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Abstract: This study investigates the microscopic mechanism of the force on particles of different
particle sizes in the asphalt mixture during rutting formation. The gradation was optimized by
analyzing the particle force results. The enhanced discrete element method (EDEM) was used to
simulate the rutting test, study the correlation state between different particle sizes in the rutting
process, and analyze the rutting of asphalt pavement from the aggregate level. From a microscopic
perspective, the specific forces acting on particles at different times were determined to investigate
the particle size range of stressed particles in two types of asphalt mixtures. Furthermore, the role of
particles with different sizes in the rutting process was analyzed. The force limit values of particles
with different particle sizes are fitted, and the force of particles in two types of asphalt mixtures
is compared and analyzed. After that, the gradation of the asphalt mixture is optimized, and the
feasibility of the gradation optimization method is verified by laboratory experiments. The results
show that the change rule of the rutting simulation test is gradually transformed from compacted
rutting to unstable rutting. The force of the asphalt concrete-13 (AC-13) asphalt mixture is borne by
the particles with a radius greater than 1.8 mm. The force of the stone matrix asphalt-13 (SMA-13)
asphalt mixture is borne by the particles with a radius greater than 3.6 mm, and the small particle
size particles play a filling role. When the particle radius is less than 5.1 mm, the force value of
AC-13 asphalt mixture particles is greater than that of SMA-13. When the particle radius exceeds
5.1 mm, the force value of SMA-13 asphalt mixture particles is greater than that of AC-13. The force
of particles with a radius of 5.7 mm and 7.3 mm in the SMA-13 asphalt mixture is 30% higher than
that in AC-13, and the force limit of particles is proportional to the particle size. The dynamic stability,
flexural tensile strength, water immersion residual stability, and freeze-thaw splitting strength ratios
of the optimized asphalt mixture are improved compared with those before optimization. The
AC-13 asphalt mixture is increased by 8.5%, 9.2%, 1.6%, and 1.9%, respectively, and the SMA-13
asphalt mixture is increased by 10.6%, 7.3%, 0.7%, and 2.1%, respectively. It shows that the grading
optimization method is feasible.

Keywords: discrete element method; asphalt mixture; rutting test; force properties; gradation optimization

1. Introduction

Asphalt mixtures have become the first choice for high-quality pavement materials. It
has the advantages of high safety, comfortable driving, short construction time, and low
maintenance costs. It was widely used in the construction of high-grade highways and
municipal roads in China. The asphalt mixture will be subjected to wheel long-term rutting
deformation during service, which will affect the overall strength of the pavement and
driving comfort. The serious rutting will threaten the safety of driving [1-4]. Therefore,
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it is of great significance to study the structural role of different particle sizes in asphalt
mixtures during the rutting process and to deeply understand the mechanism of rutting
formation for the design of the rutting resistance of asphalt mixtures.

In the past, research on rutting was mainly carried out by laboratory tests and theo-
retical deduction. Laboratory rutting is an engineering test method to simulate the real
wheel load of asphalt pavement and produce rutting in the laboratory, which is widely
used in scientific research and engineering practice. This test mainly includes a standard
rutting test, a Hamburg wheel-track device (HWTD), and an asphalt pavement analyzer
(APA). The results show that the rutting test results of slab specimens cannot truly eval-
uate and predict the actual rutting resistance of asphalt pavement, and the construction
methods and the problems involved in the selection of raw materials will affect the rutting
performance of the field pavement and slab specimens, resulting in a difference in rutting
performance [5,6]. HWTD and APA are also applicable in China. Huang et al. [7] evaluated
the high-temperature performance of a TB composite-modified asphalt mixture through
an HWTD test. Wang et al. [8] studied the influence of the shape and porosity of the
asphalt mixture specimen on the APA rutting test. Du et al. [9] carried out HWTD and
APA tests on asphalt mixture specimens with different aggregate crushing values and
obtained their application scope. However, the comparative study of related experiments
is not comprehensive enough. The accuracy of several rutting test methods to evaluate the
anti-rutting performance of asphalt mixtures remains to be verified.

