existing  transportation infrastructure  construction.
Therefore, experts and scholars have focused on the anti-
aging and fatigue properties of asphalt. Wang et al. found
that graphene oxide can significantly improve the high
temperature stability and aging resistance of asphalt. The
layered structure of graphene oxide could form a physical
shielding layer in asphalt, effectively blocking the invasion
of oxygen and ultraviolet rays, thereby delaying the aging
process of asphalt [9]. This study proved the benefits of
graphene oxide in anti-aging, but did not further explore the
synergistic effect of combining graphene oxide with rubber
powder. Yin et al. found that rubber powder could improve
the elasticity and toughness of asphalt, and enhance its
fatigue resistance. The sulfur crosslinked network in rubber
powder could absorb thermal stress fluctuations, disperse
stress concentration, and suppress the propagation of
microcracks [10]. This study demonstrated the role of
rubber powder in improving fatigue resistance, but did not
address the performance issue of long-term aging. Si et al.
found that graphene nanoflakes can enhance the mechanical
properties and anti-aging properties of asphalt. The high
specific surface area and good dispersibility of graphene
nanosheets could form strong interfacial bonding with the
asphalt matrix, improving the overall performance of
asphalt [11]. Although this study found that graphene
nanoflakes can enhance the mechanical properties and anti-
aging properties of asphalt, it did not further explore how
to improve the fatigue resistance of asphalt. Hoang et al.
proposed using a combination of graphene oxide and
styrene butadiene styrene block copolymer CMA to prepare
graphene oxide/SBR CMA with different dosages.
Graphene oxide/SBR CMA had stronger high-temperature
deformation resistance compared to SBR modified asphalt
alone. When the content of graphene oxide was 0.4%, the
rutting factor and shear modulus reached their maximum
values, and the effect was most significant [12]. However,
the research mainly focused on the high temperature
deformation resistance, and there was little research on how
to improve the aging resistance and fatigue resistance of
asphalt at the same time.

In summary, graphene has a unique 2D nanosheet
structure and excellent physical and chemical properties,
while rubber powder has good elastic buffering properties.

The composite of graphene and rubber powder is used to
modify asphalt, combining the nano reinforcement effect of
graphene and the elastic buffer advantage of rubber powder,
which is expected to significantly improve the aging and
fatigue resistance of asphalt. However, existing research
has focused on the impact of a single material on asphalt
performance, and the study of the synergistic mechanism of
Graphene/Rubber Powder Composite Modified Asphalt
(hereinafter referred to as G/RPCMA) is not yet in-depth
[13]. In terms of the preparation process, existing methods
have problems such as uneven dispersion of graphene,
weak bonding with rubber powder and asphalt matrix,
which make it difficult to achieve the optimal performance
of CMA [14]. Given this, this study proposes a G/RPCMA
preparation scheme, which aims to significantly improve
the aging and fatigue resistance of existing asphalt.

The innovation of the research first lies in the proposed
dual effect synergistic anti-aging mechanism of “external
shielding+internal  buffering”. The two-dimensional
lamellar structure of graphene by Hummer’s method is used
to form a parallel physical barrier in asphalt, which
effectively blocks the penetration of external aging factors.
At the same time, the sulfur cross-linked network of rubber
powder absorbs thermal stress fluctuations, and delays the
oxidative embrittlement of asphalt. The synergistic effect of
the two significantly improves the anti-aging performance.
Secondly, a "rigid flexible interlocking" anti-fatigue
structure was constructed, in which graphene enhances the
elastic recovery ability of the asphalt matrix, rubber powder
particles act as flexible stress absorption points to suppress
microcrack propagation, and sulfur bonds at the interface
work synergistically with van der Waals forces to
significantly improve fatigue life. In the preparation
process of graphene, the characteristics of graphene were
optimized through low-temperature pre oxidation and step
heating oxidation processes, resulting in high graphitization
degree and abundant surface defects. At the same time, the
compatibility with asphalt was improved, achieving
uniform dispersion and suppressing the diffusion of aging
components. In terms of composite modification process
and formulation, a step-by-step feeding and shearing
process is adopted to achieve micrometer level dispersion
of components, promote interfacial interactions, and
balance the "shielding buffering toughening” function
through collaborative design.

