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Research paper

Research on the mechanism of graphene/rubber
composite-modified asphalt based on molecular dynamics

Shaobo Huo1, Bo Chen2, Yu Lei3

Abstract: To study the modification mechanism of graphene/rubber composite-modified asphalt, the blending
system of graphene, rubber, and asphalt was studied by molecular dynamics simulation. The molecular
models of asphalt, rubber asphalt, and graphene/rubber composite-modified asphalt were constructed
by molecular dynamics software. The intermolecular binding energy, radial distribution function, and
mechanical properties of the three asphalt systems were studied. The results showed that the addition of
graphene increased the binding energy between rubber and light components of asphalt, promoted the
absorption of light components of rubber, improved the binding stability of rubber and resin, and improved
the compatibility of rubber and asphalt. Graphene can weaken the agglomeration behavior of asphaltene and
rubber, and promote light components to penetrate and fill the agglomeration space between asphaltene,
which improves the overall stability of the asphaltene system. Graphene promoted the swelling development
of rubber and made rubber form a stable spatial grid structure in the asphalt, thus contributing to the elastic
modulus, bulk modulus, and shear modulus of graphene/rubber and asphalt blending system compared to
the matrix asphalt has a greater enhancement.
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1. Introduction

Rubber, as a high-performance modifier, not only improves the performance of asphalt and
asphalt mixtures and extends the life of asphalt pavements, but also contributes to substantial
cost savings, environmental protection, and integrates road construction into the framework of
sustainable development [1]. Meanwhile, nanomaterials have also attracted much attention due
to nanoscale phenomena such as high surface energy and quantum size effect [2–4]. Graphene
is a honeycomb carbon nanomaterial formed by the hybridization of C atoms through sp2

orbitals [5, 6]. Once produced, it has attracted the attention of many researchers due to its
excellent high strength and high toughness. Road workers compounded graphene and rubber-
modified asphalt and found that the performance of asphalt has been significantly improved. For
example, Meng et al. [7] conducted frequency scanning tests on graphene/rubber composite
modified asphalt and found that graphene could improve the high temperature performance of
asphalt. Zou et al. [8] conducted rheological tests at high and low temperatures on graphene
rubber asphalt, and the results showed that the high temperature stability and low temperature
crack resistance of asphalt were significantly improved. However, these scholars characterized
the impact of graphene and rubber on asphalt properties through macroscopic experimental
means, but did not fundamentally explain why graphene and rubber can comprehensively and
thoroughly improve the performance of asphalt. Therefore, it is necessary to find a new method
to reveal the modification mechanism of graphene and rubber on asphalt.