The theoretical approach to the rutting problem started earlier in foreign countries. In
1972, Barksdale and Romain [10,11] proposed the elastic layered system method. The method
is to stratify the pavement, calculate the deformation of each layer by linear or nonlinear
elastic layered system theory, and then accumulate the deformation of each layer. In 1976,
Hills and Van de Loo [12] put forward the Shell rutting calculation method, which is the most
widely used method for asphalt pavement rutting at home and abroad. The model assumes
that the deformation of the asphalt mixture is caused by sliding between adjacent mineral
aggregates, and the relationship between asphalt mixture stiffness and asphalt stiffness is
obtained through creep tests. In 1979, Huschek [13] proposed a modified Maxwell model
to characterize the viscoelastic properties of the mixture. The viscosity of the generalized
sticky pot is a function of time and increases with time. In 1994, Sousa [14] established the
viscoelastic-plastic method on the generalized Maxwell model and obtained the relationship
between the maximum permanent strain and the depth of rutting using the Von Mises plastic
mechanical model and the associated flow criterion. The theoretical derivation is based on
the rut deformation theory obtained by previous scholars. Combined with the actual road
surface structure, pavement material properties, and on-site use environment. The causes
and development of rutting are explored, and the theory of rutting deformation is further
studied and deduced. However, these theoretical studies are carried out on the premise of
simplifying the model and the ideal environment, basically analyzing the rutting in a macro
way and rarely involving the micro aspect. In addition, due to the complexity of actual
working conditions and the instability of material properties, the conclusions derived from
theoretical derivation are difficult to apply directly to practical engineering.

With the development of science and technology, the use of computers to simulate
the microstructure of different specimens has become widespread. In the field of research
on asphalt mixtures, the discrete element method has a great advantage in reflecting
the inhomogeneity and discontinuity of the material interior [15-18], without satisfying
the conditions of deformation coordination and displacement continuity. Therefore, it is
suitable for the analysis of nonlinear problems such as rutting and fracture [19-21]. Scholars
have shown that the discrete element method (DEM) can accurately simulate laboratory
rutting tests of asphalt mixtures [22-24]. Ma et al. [25] established a three-dimensional
discrete element model of asphalt mixtures from randomly generated aggregates to simulate
rutting deformation under virtual wheel load. Yu [26] analyzed the influence of material
differences on rutting deformation by simulating an asphalt mixture single-layer rutting
test and a double-layer rutting test. The results showed that a high-modulus asphalt
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mixture has better resistance to rutting deformation. Ma et al. [27,28] also conducted high-
temperature creep tests and virtual rutting tests based on DEM to predict the permanent
deformation of asphalt mixture specimens. In addition, the durability of the pavement is
closely related to the asphalt mixture design methodology [29,30], which should not only
have good structural stability but also meet both high and low temperature performance
requirements [31,32]. It is found that the asphalt mixture gradation can be optimized by
DEM simulation of aggregate structure from the perspective of mechanical properties. Chen
et al. [33] used DEM simulation to reveal the properties of asphalt mixtures with different
aggregate particle sizes and gradations. Jiang et al. [34] established the discrete element
models of fine-graded and coarse-graded mixtures and studied the effect of gradation on
structural stability. Miao et al. [35] used DEM to study and analyze the skeleton structure
and aggregate function of an asphalt mixture. The skeleton structure and properties of the
asphalt mixture were further analyzed from the perspective of micro-scale structure. H. Yu
et al. [36] established a three-dimensional discrete element model to study the influence of
angular distribution and aggregate particle size distribution on the dynamic modulus of
asphalt mixtures.

Different particle sizes play different roles in the formation of rutting, which leads
to different degrees of rutting damage. In previous studies, an asphalt mixture was used
as a continuous medium. The role of particles in asphalt mixtures was rarely considered.
Research on using rutting simulation results to optimize the gradation of asphalt mixtures
was rarely involved. In this study, the rutting process of the asphalt mixture was simulated
using EDEM. The force and role of particles with different particle sizes during the rutting
process were studied. Based on the research results, the gradation of the asphalt mixture
was further optimized, which provided a theoretical basis for the further study of the
anti-rutting design of the asphalt mixture.