2. EXPERIMENTAL MATERIALS AND
METHODS

Table 1 provides details of the equipment and materials
required for preparing G/RPCMA. Research has shown that
graphene can form parallel physical shielding layers in
asphalt through its 2D nanosheet structure, effectively
blocking the penetration of oxygen, moisture, and
ultraviolet radiation, and inhibiting free radical chain
reactions [15]. Similarly, the sulfur cross-linked network in
rubber powder is known to absorb thermal stress
fluctuations through elastic deformation, which can delay
the oxidation embrittlement of asphalt [10]. The dual anti-
aging system of "external shielding + internal buffering"
constructed by combining the two can synergistically
improve the anti-aging performance of CMA.



Table 1. Required materials and equipment

Sodium nitrate
Potassium permanganate
Deionized water

Raw material

Name Parameter Manufacturer
Asphalt Penetration 60—80 (0.1 mm) | China Petroleum & Chemical
Waste rubber 80 mesh tire rubber powder | Green Source Rubber Recycling Co., Ltd
SBS modifier YH-791 .
Epoxy stabilizer Purity 99.5 % Yueyang Petrochemical Co., Ltd
Graphite Fixed carbon > 99 % Qingdao Heilong Graphite Co., Ltd
98 % concentrated sulfuric acid
85 % phosphoric acid

Analytical pure (AR)

Guoyao Chemical Reagent Co., Ltd

Equipment

Name Type Manufacturer
Electronic balance BSA224S-CW Sartorius
High speed shear disperser GMSD2000/4 Shanghai Sijun Machinery Equipment Co., Ltd
High temperature vacuum drying oven DZF-6050 Shanghai Yiheng Scientific Instrument Co., Ltd
Ice bath distiller JZ-2000 Shanghai Yiheng Scientific Instrument Co., Ltd
Fourier transform infrared spectroscopy (FTIR) Nicolet iS50 Thermo Fisher Scientific
X-ray diffractometer (XRD) TD-5000 Dandong Tongda Technology Co., Ltd
Raman spectrometer DXR™3xi Thermo Fisher Scientific
Dynamic shear rheometer (DSR) RT-DSR150 Shanghai Jinshan Souai Procurement Platform Supplier

In the anti-fatigue mechanism, the nano reinforcement
effect of graphene can significantly enhance the elastic
recovery ability of asphalt matrix and reduce viscous
deformation.

Rubber powder disperses stress concentration through
flexible particles, suppressing the propagation of
microcracks. The interface between the two forms a "rigid
flexible interlocking" structure through the combination of
sulfur bonds and van der Waals forces, which can
synergistically reduce fatigue factors. Therefore, based on
the existing technology, this research uses the materials and
equipment provided above to prepare CMA with excellent
aging resistance and fatigue performance. The preparation
process is shown in Fig. 1.
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Fig. 1. Preparation process of G/RPCMA

In Fig. 1, firstly, the matrix asphalt is melted at high
temperature. The matrix asphalt sample is heated to 180 °C
in a DZF-6050 high-temperature vacuum drying oven and
maintained for 2 hours to completely transform into a
flowing liquid state. Subsequently, the graphene dispersion
is added to the liquid matrix asphalt at a mass ratio of 1 wt.%
of the matrix asphalt (Graphene, as a nanofiller, can achieve
a layer barrier effect with a 1 % addition in amount, while
excessive addition can lead to agglomeration and reduce
performance). While rubber powder at a mass ratio of