Molecular dynamics (MD) originated in physics and is widely used in different research
fields [9]. It is a computational method based on statistical mechanics and thermodynamics
theory, used to simulate the interactions and behaviors of atoms and molecules under certain
conditions. Meanwhile, the chemical-physical properties and thermodynamic properties of
molecular systems can be obtained after simulation [10]. Therefore, molecular dynamics
simulation is an excellent tool for quantitatively characterizing the microscopic state of materials
and a new method for exploring the relationship between the macroscopic performance and
microscopic mechanisms of materials [11]. In recent years, with the improvement of computer
hardware, molecular dynamics has been gradually applied by researchers in the field of road
materials. It uses particle-based molecular interactions and local dynamic analysis to study the
main physical and mechanical properties of asphalt materials. It has been widely applied to
calculate the main characteristics of asphalt, including density, glass transition temperature,
diffusion coefficient, adhesion, and self-healing behavior [12]. Liu et al [13] investigated the
activation mechanism of a rejuvenation agent in recycled asphalt pavement binder by using
MD simulation, and the results showed that the addition of a rejuvenation agent increased the
activity of asphaltenes and resins, thus improved the bonding energy between old and new
asphalt. Wei et al [14] constructed an asphalt-water-aggregate interface model and investigated
the effect of moisture on the adhesion energy at the asphalt-aggregate interface. Kang et al [15]
simulated the liquid-liquid transition and the glass transition of asphalt by MD, which helped
to improve the understanding of the process of vitrification formation of asphalt materials
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in the real environment. Pan et al [16] investigated the combined effects of oxidation and
moisture on asphalt binder in the form of energy and density changes by MD simulation and
found that the moisture-induced oxidized asphalt binder is the most susceptible to damage.
Yaphary et al [17] investigated the nanoscale crack propagation characteristics at the interface
of old and new asphalt binders in recycled asphalt mixtures by MD simulation. It was shown
that at low temperatures, greater tensile stresses are generated at the mixed binders and
their interfaces with the new and aged binders, and thus the interfacial crack propagation
becomes more severe. Mehdi et al [18] carried out a study on the effect of rejuvenating agents
on the thermo-mechanical properties of oxidized asphalt by using MD simulation, and the
results showed that the amide groups in the bio-rejuvenating agents interacted with asphaltene
molecules, increasing the stacking of the asphaltene dimer distance and also changed their
conformational stacking, which led to the recovery of the thermo-mechanical properties of
oxidized asphalt. It can be seen that molecular dynamics simulation has become a powerful
tool for describing the behavior of materials and characterizing the relationship between their
chemical structure and engineering properties [19].

Therefore, to reveal the modification mechanism of graphene/rubber composite-modified as-
phalt, this paper constructedmolecularmodelsofmatrix asphalt, rubber asphalt, andgraphene/rubber
asphalt using the molecular dynamics software Materials Studio (MS), and explored and studied the
mechanism of graphene/rubber composite-modified asphalt by the changes of radial distribution
function, intermolecular binding energy, and mechanical properties.

2. Model construction and simulation methods

2.1. Establishment of matrix asphalt and modified asphalt model

According to statistics, there are 106 kinds of components in asphalt, and China generally
divides the components of road asphalt into four kinds, respectively, asphaltene, resin, saturated,
and aromatic. Therefore, a four-component asphalt molecular model was established in this paper.
The research results of (C53H55NOS) were used as the asphaltene molecular model [20], benzo
diisobenzothiophene (C18H10S2) was used as the resin representative molecular model [21],
n-docosadiane (C22H46) was used as the saturation representative molecular model, and 1,7-
dimethylnaphthalene (C12H12) as an aromatic component representative molecular model [22].
For the rubber molecular model, natural rubber (NR) was used as the representative molecular
model, and the repeating unit was cis-1, 4 polyisoprene. Since its molecular weight varied
with the degree ofTab polymerization, the polymerization degree of natural rubber was chosen
to be 12 to reduce the molecular dynamics simulation calculation time [23]. The representative
molecular model of graphene was obtained by cracking graphite [24]. Finally, the software MS
was used to construct each molecular model, as shown in Fig. 1.
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Fig. 1. Asphalt molecular model

According to the mass fraction ratio of each component in SK-90# asphalt [25], the
Amorphous Cell module in MS software is used to build the molecular model of asphalt, with
the initial density of 0.5 g/cm3. In this paper, 18.24% rubber content and 0.3% graphene content
were selected, and rubber asphalt molecular models and graphene/rubber composite-modified
asphalt molecular models were constructed in the same steps as above, as shown in Fig. 1. The
specific parameters of each component of the three asphalt models are shown in Table 1.