2. Discrete Element Simulation
2.1. Establishment of Material Model

Aggregate accounts for more than 90% of the quality of the asphalt mixture and plays
an important role as structural support in the mixture to maintain good durability, stability,
and pavement deformation ability [37-39]. All simulations are performed using EDEM
version 6.2.0. The aggregate is composed of particles of different sizes. To simplify the
modeling, the minimum sieve size is limited to 2.36 mm, and the mass ratio of aggregate
particles in each sieve interval is calculated (Figure 1a). The median value of each sieve
interval is used as the particle size passing through the sieve interval. In this paper, only the
influence of particle size on the simulation results was investigated. Without considering the
shape characteristics of the particles, the particles simulated in the software are all circular
particles (Figure 1b). According to the morphological characteristics of the real particles and
the particles built in the software, it can be seen that the difference between the particle size
of the built particles and the real particles is small. In addition, the mechanical parameters
of the discrete element particles need to be determined in the software to correspond to the
relevant materials, in which the particle material is rock, the container material containing
particles is steel, and the test wheel material is rubber. In the simulation process, the friction
coefficients selected between different materials are different. (Figure 1c). According to the
difference in geometric characteristics, the discrete element is divided into two categories:
particle and block, in which the contact between particle and particle and between particle
and boundary is simulated by a vibration equation [40]. The contact model is represented
as a vibration model (Figure 1d).
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Figure 1. DEM materials modeling. (a) Percentage of mass of particles of different sizes; (b) Shape of
real and simulated particles; (c) Parameters in simulation; (d) Vibration models.

2.2. Interparticle Contact Model

As far as the current computer performance is concerned, the asphalt mortar part
cannot be simulated by using a large number of small particles. In this paper, the Hertz-
Mindlin with bonding model in EDEM is used to replace the asphalt mortar part that plays
a cementing role. Before the particles are bonded, the standard Hertz-Mindlin contact
model is used to generate interaction between the particles. After the bonding occurs, the
force and moment on the particles are set to 0, and the values of the force and moment are
adjusted at each calculation time step by Equations (1)—(6).

O0F, = —v,S,Ad; 1)
OF = — 0451 Ads (2)
éMn = —wnSt]& (3)
st
OM; = wt5t25t 4)
A = 7R3 (5)
1
J = 57Rg (6)

where Rj is the bonding radius; | is the moment of inertia; A is the area; ¢; is the time
step; vy, Ut are the normal and tangential velocities of particles; w;, w; are the normal and
tangential angular velocities of the particles; S,, St are the normal and tangential stiffness
of the particles. When the normal and tangential shear stresses exceed a predefined value,
the bond breaks:

—F, 2M

Omax < —— A + TtRB ()
-FE M

Tmax < —— A + TnRB 8)

According to the above theory, the asphalt mixture particle model is constructed in
EDEM, which can reflect the relative motion forms such as tension, slip, compression, and
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rotation between particles and allow the transfer of force and moment between particles.
Therefore, the above theoretical model can better simulate the relative motion between the
mineral particles in the asphalt mixture and accurately reflect its constitutive relationship.

2.3. Material Parameter Calibration

In EDEM, the main parameters of the bonding model include: normal stiffness (Kj),
shear stiffness (K;), critical normal stress (07;,), critical shear stress (o), and bonded disk radius
(Rp). The setting of the above parameters directly affects the interaction mode and mechanical
properties between particles and has an important impact on the simulation results.

The bonding model parameters are calibrated by simulation and experimental data,
as shown in Figure 2. At present, the commonly used method to determine the parameters
of the material model is the “trial and error method”. The stress-strain curve is obtained by
a laboratory uniaxial compression test, and then the simulation uniaxial compression test
is carried out. By continuously adjusting the mesoscopic parameters to fit the stress-strain
curve of the laboratory experiment, the appropriate mesoscopic parameters are obtained.
These parameters can better reflect the macroscopic properties of the material [18,41]. After
many experiments and simulation results, the microscopic parameters are shown in Table 1.
The comparison between the experimental results and the simulation results is shown in
Figure 3, and the error is less than 10%. It shows that the mesoscopic parameters of the
discrete element model are feasible for rutting simulation. The following research is based
on the simulation results for further analysis.

2

N

CAC-13

Figure 2. Laboratory and simulation calibration tests.

Table 1. Bonding model microscopic parameters.

Type of Mixture K, (N/m3) Ks (N/m®) o, (Pa) os (Pa) Rg (mm)
AC-13 2.11 x 1010 1.01 x 1010 2.31 x 10° 2.77 x 10° 0.53
SMA-13 2.32 x 10° 1.11 x 10° 1.58 x 107 2.83 x 107 0.86