0.1 wt.% of the matrix asphalt is added (Rubber powder, due
to its high volume expansion characteristics, can be added
in an amount of 1% to meet the demand). The
GMSD2000/4 high-speed shear disperser is used to shear at
a speed of 5000 rpm for 15 minutes to achieve uniform
dispersion. Next, SBS modifier with a mass of 5 % of the
base asphalt is added and sheared at 5000 rpm for 1.5 hours
to further refine the SBS modifier and rubber powder to the
micrometer level (SBS, as a polymer modifier, has an
industry recognized effective modification threshold of 5 %.
Below this concentration, it cannot form a "sea island
structure™ that runs through the network), promoting their
development and swelling in the asphalt matrix. Afterwards,
1 g of epoxy stabilizer is added and the rotation speed is
adjusted to 400 rpm. Shear is continued for 2 hours to
enhance the stability of the system. After completing the
above mixing and shearing processes, the mixed product is
placed again in the DZF-6050 high-temperature vacuum
drying oven. Under the condition of 180 °C, it is maintained
for 3 hours to further promote the interaction between the
modifier and the asphalt matrix, optimize the performance
of the modified asphalt, and obtain G/RPCMA. The
graphene in the above steps is prepared using the Hummers
method, as shown in Fig.2. In Fig.2, first, 98 %
concentrated sulfuric acid and 85 % phosphoric acid are
mixed in a volume ratio of 9:1 and placed in a JZ-2000 ice
bath distiller for pre-cooling to below 4 °C to reduce the
occurrence of side reactions. Under stirring conditions, 2 g
of graphite powder, 1 g of sodium nitrate, and 6 g of
potassium permanganate are sequentially added to the

mixed acid, while maintaining the ice bath temperature at 4 °C

to avoid uncontrolled reaction caused by intense heat release.
The mixture was continuously stirred in an ice bath distiller
for 2 hours to allow the sulfuric acid molecules to fully
intercalate into the graphite, forming a pre-oxidized
intermediate. Subsequently, the temperature is slowly raised
to 35°C—38 °C, and stirring is continued for 6 hours to
extend the oxidation time and enhance the deep oxidation of
graphite.
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Afterwards, deionized water is slowly added, and the
temperature is raised to 90—95 °C. The reaction is carried
out at this temperature for 30 minutes, promoting the
hydrolysis of interlayer compounds and forming oxidized
graphite. Then, 30 % hydrogen peroxide is added to reduce
the residual MnO, to Mn?*. Subsequently, 5% dilute
hydrochloric acid and deionized water are centrifuged
multiple times (at a speed of 10,000 rpm) until the filtrate is
free of SO,%. Finally, the product is loaded into a dialysis
bag with a cut-off molecular weight of 8—14 kDa and
dialyzed continuously for 3 weeks to completely remove
metal ions and residual acids, thereby obtaining high-purity
oxidized graphite.

In order to verify whether the G/RPCMA obtained by
the above preparation process has successfully achieved the
expected anti-aging synergistic effect and anti-fatigue
structure, and to quantitatively evaluate the advantages of its
aging resistance and fatigue performance, it is necessary to
characterize and test the material. The specific G/RPCMA
detection method for research preparation is shown in Fig. 3.

Firstly, in detection by scanning electron microscope,
the dried G/RPCMA is uniformly dispersed in solvents such
as ethanol and coated with a platinum conductive film to
improve conductivity and then installed on the scanning
electron microscope sample stage. The acceleration voltage
of the instrument is 4 KV, the working distance is 1 mm,
and the electron beam current is 100 pA. The sample surface
is scanned point by point by a secondary electron detector
and the signal is recorded to form an image. Finally, image
analysis software is utilized to analyze the characteristics of
powder particles such as size, shape, distribution, and
surface morphology, while recording data and generating
reports.

In detection by XRD, the G/RPCMA sample is ground
into a fine powder to ensure the clarity and accuracy of
diffraction peaks. Then, a sample clamp is used to fix the
G/RPCMA powder sample onto the sample holder, ensuring
that the sample was centered and parallel to the holder. Next,
a Cu target is selected as the radiation source with a
wavelength of 1.5406 A. The range of XRD diffraction
angle 26 is 10 ~ 80°, the step size is adjusted to 0.01°, the

Mixer

scanning speed is 5 °/min, and the voltage and current of the
X-ray tube are 110 kV and 50 mA.
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Fig. 3. GRPCMA detection chart

After setting the above measurement conditions on the
software interface, click start. The instrument can start
sending X-rays and recording diffraction signals [16 —18].

The anti-aging test is divided into short-term aging test
and long-term test. The G/RPCMA sample is placed in a
glass bottle with a volume of 225 cm?, and subjected to
short-term aging simulation for 1 hour and pressure aging
containers for different times (0, 15, 30, 45, 60 hours) under
the conditions of 163 °C, air flow, and rotation. Afterwards,
a DSR is used for DSR frequency scanning test to determine
the G — R constant of asphalt, as shown in Eq. 1.