Table 1. Related parameters of each molecular model

Component Chemical formula Molar mass Mass fraction (%) Test result (%)

Asphaltene C53H55NOS 754.089 7.2 7.25

Resin C18S2 280.312 20.9 20.74

Saturate C22H46 310.610 22.6 22.54

Aromatic C12H12 156.228 49.3 49.47

Natural rubber C69H98 819.444 18.0 18.24

Graphene C48H18 594.672 0.4 0.3

It is worth pointing out that after the construction of each molecular model was completed,
energy must be minimized to eliminate bad contacts between atoms. First, Geometry Opti-
mization with a maximum number of iterations of 10,000 was performed on each molecular
system. Then run the Anneal program in the Forcite module to perform 5 cycles of annealing
treatment on the system, the temperature was set to 300–500 K, the temperature interval was
20 K, and the total annealing time was 10 ps. Next, perform a 100 ps dynamic simulation of
the annealing system. The system ensemble was NVT, the accuracy was Ultra-fine, the force
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field was COMPASS, the temperature was set to 298 K, the electrostatic interaction was Ewald,
the van der Waals interaction was Atom based, and the cut-off distance Set to 18.5 Å. After the
dynamics, the system basically reaches a steady state, and then takes the last frame to perform
a 200 ps dynamic simulation under the NPT ensemble (one frame is output every 1000 steps),
the temperature uses the Nose thermostat, the pressure selects the Berendsen barostat, and the
pressure is set to 1 atmosphere (0.0001 GPa).

2.2. Model verification

2.2.1. Glass transition temperature

The glass transition temperature of asphalt is the characteristic temperature of asphalt
from viscoelastic to glassy state, and is an important parameter in determining the viscoelastic
properties of asphalt materials [26]. Therefore, the molecular dynamics simulation of matrix
asphalt, rubber-modified asphalt, and graphene/rubber composite-modified asphalt was carried
out under the NPT system synthesis, and the temperatures were selected to be 100 K, 150 K,
200 K, 250 K, 300 K, 350 K, 400 K, and 450 K for eight temperature points, to calculate the
volume of asphalt systems at different temperatures, from which the change curves of the
volume of the three asphalt systems with the temperature can be obtained as shown in Fig. 2.

(a) (b)

(c)

Fig. 2. Asphalt Model Volume-Temperature Curve: (a) Matrix asphalt; (b) Rubber-modified asphalt; (c)
Temperature (K)
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The glass transition temperature of asphalt is the intersection point of fitted linear regression
line on both sides of the inflection point of asphalt volume-temperature curve. As can be seen
from Fig. 2, 𝑇𝑔 of matrix asphalt, rubber-modified asphalt and graphene/rubber composite-
modified asphalt are 284.074 K, 263.465 K, and 258.544 K, respectively. The 𝑇𝑔 value of
asphalt simulation is slightly higher than the known test value, which is caused by the rapid
cooling rate in the molecular simulation process, but the simulation results in this paper are
still within the permissible range of the temperature change of 𝑇𝑔 and close to the predicted
results of other researchers [27, 28]. At the same time, 𝑇𝑔 of rubber-modified asphalt and
graphene/rubber composite-modified asphalt is lower than that of matrix asphalt, indicating
that both rubber and graphene can improve the low temperature properties of asphalt, which is
also consistent with the results obtained by scholars through BBR test [29, 30]. Therefore, the
asphalt model in this study can be verified by the glass transition temperature 𝑇𝑔.

2.2.2. Density

Density is a direct measure to evaluate whether the model size and force field can produce
accurate and reasonable simulation results, and it is the most frequently adopted parameter
for asphalt model validation. In view of this, the density of the three asphalt systems was
calculated at the temperature of 298 K, and the results are shown in Fig. 3.

Fig. 3. Density curve of different systems with time at 298 K

It can be seen from Fig. 3 that the density of the three asphalt systems increases sharply
with the increase of simulation time and becomes stable after 25 ps. However, the density
values of the three asphalt systems were finally stabilized at 0.97–1.0 g/cm3, which is close to
the experimentally measured asphalt density of 1.02 ± 0.2 g/cm3 [31]. Therefore, the density
further proves that the modeling of the three asphalt systems is reliable and reasonable.