2.4. Establishment of Rutting Model

The discrete element model of rutting was established by EDEM. The particle container
was created according to Standard JTG E20-2011 T0719-2011 in China [42]. The particle
container is created with a size of 300 mm x 300 mm X 50 mm, and the particle factory for
generating particles is established above it. After the particle generation is completed, a
cylinder is set vertically above the specimen for the simulation of the tire. The establishment
process of the rut model is shown in Figure 4. It is difficult to realize the dynamic loading
mode of laboratory rut rolling in EDEM. In this paper, the loading mode of wheel pressure
on the specimen is simulated by referring to the speed of 0.01 m/s downward set in
reference [43]. The total time is 2.5 s, which meets the requirement of stopping the test
when the maximum deformation of the specimen reaches 25 mm in the specification.
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Figure 3. Comparison between the uniaxial compression test results and the uniaxial compression
simulation results (a) AC-13 asphalt mixture; (b) SMA-13 asphalt mixture.

| <

Particle container

Particle factory
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Wheel load simulation

Generate Bonding
Figure 4. Rutting discrete element modeling process.

3. Simulation Results and Analysis
3.1. Interparticle Correlation State Analysis

The interaction of axial force between particles is expressed in the form of a purple
columnar short line between particles. The appearance of the columnar short line changes
in real time according to the compression state of the asphalt mixture, so as to obtain the
change in interaction between aggregate particles in the process of rutting. The particle
connections of the two types of asphalt mixture at different times during compression are
shown in Figure 5.
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AC-13

SMA-13

Figure 5. Particle association states occur at different moments. (a—d) The interaction of axial force
between particles of AC-13 asphalt mixture at 0s, 0.5 s, 1.5s and 2.5 s; (e-h) The interaction of axial
force between particles of SMA-13 asphalt mixture at0s,0.5s,1.5sand 2.5s.

The small particle-size particles of the AC-13 asphalt mixture are larger, and the total
number of particles is larger, so the columnar short lines between particles are dense. At
the beginning (Figure 5a), the columnar short lines between the particles maintain their
normal appearance. When the simulation time reaches 0.5 s (Figure 5b), the wheel exerts
a pressure effect on the asphalt mixture. The short columnar line between the particles
at the compression point becomes thicker, indicating that the particles under the wheel
remain under pressure. At this time, the asphalt mixture is in a state of compaction. When
the simulation time reaches 1.5 s (Figure 5c), the connection of particles under the wheel
gradually becomes thicker and denser. It shows that after the wheel presses some aggregate
particles to both sides of the wheel, the remaining particles have been under the wheel
to bear the pressure. When the simulation stops (Figure 5d), it can be found that the
columnar short lines between the particles under the wheel are basically in a coarse state,
and there are still normal columnar short lines at the bottom. It shows that a large number
of small particle-size particles will continue to move downward during the rutting process
of the asphalt mixture, so that the large particle-size particles are suspended in the small
particle-size particles and cannot form an embedded skeleton.

The large particle-size particles of the SMA-13 asphalt mixture are more, and the
total number of particles is less, so the columnar short lines between particles are sparse.
At the beginning (Figure 5e), the contact distribution between particles is uniform, and
the overall appearance of the columnar short line is uniform. When the simulation time
reaches 0.5 s (Figure 5f), the short line of contact between the particles at the compression
point becomes thicker and denser. It shows that the asphalt mixture becomes dense under
the pressure of the wheel, and the connection of other parts does not change greatly.
Therefore, it is determined that the rut generated at this stage is a compacted rut. When
the simulation time reaches 1.5 s (Figure 5g), the contact between the particles at the
pressure becomes sparse, and only a small number of short lines between the particles are
coarse. It shows that the asphalt mixture at the compression point is loose, and the position
moves. Compacted rutting gradually transformed into unstable rutting. At the end of the
simulation (Figure 5h), it can be found that the particles at the compression point are no
longer connected, and the short line between the particles on both sides of the compression
point appears thick and dense. It shows that the rutting type at this stage is unstable rutting.
Shear deformation occurs between the aggregate particles under the wheel, resulting in
some aggregate particles being squeezed into both sides of the wheel.
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3.2. Force of Particles with Different Sizes in Rutting

According to different particle sizes, the connection between particles is enhanced by
color. The largest particles are set to red, the smallest particles to blue, and other medium-
sized particles to green. Then the effect of different particle sizes on the process of rutting
is analyzed. The connection of particles with different particle sizes at different times in the
AC-13 and SMA-13 asphalt mixtures is shown in Figures 6 and 7.

Contact Vector 1 (mm)-S#
8.03e+00
6.43e+00
4.83e+00

3.23e+00

1.63e+00

3.34e-02

(b)

Contact Vector 1 (mm)
8.02e+00

6.55e+00
5.07e+00
3.59¢+00

2.12e+00

6.43e-01

(d)

Figure 6. Connection of AC-13 particles with different particle sizes. (a) The simulation time is 0 s;
(b) The simulation time is 0.5 s; (¢) The simulation time is 1.5 s; (d) The simulation time is 2.5 s.