_ G*xcos?s
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where G* is the complex shear modulus of asphalt; & is the
phase angle. The larger the H — F value, the more brittle and
prone to cracking the asphalt. Subsequently, Nicolet iS50
FTIR Spectrometer is used to analyze the polarity changes
of carbonyl (IC=0) and sulfoxide (1S=O) groups in
modified asphalt samples before and after the rotating thin
film oven test (RTFOT). After short-term aging, the samples
are placed in a pressurized aging vessel (PAV) and
subjected to conditions of 100 °C, 2.1 MPa air pressure, and
a duration of 20 hours to simulate the long-term thermal
oxidative aging process in a natural environment for
5-10 years. After aging, the aged asphalt sample is taken
out from the PAV and allowed to cool to room temperature
for penetration and softening point testing.

3. RESULT ANALYSIS

3.1. Microstructure analysis of graphene

Fig. 4 shows the results of observing the physical
microstructure and structural details of commonly used
graphene and graphene prepared by the Hummer’s method
using a scanning electron microscope (SEM). Fig. 4 a shows



the SEM image of graphene prepared by Hummer’s method,
which exhibits a typical layered structure with abundant
wrinkles and defects on the surface of the layers.

Fig. 4. SEM images of two types of graphene: a-—graphene
prepared by the Hummer’s method; b—common graphene

This structure can enhance the interfacial bonding
strength with the asphalt matrix. In addition, the graphene
has a relatively thin layer thickness (usually 1-3 layers) and
a large specific surface area. It can form a uniform
intercalation structure in asphalt, effectively adsorb light
components in asphalt and restrict their flow, thereby
suppressing molecular chain breakage and oxidation
reaction diffusion during the aging process. Fig. 4 b shows
the SEM image of common graphene. The structure is
smoother and denser, with obvious layer stacking and fewer
surface functional groups. Although this structure has
excellent electrical conductivity and mechanical properties,
it has poor compatibility with asphalt and is prone to
agglomeration, resulting in limited dispersion and anti-
aging properties of modified asphalt.

Fig. 5 uses TD-5000 XRD and DXR™3xi Raman
spectrometer to detect commonly used graphene, as well as
using the Hummers method to detect the prepared graphene.
Fig. 5 a shows the XRD spectra of two types of graphene.
These two types of graphene have a high peak at 29.5°,
indicating that both types of graphene have a graphitized
structure. The graphene prepared by the study also shows
higher peaks at 53.4° and 64.1°, indicating a higher degree
of graphitization. Fig. 5 b shows the Raman spectra of two
types of graphene. Commonly used graphene and prepared
graphene exhibit high 2D harmonic peaks at 10.5x10% cm™?
and 10.5x10% cm?, indicating that both types of graphene
have highly graphitized structures. Graphene prepared by
the Hummer’s method exhibits a more regular arrangement
of carbon atoms due to its higher degree of graphitization.
In asphalt, it can form an effective reinforcement network,
disperse stress, reduce stress concentration, and improve the
fatigue performance of asphalt.

3.2. Evaluation of aging resistance of asphalt

Base asphalt is defined as sample 1; The commonly
used modified asphalt prepared from graphene is sample 2;
The modified asphalt prepared using graphene and rubber
powder is sample 3. The evaluation scheme of asphalt aging
resistance is mainly realized through the frequency scanning
test of DSR and FTIR test.
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Fig. 5. XRD and Raman spectra of two types of graphene: a— XRD
spectra; b—Raman spectra