3. Results and discussion
3.1. Binding energy between components

Binding energy refers to the work that needs to be done on a system made up of multiple
substances if the components are separated to “infinity”. The greater the binding energy, the
more closely the system is combined, and the more stable the system. The calculation formula
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of binding energy is shown in Eq. (3.1).

(3.1) 𝐸binding energy = 𝐸𝐴 + 𝐸𝐵 − 𝐸𝐴𝐵

where: 𝐸binding energy – binding energy, 𝐸𝐴 – energy of substance 𝐴, 𝐸𝐵 – energy of substance
𝐵, 𝐸𝐴𝐵 – total energy of 𝐴𝐵 system.

The binding energy of matrix asphalt, rubber-modified asphalt, and graphene/rubber
composite-modified asphalt are shown in Table 2–4.

Table 2. Binding energy between components of matrix asphalt

Bind Energy
(kcal/mol)

Hydrogen
bond van der Waals Electrostatic Long range

correction
Asphaltene-resin 84.622 0 83.041 0.121 1.46

Asphaltene-saturate 124.769 0 122.009 0.589 2.171
Asphaltene- aromatic 320.503 0 302.558 13.459 4.486

Table 3. Binding energy between components of rubber-modified asphalt

Bind Energy
(kcal/mol)

Hydrogen
bond van der Waals Electrostatic Long range

correction
Asphaltene-resin 116.071 0 114.994 –0.101 1.178

Asphaltene-saturate 88.129 0 86.393 –0.015 1.751
Asphaltene-aromatic 219.896 0 206.561 9.717 3.618
Rubber-asphaltene 118.545 0 116.156 0.672 1.717

Rubber-resin 58.238 0 56.152 0.394 1.692
Rubber-saturate 390.405 0 383.921 0.573 5.911
Rubber-aromatic 780.866 0 763.956 7.699 9.211

Table 4. Binding energy between components of graphene/rubber composite-modified asphalt

Bind Energy
(kcal/mol)

Hydrogen
bond van der Waals Electrostatic Long range

correction
Asphaltene-resin 133.056 0 132.116 –0.222 1.162

Asphaltene-saturate 90.023 0 87.706 0.59 1.727
Asphaltene- aromatic 217.925 0 206.009 8.346 3.57

Rubber-asphaltene 205.292 0 201.33 –0.013 3.975
Rubber-resin 76.829 0 72.769 0.03 4.03

Rubber-saturate 428.204 0 421.63 0.583 5.991
Rubber-aromatic 809.465 0 786.248 10.838 12.379
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As can be seen from Table 2, the binding energy of asphaltene with resin, saturated fraction,
and aromatic fraction are all positive, indicating that the asphaltene and the components of the
mutual attraction. Among them, asphaltene and aromatic components of the binding energy is
the largest, and the smallest binding energy with the resin, indicating that the matrix asphaltene
and aromatic components of asphaltene combination is the most stable, and the most unstable
combination with the resin, that is, the asphaltene colloidal structure is not stable.

In rubber-modified asphalt, the binding energy between asphaltenes and other components
is lower than that of matrix asphalt. This is because the molecular weight of aromatic and
saturated molecules in asphalt is small and the molecular movement rate is relatively fast under
the same conditions. After the addition of rubber to the asphalt, some of the aromatic and
saturated molecules will depart from the asphaltene and move around the rubber, and rubber
will compete with asphaltene for the light components in asphalt. The binding energy between
asphaltene and resin increased, indicating that the addition of rubber made the colloidal structure
of asphalt with asphaltene as the core and resin adsorbed on the surface more stable, and the
high-temperature performance of rubber asphalt improved. At the same time, the binding
energy between the rubber and the asphalt four components was also considered. The binding
energy between rubber and asphalt four components is rubber-aromatic component < rubber-
saturated component < rubber-asphalt component < rubber-resin component. The binding
energy between rubber and resin is much smaller than that between rubber and asphaltene,
saturated component, and aromatic component, which indicates that the interaction between
rubber and resin is very weak and the binding is very unstable. The main reason is that the
side chain length of asphaltene, saturated component, and aromatic component is different, the
resin molecule is a ring structure without side chain, and the rubber molecule is also a chain
structure, which makes the rubber and asphalt, saturated and aromatic side chain entangled
together, increasing the binding energy between molecules. The addition of rubber will absorb
some of the light components in the matrix asphalt, so that the content of freely moving light
components in the asphalt is reduced. The change of asphalt from sol-colloid structure to
gel-colloid structure increases the elasticity and viscosity of asphalt, decreases the temperature
sensitivity, decreases the fluidity and plasticity, and improves the high temperature stability. At
the same time, the combination of rubber and resin is very unstable, the molecular weight and
polarity of rubber are very different from asphalt. Therefore, the storage stability of rubber
asphalt is poor, easy to produce segregation.