It can be seen from Figure 6 that the colors of all particles are presented at the initial
time, indicating that the connections between particles with different particle sizes are
relatively uniform. When the simulation reaches 0.5 s, the wheel produces pressure on
the asphalt mixture. It is obvious from the figure that the blue particles are less connected.
The particles above the medium particle size move slightly after being subjected to wheel
pressure, and the contact with other particles becomes close. At this stage, the asphalt
mixture becomes dense after being compressed. When the simulation reaches 1.5 s, the
contact of large-sized particles at the pressure becomes denser. It shows that the large
particles move under shear and bear part of the pressure. At the end of the simulation, the
blue particle contacts in the non-loaded area increase. It shows that the shear sliding occurs
between the large particle size and the medium particle size particles at the compression
point, and the particles are suspended in the small particle size particles after losing the
bearing capacity, which has a certain squeezing effect on the small particle-size particles.



Coatings 2023, 13, 1965

90f19

Contact Vector 1 (mm) =#

8.03e+00

6.78e+00

5.53e+00

4.28e+00

3.03¢+00

1.78e+00

Contact Vector 1 (mm)
8.03e+00

6.78e+00

5.53e+00

4.28e+00

3.03e+00

1.78e+00

Contact Vector 1 (mm)
8.03e+00

6.78e+00

5.53e+00

4.28e+00

3.02e+00

1.77e+00

Contact Vector 1 (mm)
8.03e+00

6.78¢+00

5.53e+00

4.28e+00

3.03e+00

1.77e+00

(©

Figure 7. Connection of SMA-13 particles with different particle sizes. (a) The simulation time is 0's;

(b) The simulation time is 0.5 s; (c) The simulation time is 1.5 s; (d) The simulation time is 2.5 s.

It can be seen from Figure 7 that the relationship between particles of different particle
sizes is also relatively uniform at the initial time. When the simulation reaches 0.5 s, the
number of large-sized particle connections at the pressure decreases, while the medium-sized
particle connections become thicker. It shows that the large-sized particles as a whole move
downward while sliding and cutting off the connection with other particles. At the same time,
the pressure is transferred to the medium-sized particles to make the contact between the
particles closer. The particles are redistributed after compression, which makes the asphalt
mixture dense. When the simulation reaches 1.5 s, the contact of large-sized particles at the
compression point is significantly reduced because most of them are squeezed to both sides of
the wheel. The connection between other particle-size particles at the compression point also
becomes sparse. It shows that the small and medium particles gradually produce shear sliding,
and the bearing capacity decreases. At the end of the simulation, the connection between
the particles at the pressure is sparse, and the asphalt mixture loses its bearing capacity. The
medium-sized particles on both sides of the wheel are more densely connected. The reason is
that most of the medium-sized particles are squeezed onto both sides of the wheel after being
sheared and piled up together after redistribution.

3.3. The Force Curve of Particles in Asphalt Mixtures

The above contents are studied based on the force relationship between particles in
a macroscopic way, and the change in interaction between aggregate particles during the
rutting process is analyzed. However, it is difficult to obtain the specific force of different
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particle sizes with time only in the macroscopic way. The following will be studied from
the perspective of the microscopic force of particles.

3.3.1. Force Curve Analysis of Particles with Different Sizes

The relationship between the force and time of different particle sizes of the AC-13
asphalt mixture is shown in Figure 8.

1200

1000 -~

800
600

400 - 36 =

Particle force (N)

2004

0 T T T T T {
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Simulation time (s)

Figure 8. Relationship between force and time for four different particle sizes of AC-13 particles.