In the frequency scanning test of the DSR, the G-R
constant of three asphalt samples at different aging times is
calculated and a black space diagram is drawn to evaluate
the aging resistance of asphalt, as shown in Fig. 6. In
Fig. 6 a, after 60 hours of aging, the phase angle of sample 1
decreases from 50.1° to 40.3°, which indicates that its
elasticity decreases significantly, its viscosity increases, and
its anti-aging performance is poor. In Fig. 6 b, sample 2
shows a decrease in phase angle from 55.2° to 43.8° under
the same aging time. Although the decrease in phase angle
is smaller than that of sample 1, it still exhibits a certain
aging trend. In Fig. 6 c, after aging for 60 hours, the phase
angle of asphalt sample 3 only decreases from 60.1° to 56.4°,
with a significantly smaller decrease compared to the first
two types of asphalt. This shows that the prepared
G/RPCMA has good anti-aging ability. The reason is that
studying the preparation of graphene can better prolong the
permeation path of oxygen and slow down the oxidation
reaction of asphalt. The addition of rubber powder improves
the elasticity and toughness of asphalt, enabling it to better
maintain its performance during aging. The results of
penetration and softening point tests are shown in Fig. 7.
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Fig. 6. Black spatial images of three types of asphalt samples:
a—asphalt sample 1; b-asphalt sample 2; c-asphalt
sample 3

InFig. 7 a, sample 3 has a needle penetration of 7.2 mm
before PAV aging, which decreased to 55 mm after long-
term thermal oxidative aging, with a needle penetration
retention rate of 76.4 %. This value is significantly higher
than the other two groups, indicating that graphene and
rubber powder effectively inhibit the thermal oxidation
fracture of asphalt molecular chains through interfacial
cross-linking, thereby delaying the hardening process. In
Fig. 7 b, sample 3 has an initial softening point of 58.2 °C,
which only increased to 63.5 °C after PAV aging, with a
temperature rise of 5.3 °C, a decrease of 31.2 % and 15.9 %
compared to unmodified asphalt (AT = + 7.7 °C) and single
graphene modified asphalt (AT =+ 6.3 °C). This minimal
temperature variation confirms that the composite modified
system can stabilize the asphalt colloid structure. Its 3D
network synergistically enhances the durability of the
material's resistance to high-temperature deformation
through the elastic buffering of rubber powder and the
barrier effect of graphene. The FTIR and aging indices of
carbonyl and sulfoxide groups for three types of asphalt
samples are shown in Fig. 8.

In Fig. 8 a, the FTIR of asphalt sample 1—sample 3
shows significant enhancement in the characteristic peak
intensities at 1700 cm™ and 1030 cm™*. This indicates that
during the aging process, these asphalt samples undergo
oxidation reactions, generating compounds containing
carbonyl and sulfoxide groups.
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In Fig. 8 b, the aging indices of carbonyl and sulfoxide
groups in sample 1 are approximately 0.051 and 0.062. The
aging indices of carbonyl and sulfoxide groups in sample 2
are approximately 0.049 and 0.043. The aging indices of
carbonyl and sulfoxide groups in sample3 are
approximately 0.035 and 0.037. This shows that the
prepared modified asphalt sample can improve the aging
resistance very well. Table 2 shows the viscosity of different
asphalts before and after thermal oxidative aging.

Table 2. Viscosity values of different asphalt before and after
thermal oxidative aging

el Vo T Vet o] Vo
Pa-s Pa-s Pa's
sample 1 0 3.14 ;(5) 332 2(5) ggi
sample 2] 0 2.14 ;(5) ig(z) 2(5) i?é
sample 3] 0 163 ég 122 gg ig?

In Table 2, with the increase of thermal oxidative aging
time, the viscosity values of the three asphalt samples show
a decreasing trend. The viscosity of sample 1 decreases
from the initial 3.14 x 10° Pa's to 2.21 x 10° Pa's after
60 hours. The viscosity of sample 2 decreases from
2.14 x 10% Pa-s to 1.76 x 10° Pa-s. The viscosity of sample
3 decreases from 1.63 x 10° Pa's to 1.31 x 10% Pa-s. This
indicates that during the thermal oxidative aging process,
the viscosity of asphalt gradually decreases, which may be
due to the molecular structure changes caused by the
volatilization or oxidation reactions of light components in
asphalt. In contrast, the viscosity of sample 3 has the
smallest decline, indicating that it has better stability and the
best anti-aging performance during thermal oxygen aging.

3.3. Evaluation of fatigue resistance of asphalt

Three samples are subjected to frequency scanning tests
at strain levels of 2.5 %, 5.0 %, 7.5 %, and 10 %. At each
strain level, the sample is scanned at a frequency of 50 Hz,
and the complex modulus and phase angle are recorded at
different frequencies, as shown in Table 3.