As can be seen from Table 4 the binding energy between the components in the
graphene/rubber composite-modified asphalt are all contributed by van der Waals force
and electrostatic attraction, while the hydrogen bond is zero, indicating that graphene/rubber
composite-modified asphalt is mainly physical modification, which is also consistent with the
results of FTIR test by previous scholars [32]. The addition of graphene increases the binding
energy between asphaltene and resin and saturated components, which means that the colloidal
structure of asphalt becomes more stable and prevents the occurrence of asphaltene flocculation
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in asphalt. At the same time, the binding energy between rubber and resin, saturated component
and aromatic component increased, and the binding energy between rubber and resin increased
from 58.238 kcal/mol to 76.829 kcal/mol, indicating that graphene promoted the absorption of
light components in rubber, and also improved the binding stability of rubber and resin. This
process enabled rubber to fully swell and develop, and uniformly dispersed in asphalt to form
a multi empty three-dimensional structure, while other components would fill this multi empty
three-dimensional space and combine more closely with rubber, to achieve the purpose of
improving the high and low temperature performance of asphalt.

3.2. Radial distribution function

To further analyze the modification mechanism of graphene/rubber composite-modified
asphalt, the radial distribution function was used to analyze the agglomeration behavior of the
four components in matrix asphalt, rubber asphalt, and graphene/rubber composite-modified
asphalt. The radial distribution function g(r) gives the probability of occurrence of a particle at
a certain distance from another particle. The calculation formula is shown in Eq. (3.2).

(3.2) 𝑔(𝑟) = d𝑁
4𝜌𝜋𝑟2d𝑟

where: r – distance between particles, 𝜌 – average density of the system, N – number of particles.
For amorphous polymers, when r is very large, g(r) is equal to 1, indicating that the remote

distribution of particles is disordered. When r is small, g(r) will have a peak, indicating that
there is a higher probability of another particle at this location. Therefore, the radial distribution
function can be used to analyze molecular agglomeration in polymer models. When the peak
value at one r of the radial distribution function curve is significantly higher than other places,
an agglomeration structure appears between the molecules at this distance [33]. The radial
distribution function among components in asphalt is shown in Fig. 4.

(a) (b)



178 SHAOBO HUO, BO CHEN, YU LEI

(c) (d)
Fig. 4. Radial distribution function diagram of components in different systems: (a) Asphaltene-asphaltene;

(b) Saturated-saturated; (c) Aromatic-aromatic; (d) Rubber-rubber

Figure 4(a) shows the radial distribution function of the asphaltenes, and it can be seen
that the first peak appears obviously in the three kinds of asphalt. The first peak of matrix
asphalt appeared at 1.075 Å, while the first peaks of rubber asphalt and graphene/rubber
composite-modified asphalt appeared at 1.225 Å and 1.325 Å, indicating that the addition of
rubber and graphene increased the distance between asphaltene and asphaltene to different
degrees, and reduced the aggregation of asphaltene molecules.