It can be seen from Figure 8 that the force of particles with a particle radius of 7.3 mm
gradually increases before 0.5 s. Then, the force began to fluctuate, but overall, it was
relatively stable. It shows that the asphalt mixture is in a compacted state. The particle
force reaches its peak at 1.6 s. The particles are compacted to the limit, and the bearing
capacity reaches 1092.81 N. Then the force began to decline for 2 s, and the particles moved
under shear. The force fluctuates again after 2 s, and the particles still bear the load. It
shows that the selected particles have been under the wheel without shear failure. The
force curves of particles with particle radii of 5.7 mm and 3.6 mm are similar. The initial
force is relatively stable, and the force is small. The two particles are suspended in the
initial compaction process of the asphalt mixture. Then the force of the particles gradually
increases, and the contact between the particles begins to bear the external pressure. When
the particle force curve reaches its peak, it begins to decline sharply. It shows that the shear
failure occurs after the particle reaches the limit under compression and is no longer used
as a pressure-bearing structure. The force of particles with a particle radius of 1.8 mm is
significantly smaller than that of other particle sizes. It can be seen from the time of the
peak force that the particle only plays a role in transmitting pressure during the compaction
stage of the asphalt mixture. The particle force is 0 after 0.7 s, and it is inferred that the
particle is pushed to both sides of the wheel by other particles or in other particle gaps to
fill the gap. In the process of asphalt mixture rutting, the particles in the asphalt mixture
contact each other and form a stable structure. This skeleton can increase the strength and
stability of the asphalt mixture. The force of different particle sizes is different, and the
effect is different.

The relationship between the force and time of different particle sizes in the SMA-13
asphalt mixture is shown in Figure 9.
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Figure 9. Relationship between force and time for four different particle sizes of SMA-13 particles.

According to Figure 9, particles with a particle radius of 7.3 mm are less and stable
before 0.6 s. It shows that the asphalt mixture is in the compaction stage. There are small
peaks at 0.8 s and 1.7 s, respectively. It shows that the particles are subjected to the pressure
of the upper wheel and shear with other particles at these two times. The large-sized
particles as a whole slide downward while squeezing other particles elsewhere. At2.4s,
the mutation occurs, and the large-size particles are in the compaction limit state, and the
bearing capacity reaches 1518.53 N. After that, the force decreased sharply, indicating that
the shear failure occurred after the particles were compressed and the bearing capacity
was lost. The particles with a radius of 5.7 mm increase slowly before 1.6 s and are in a
compacted state. It increased sharply after 1.6 s and reached the peak bearing capacity
of 1061 N at 1.9 s. Then it decreases sharply, and the particles are also subjected to shear
failure and cannot continue to bear the load. The particles with a radius of 3.6 mm are not
stressed before 1 s. It peaked at 2.2 s and then decreased rapidly. The force value at the
peak value is only 20% of the maximum force value of the upper particle size, which cannot
be the main bearing object. It shows that the particles with a particle size of more than
3.6 mm in the SMA-13 asphalt mixture are the main part of the force. The force trend of
particles with a radius of 1.8 mm is similar to that of other particle sizes. However, its force
is too small, and it only plays a filling role in the asphalt mixture. In the process of asphalt
mixture rutting, pressure will be applied to the asphalt mixture. These forces can further
enhance the interaction between particles and form a more compact skeleton structure. The
formation of this skeleton structure has an important influence on the performance and
service life of asphalt mixtures. It can increase the anti-deformation ability of the asphalt
mixture and reduce the occurrence of rutting.

3.3.2. Comparative Analysis of Forces on Particles of the Same Size

The force curve of particles under the same particle size in the AC-13 and SMA-13
asphalt mixtures is shown in Figure 10.
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Figure 10. Comparison of particle force between AC-13 and SMA-13 asphalt mixtures with the same
particle size. (a) The force curve of particles with a particle size of 7.3 mm; (b) The force curve of
particles with a particle size of 5.7 mm; (c) The force curve of particles with a particle size of 3.6 mm;
(d) The force curve of particles with a particle size of 1.8 mm.