Table 3. Complex modulus and phase angle of samples at different

strain levels
Strain level, Complex Phase angle,
Asphalt type % modulus, kPa °
2.5 32 50.1
sample 1 5.0 45 46.2
7.5 63 43.8
10 79 41.3
2.5 12 55.2
sample 2 5.0 19 53.2
7.5 21 51.3
10 29 50.8
2.5 0.9 60.1
sample 3 5.0 10 58.9
7.5 16 57.6
10 29 55.2

In Table 3, there are significant differences in the
complex modulus and phase angle of the three asphalt
samples at different strain levels. The complex modulus of

Sample 1 significantly increases with increasing strain level,
from 32 kPa at 2.5 % strain to 79 kPa at 10 % strain. This
indicates that its deformation resistance is enhanced under
high strain, but the phase angle gradually decreases from
50.1° to 41.3°, indicating a relative increase in viscosity.
The complex modulus of sample 2 changes relatively
smoothly, increasing from 12 kPa to 29 kPa, and the phase
angle decreases from 55.2° to 50.8°, demonstrating good
viscoelastic equilibrium. The complex modulus of sample 3
is the lowest, increasing from 0.9 kPa to 29 kPa, and the
phase angle decreases from 60.1° to 55.2°, indicating that it
is softer and more elastic in its initial state. This indicates
that sample 3 has better adaptability and elasticity under low
strain, and can more effectively absorb and disperse stress,
thereby reducing the accumulation of fatigue damage. In
practical applications, this characteristic helps to improve
the fatigue resistance of road surfaces and extend their
service life. The number of cycles of fatigue failure at
different strain levels for the three samples is shown in
Fig. 9. In Fig. 9, as the strain level increases, the number of
fatigue failure cycles for all three asphalt samples shows a
decreasing trend. The specific analysis is as follows: Sample
1 has 65,323 cycles at a strain level of 2.5 %, and as the
strain level increases to 10%, the number of cycles
decreases to 5,632. Under the same conditions, the number
of cycles for sample 2 decreases from 89,652 to 7,652.
Sample 3 decreases from 113,652 to 8,652. The fatigue life
attenuation rates of the three groups of samples are similar
(91.4 %—92.4 %). Overall, sample 3 exhibits the highest
number of cycles at all strain levels. This indicates that it
has stronger anti-fatigue performance and can maintain
more lasting stability under high strain and frequent load,
making it a better choice for anti-fatigue materials. This
characteristic enables it to effectively delay crack
propagation in engineering scenarios such as bridge joints
and airport runways that are subjected to high-frequency
dynamic loads.

3.4. Discussion

Graphene prepared by the Hummer‘s method exhibits
layered folds and defect structures compared to
conventional graphene. This structural characteristic
significantly increases its specific surface area and surface
functional group density, thereby enhancing its interfacial
bonding with the asphalt matrix. The study by Yu et al.
showed that the wrinkled structure and oxygen-containing
functional groups of graphene can adsorb light components
in asphalt through van der Waals forces and hydrogen
bonding, inhibiting their volatilization and oxidation during
aging [19]. At the microscopic level, the unique two-
dimensional graphene layer structure of graphene has the
characteristics of high crystallinity and large specific
surface area. This structure greatly prolongs the diffusion
path of oxygen molecules and ultraviolet photons into the
interior of asphalt, and effectively blocks direct contact
between external aging factors and active components of
asphalt, delaying the initiation of oxidation chain reactions
and the diffusion of free radicals from the source. At the
same time, the three-dimensional elastic network structure
of rubber powder, with its excellent flexibility and high
elasticity, can efficiently absorb and dissipate internal stress



fluctuations caused by thermal expansion, oxidative
shrinkage, or external loads through the stretching, curling,
and conformational changes of molecular chains.
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Fig. 9. The number of cycles in which fatigue failure occurs for

three types of samples: a-samplel; b-sample 2;
c—sample 3
This dynamic energy absorption mechanism

significantly reduces stress concentration inside the asphalt
matrix, suppresses the initiation of microcracks, and delays
the propagation speed of existing micro defects. The
graphitized lamella and the sulfur cross-linked network of

rubber powder work together to form a dual anti-aging
system of "external shielding and internal buffering”,
thereby improving the anti-aging and anti-fatigue properties
of modified asphalt.