Figures 4(b) and 4(c) are the radial distribution function diagrams between saturated-
saturated and aromatic-aromatic components. In the three asphalts, the first peak of the
saturated component is 1.125 Å, 1.075 Å and 0.975 Å respectively, and the first peak of the
aromatic component is 1.125 Å, 1.025 Å and 0.925 Å respectively, indicating that the addition
of graphene and rubber reduces the distance between saturated and aromatic components, and
intensifies the agglomeration behavior of saturated components and aromatic components.
At the same time, the addition of rubber and graphene also increases the peak intensity of
the first peak of saturated components by 23.24% and 38.70%, and the first peak intensity of
aromatic components by 13.12% and55.42%, which is due to the fact that graphene promoted
the swelling development of rubber, resulting in the accumulation of saturated fraction and
aromatic fraction around rubber.

Figure 4(d) shows the radial distribution function of the rubber molecules, from which it
can be seen that the first peak of the rubber molecules in graphene/rubber composite-modified
asphalt appeared in a relatively backward position, indicating that the addition of graphene
makes the distance between rubber molecules larger, which is consistent with the results
obtained by previous scholars through fluorescence image analysis [32].

In short, the addition of graphene and rubber weakens the agglomeration behavior of
asphaltene molecules, and strengthens the agglomeration behavior of saturated components
and aromatic components. The increase in the distance between asphaltene molecules means
that more small molecules can penetrate and fill the agglomeration space between asphaltenes.
The molecules in the asphalt are more tightly combined and have better stability. At the same
time, it also drives the transformation of the asphalt colloid structure, and finally improves the
high and low temperature performance of matrix asphalt.
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3.3. Mechanical modulus

Mechanical properties are important properties of materials to resist deformation under the
action of external forces, and are closely related to the preparation, processing, production, and
application of materials [34]. In molecular dynamics, the methods of calculating mechanical
properties include constant strain method, stress fluctuation method, and static method. The
constant strain method has the shortest calculation time, but it requires high requirements
for the optimization process of the structure. In this paper, the elastic stiffness matrix and
elastic flexibility matrix of the three asphalt models were obtained by the conjugate gradient
method, and the shear modulus and bulk modulus were calculated using the Hill method. The
maximum strain was set to 0.01, and the number of steps for each strain was set to 6.The
energy convergence criterion was set to 1.0 × 10−4 kcal/mol. As a result, the elastic stiffness
matrix 𝐶𝐴 (GPa) and elastic flexibility matrix 𝑆𝐴 (TPa−1) of the matrix asphalt, the elastic
stiffness matrix 𝐶𝑅 (GPa) and elastic flexibility matrix 𝑆𝑅 (TPa−1) of the rubber modified
asphalt, and the elastic stiffness matrix 𝐶𝐺 (GPa) and elastic flexibility matrix 𝑆𝐺 (TPa−1) of
the graphene/rubber composite modified asphalt can be obtained as follows.