It can be seen from Figure 10 that the AC-13 asphalt mixture under the four particle
sizes reaches the stress limit time earlier than the SMA-13 type. Under the same applied
conditions, the SMA-13 asphalt mixture is compacted deeper in the compacted rutting
stage, indicating that its porosity is greater than that of AC-13. By observing the interval
between the two types of asphalt mixtures reaching the force limit value under each particle
size, it is found that the larger the particle size, the shorter the interval between the two
mixtures reaching the force limit value. This time interval change is mainly caused by
AC-13 particles. In the SMA-13, the time for particles of different particle sizes to reach
the force limit value is maintained at about 2 s. In the AC-13, with the decrease in particle
size, the earlier the time for particles to reach the force limit value, the above time interval
changes. The small particles in the AC-13 asphalt mixture account for a large proportion.
When the tire is pressed, the small particles first come into contact and bear the force.
Because of its limited bearing capacity, it reaches the limit value of the force at the earliest.
The large particles are suspended in the small particles, and it takes a short compaction
time to bear the pressure. As the main pressure-bearing object, the force of large particles is
much greater than that of small particles. According to the force limit values of the particles
with different sizes in Figure 10. In the AC-13 asphalt mixture, the particle limit values
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with a particle radius of 1.8 mm are 10.6%, 7.5%, and 5.2% of those with a particle radius of
3.6 mm, 5.7 mm, and 7.3 mm, respectively. The results show that the particle size of 1.8 mm
accounts for a small proportion of the total force, and the external load is mainly borne
by the particle size of 1.8 mm or more. In the SMA-13 asphalt mixture, the particle limit
values with a particle radius of 1.8 mm are 60.9%, 12.0%, and 8.4% of 3.6 mm, 5.7 mm, and
7.3 mm particles, respectively. It can be seen that the difference between the force values of
particles with 1.8 mm and 3.6 mm particle sizes is small, and both are far smaller than the
superior particle size. Therefore, the main force particles are particles with a particle size
of more than 3.6 mm. In order to further compare the particle size range of the two kinds
of asphalt mixture particles, the limit values of different particle size particles in the two
types of asphalt mixture are nonlinearly fitted. The fitting results are shown in Figure 11.
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Figure 11. Fitting curves of force limit values for particles of different sizes.

According to Figure 11, the correlation coefficient of the fitting curve of the force
limit value of the two types of asphalt mixture particles exceeds 0.96. It shows that the
fitting curve can better describe the changing trend of the data. It can be seen from the
two fitting curves. When the particle radius is less than 5.1 mm, the force value of AC-13
asphalt mixture particles is greater than that of SMA-13. When the particle radius exceeds
5.1 mm, the force value of SMA-13 asphalt mixture particles is greater than that of AC-13.
For particles with a radius of 5.7 mm and 7.3 mm. The force limit value in the SMA-13
asphalt mixture is about 30% higher than that in the AC-13 asphalt mixture. In addition,
the particle force limit values of the two types of asphalt mixture are proportional to the
particle size.

4. Asphalt Mixture Gradation Optimization, Design, and Verification
4.1. Gradation Optimization Design

According to the above simulation results, it can be concluded that particles with
different particle sizes play different roles when subjected to external loads. By determining
the appropriate particle size and distribution range, the distribution of particles is more
uniform, which can improve the bearing capacity of the pavement. Improper gradation will
reduce road performance and even lead to road damage. Therefore, a reasonable gradation
design is the key factor in ensuring the good performance of the asphalt mixture.
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The optimization of asphalt mixture gradation should correspond to the real material.
The mineral materials are divided into three grades, namely 1 # (10-15 mm), 2 # (5-10 mm),
and 3 # (0-5 mm). According to the simulation results of different particles in Section 3.3.2,
the gradation of the asphalt mixture is adjusted. In the AC-13 asphalt mixture, the force
value of particles with a radius of less than 5.1 mm is greater than that of SMA-13, and the
bearing capacity of particles with a radius of 1.8 mm is very small. It shows that particles
with a radius between 1.8 and 5.1 mm play a major role. Corresponding to the real mineral
aggregate, the aggregate dosage of 2 # (5-10 mm) grade should be increased. In the SMA-13
asphalt mixture, the particles with a radius of more than 5.1 mm bear the load higher than
the AC-13. It shows that particles with a radius of 5.1-7.3 mm are the main carriers of
external loads. Therefore, the aggregate content of 1 # (10-15 mm) grade is increased. Based
on the above principles, this paper designs a new gradation of the original gradation. The
grades of the AC-13 and SMA-13 asphalt mixtures before and after optimization are shown
in Figures 12 and 13, respectively.
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Figure 12. Mineral aggregate gradation of AC-13 asphalt mixture.
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Figure 13. Mineral aggregate gradation of SMA-13 asphalt mixture.



Coatings 2023, 13, 1965

15 0f 19

The improvement effect of road performance after optimization of asphalt mixture
gradation is not clear through discrete element simulation results. The performance of the
asphalt mixture before and after optimization is tested below, and the performance indexes
are compared and analyzed. The feasibility of the grading optimization method is verified
by a laboratory experiment.

4.2. Asphalt Mixture Performance Test

Styrene-butadiene-styrene (SBS)-modified asphalt is adopted in this experiment. The
physical performances of the SBS-modified asphalt are tested in accordance with Chinese
specification JTG E20-2011 and meet the requirements [44]. According to the Marshall test,
the optimum asphalt-aggregate ratios of AC-13 and SMA-13 before optimization are 5.06%
and 5.92%, respectively, and the optimum asphalt-aggregate ratios after optimization are
5.19% and 6.13%, respectively.