Sample 3 showed the best anti-aging performance in the
DSR test, its phase angle decreased by only 3.7°, while
sample 1 and sample 2 decreased by 9.8° and 11.4°. This is
because the high graphitization layer first forms a parallel
arranged barrier network in the asphalt, delaying the
diffusion rate of oxygen molecules. The conclusion of Idisi
et al. indicates that when the interlayer spacing of graphene
is less than 1 nm, the oxygen permeability can be reduced
by two orders of magnitude [20], which is consistent with
the result of the smallest viscosity reduction in sample 3.
Secondly, rubber particles crosslinked with asphalt
molecular chains through sulfur bonds, forming a 3D elastic
network that absorbs internal stresses generated by thermal
oxidative aging. The study by He et al. showed that when
the rubber powder content is >3 %, it can significantly
improve the elastic recovery rate of asphalt [21]. In this
study, the composite system of rubber powder and graphene
further optimized the network stability.

The fatigue cycle number of sample 3 under 10 % strain
reached 8,652 times, significantly higher than that of
sample 1 (5,632 times) and sample 2 (7,652 times). This
advantage stemmed from the "rigid flexible interlocking"
structure between graphene and rubber powder. The high
modulus graphene layer enhanced the rigidity of the asphalt
matrix and reduced viscous flow deformation through
intercalation. Alghrafy et al. found that graphene can
increase the complex modulus of asphalt, which is
consistent with the results of this study. Rubber particles, as
flexible phases, absorbed local stress concentration through
deformation and suppressed microcrack propagation [22].
Compared with similar studies, Yue et al. found that the
fatigue life of rubber powder modified asphalt can be
increased by 2—3times. In this study, the introduction of
graphene further increased the number of cycles to 113,652
(2.5 % strain), indicating that the synergistic effect of the
two is significantly better than that of a single modified
system [23, 24].

4. CONCLUSIONS

This research aimed at the limitations of traditional
modified asphalt in anti-aging, fatigue resistance, and
environmental protection, and improved the performance of
asphalt by adding graphene and rubber powder. In terms of
anti-aging, graphene prepared by Hummers method has
enhanced the interface bonding with asphalt due to its rich
surface wrinkles and defects, effectively adsorbing light
components and blocking oxygen diffusion; The elastic
buffering effect of rubber powder further delayed the
oxidation fracture of molecular chains, resulting in a
decrease in the phase angle of the prepared G/RPCMA from
60.1° to 56.4° after 60 hours of aging, with the highest
penetration retention rate (76.4 %). This shows that the
prepared G/RPCMA has good anti-aging performance. At
the same time, the aging indexes of carbonyl group and
sulfoxide group of modified asphalt are 0.035 and 0.037
respectively, which are significantly lower than that of
single component modified asphalt, showing excellent anti-



aging ability. In terms of fatigue resistance, the high
graphitization degree of graphene forms a reinforced
network to disperse stress, and rubber powder enhances
material toughness. The two work together to optimize the
viscoelastic balance, resulting in a lower modulus (0.9 kPa)
of composite asphalt at low strain and a longer fatigue life
at high strain. At a strain level of 2.5 %, the number of
cycles reached 113652, and the attenuation rate was reduced
by 31.2 % compared to the benchmark asphalt. The above
results show that the prepared G/RPCMA has significant
anti-aging and anti-fatigue synergistic properties. The
synergistic mechanism originates from the three-
dimensional network constructed by the physical barrier of
graphene and the elastic recovery of rubber powder, which
significantly inhibits aging hardening and delays the
accumulation of fatigue damage. However, the experiment
only simulates 5—10 years of natural aging and lacks long-
term durability data on the coupling effects of multiple
factors such as ultraviolet radiation and freeze-thaw cycles
in real environments. Subsequent research will design a
comprehensive aging experiment of UV humid heat freeze-
thaw cycle, combined with molecular dynamics simulation
to predict the lifespan of materials under extreme weather
conditions.
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