𝐶𝐴 =



1.5529 1.0697 0.8796 −0.0727 0.0856 −0.0076

1.0697 1.5370 0.8414 −0.0230 0.1636 0.1354

0.8796 0.8414 1.1860 −0.0224 0.1850 −0.0413

−0.0727 −0.0230 −0.0224 0.2757 0.1214 0.0867

0.0856 0.1636 0.1850 0.1214 0.2099 −0.0192

−0.0076 0.1354 −0.0413 0.0867 −0.0192 0.2651



𝑆𝐴 =



1550.5491 −852.2868 −653.5678 −218.2427 780.5642 505.9003

−852.2868 1756.2705 −450.1546 864.2668 −1249.4639 −1364.7976

−653.5678 −450.1546 1853.5772 385.0399 −1212.7568 286.2778

−218.2427 864.2668 385.0399 6914.1726 −5200.3909 −3025.5084

780.5642 −1249.4639 −1212.7568 −5200.3909 9761.0746 2879.7549

505.9003 −1364.7976 286.2778 −3025.5084 2879.7549 5726.8843



𝐶𝑅 =



1.4951 1.1929 0.9126 −0.1547 0.0234 0.0280

1.1929 1.9455 0.7418 −0.0974 0.0309 −0.0330

0.9126 0.7418 1.8177 −0.2433 0.2196 0.0937

−0.1547 −0.0974 −0.2433 0.3571 −0.0838 0.0174

0.0234 0.0309 0.2196 −0.0838 0.3025 0.0081

0.0280 −0.0330 0.0937 0.0174 0.0081 0.3716


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𝑆𝑅 =



1645.8726 −812.1276 −505.0887 243.7362 392.2073 −88.7398

−812.1276 1019.4950 −24.7275 −112.4439 −58.9217 164.5147

−505.0887 −24.7275 928.8957 288.5993 −547.4320 −199.9421

243.7362 −112.4439 288.5993 3246.8158 689.7526 −268.1879

392.2073 −58.9217 −547.4320 689.7526 3870.3107 −13.4097

−88.7398 164.5147 −199.9421 −268.1879 −13.4097 2775.6280



𝐶𝐺 =



1.9102 1.3791 0.9471 −0.0320 0.0053 −0.0788

1.3791 2.0606 1.0974 −0.0205 −0.0366 −0.0239

0.9471 1.0974 1.4571 −0.1053 −0.0639 −0.0891

−0.0320 −0.0205 −0.1053 0.4091 −0.0381 −0.0161

0.0053 −0.0366 −0.0639 −0.0381 0.3905 0.0623

−0.0788 −0.0239 −0.0891 −0.0161 0.0623 0.2847



𝑆𝐺 =



1084.9630 −590.1826 −255.9860 −16.2799 −145.7290 201.6158

−590.1826 1142.3235 −497.6318 −120.7629 60.8080 −243.1733

−255.9860 −497.6318 1272.8165 307.2379 151.9394 269.5560

−16.2799 −120.7629 307.2379 2546.9150 260.9651 168.3180

−145.7290 60.8080 151.9394 260.9651 2709.2826 −566.0460

201.6158 −243.1733 269.5560 168.3180 −566.0460 3765.1618


According to the elastic stiffness matrix and elastic flexibility matrix, the bulk modulus K

and shear modulus G of each system are calculated using the Hill method [35]. Specifically:

𝐾𝐻 =
(𝐾𝑉 + 𝐾𝑅)

2
(3.3)

𝐾𝑉 =
(𝑐11 + 𝑐22 + 𝑐33 + 2(𝑐12 + 𝑐23 + 𝑐13))

9
(3.4)

𝐾𝑅 =
1

(𝑠11 + 𝑠22 + 𝑠33 + 2(𝑠12 + 𝑠22 + 𝑠13))
(3.5)

𝐺𝐻 =
(𝐺𝑉 + 𝐺𝑅)

2
(3.6)

𝐺𝑉 =
(𝑐11 + 𝑐22 + 𝑐33 − (𝑐12 + 𝑐23 + 𝑐31) + 3 (𝑐44 + 𝑐55 + 𝑐66))

15
(3.7)

𝐺𝑅 =
15

4 (𝑠11 + 𝑠22 + 𝑠33) − 4 (𝑠12 + 𝑠23 + 𝑠31) + 3 (𝑠44 + 𝑠55 + 𝑠66)
(3.8)

𝐸 =
9𝐾𝐻𝐺𝐻

3𝐾𝐻 + 𝐺𝐻

(3.9)
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where: 𝐾𝐻 – approximate mean bulk modulus of Hill method, 𝐾𝑉 – approximate upper limit
of bulk modulus for Voigt method, 𝐾𝑅 – approximate lower limit of bulk modulus for Reuss
method, 𝐺𝐻 – approximate mean shear modulus of Hill method, 𝐺𝑉 – approximate upper
limit of shear modulus for Voigt method, 𝐺𝑅 – approximate lower limit of shear modulus for
Reuss method.

The calculation results calculated by Eq. (3.3)–(3.9) are shown in Table 5.

Table 5. Mechanical properties of three asphalt systems

Types of asphalt Elastic modulus (GPa) Bulk modulus (GPa) Shear modulus
(GPa)

Matrix asphalt 0.5684 0.9481 0.2030

Rubber-modified asphalt 0.9171 1.1577 0.3352

Graphene/rubber
composite-modified asphalt 0.9297 1.2973 0.3367

As can be seen from Table 5, the mechanical properties of rubber asphalt and graphene/rubber
composite-modified asphalt have increased. Compared with the matrix asphalt, the elastic
modulus of graphene/rubber composite-modified asphalt increased by 63.56%, the bulk
modulus increased by 36.83%, and the shear modulus increased by 65.86%. Obviously, the
graphene/rubber composite-modified asphalt greatly improved the mechanical properties of the
matrix asphalt, which is related to the swelling development of rubber promoted by graphene,
and the rubber formed a stable spatial grid structure in the asphalt. At the same time, graphene
is a kind of two-dimensional carbon nanomaterials with high strength and toughness. Under
the action of external forces, graphene will dissipate part of the energy generated by external
forces, to achieve the purpose of improving the mechanical properties of asphalt.

4. Conclusions

In order to study the modification mechanism of graphene/rubber composite-modified
asphalt, the asphalt molecular model, rubber molecular model, and graphene/rubber composite-
modified asphalt molecular model were constructed by using molecular dynamics software
MS. The modification mechanism was analyzed by the changes of binding energy, radial
distribution function, and mechanical properties. The main conclusions are as follows:

1. From the calculation results of binding energy between each component, it is known
that the addition of graphene improves the binding energy between rubber and light
components in asphalt, indicating that graphene promotes the absorption of rubber
to light components, improves the binding stability of rubber and resin, promotes the
swelling development of rubber, and improves the compatibility of rubber and asphalt.

2. The results of radial distribution function analysis show that the addition of graphene
reduces the aggregation behavior between asphaltene and rubber molecules, and inten-
sifies the aggregation behavior between saturated and aromatic molecules. More light
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components in asphalt can penetrate and fill the aggregation space between asphaltenes,
improve the overall stability of asphalt system, drive the transformation of asphalt colloid
structure, and ultimately improve the high and low temperature performance of asphalt.

3. From the results of mechanical modulus, it is known that graphene promoted the
swelling development of rubber, the elastic modulus, bulk modulus and shear modulus of
graphene/rubber composite modified asphalt increased by 63.56%, 36.83% and 65.86%,
which greatly improved the mechanical properties of asphalt.

Based on the analysis results of the above three parameters, it is feasible to reveal the
modification mechanism of graphene/rubber composite-modified asphalt from the atomic scale
by using molecular dynamics simulation method, which fully explains how the addition of
graphene improves the high and low temperature performance of matrix asphalt, and provides
a theoretical basis for the practical application of graphene/rubber composite modified asphalt.
Subsequently, building upon the preliminary achievements of the existing research topic,
we will further enhance the accuracy of the molecular model, consider a greater variety of
asphalt molecules (such as asphaltenes and resins with different molecular weight distributions)
and the specific conformations of rubber molecular chains, thereby reflecting the actual
material structure more authentically. Concurrently, the modification mechanism research will
be continuously deepened to investigate the changes in the molecular dynamic behavior of
graphene/rubber composite modified asphalt under different temperatures and aging conditions,
including the mobility of molecular chains and the dynamic evolution of interfacial interaction
forces. This will enable a more comprehensive and in-depth revelation of the modification
mechanism of graphene/rubber composite modified asphalt, optimization of its performance,
and promotion of its extensive application in the domain of road engineering.
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