4.2.1. High-Temperature Rutting Test

The rutting test can be applied to evaluate the high-temperature rutting resistance
of asphalt mixtures before and after optimization of gradation according to Standard JTG
E20-2011 T0719-2011 in China [42]. The rutting specimens of two types of asphalt mixture
are made, respectively, with three parallel specimens in each group. The test results are
shown in Table 2.

Table 2. High-temperature rutting test results of asphalt mixture.

Dynamic Stability (Times/mm)

Type of Mixture Gradation Type
yp yP 1 2 3 Average
AC-13 Gradation before optimization 4227 4134 4192 4184
] Gradation after optimization 4583 4502 4529 4538
SMA-13 Gradation before optimization 5574 5623 5649 5615
] Gradation after optimization 5968 6276 6381 6208

According to Table 2, the average dynamic stability of the AC-13 asphalt mixture before
gradation optimization is 4184 times/mm. The average value of dynamic stability after
grading optimization is 4538 times/mm. The dynamic stability has increased by 8.5%. It
shows that by optimizing the gradation of mineral aggregate, the coverage of asphalt film is
more uniform and the formation of voids is reduced. Therefore, the mechanical properties
and high temperature resistance of the material are improved. The average dynamic
stability of the SMA-13 asphalt mixture before and after optimization is 5615 times/mm
and 6208 times/mm, respectively. The dynamic stability has increased by 10.6%. By
increasing the content of coarse-particle mineral aggregate, a better interlocking effect can
be achieved, and the fluidity of asphalt can be reduced. Thereby reducing the deformation
and fatigue damage of the mixture at high temperatures.

4.2.2. Low-Temperature Bending Test

The bending test is applied to evaluate the low-temperature properties of the asphalt
mixture according to Chinese Standard JTG E20-2011 T0728-2000 [45]. The slab specimen
(300 x 300 x 50 mm) is mixed at the optimum asphalt-aggregate ratio and then cut into
a beam specimen (250 x 30 x 35 mm). The three-point bending beam test with a span of
200 mm is carried out under the condition of —10 °C. The test results are shown in Table 3.
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Table 3. Low-temperature bending test results of asphalt mixture.

. . Flexural Tensile Maximum Bending Bending Stiffness
Type of Mixture Gradation Type Strength (MPa) Strain (10-9) Modulus (MPa)
AC-13 Gradation before optimization 10.32 2587.2 3989.85
] Gradation after optimization 11.27 2896.3 3891.61
SMA-13 Gradation before optimization 12.08 2752.8 4388.87
) Gradation after optimization 12.96 3021.6 4289.77

As can be seen from Table 3, the flexural tensile strength of the AC-13 and SMA-
13 asphalt mixtures after optimization increased by 9.2% and 7.3%, respectively. The
improvement effect of the AC-13 asphalt mixture on low-temperature crack resistance is
better than that of SMA-13. The reason is that the content of fine-particle mineral aggregate
in the AC-13 asphalt mixture is higher. After optimizing the mineral aggregate gradation, a
tighter mineral aggregate skeleton is formed. Therefore, the crack resistance of the material
has improved. The filling action of fine-grained aggregates helps to reduce the fluidity of
asphalt, thus reducing the deformation and cracking of the mixture at low temperatures.
However, the increase in coarse aggregate content in the SMA-13 asphalt mixture is not
beneficial to improving the cementation performance between asphalt and fine aggregate
and is easy to cause cracking at low temperatures.

4.2.3. Water Stability Performance Test

The Marshall immersion test and the freeze-thaw splitting test are applied to evaluate
the water stability performance of the asphalt mixture according to Chinese Standard
JTG E20-2011 T0709-2011 and T0729-2000 [46,47]. The water immersion residual stability
and the freeze-thaw splitting strength ratio test are used as indexes to evaluate the water
stability. The test results are shown in Table 4.

Table 4. Marshall immersion and freeze-thaw split test results.

. . Water Immersion Residual Freeze-Thaw Splitting
Type of Mixture Gradation Type Stability (%) Strength Ratio (%)
AC-13 Gradation before optimization 87.9 79.6
i Gradation after optimization 89.3 81.1
Gradation before optimization 91.7 86.4
SMA-13 . L
Gradation after optimization 92.3 88.2

It can be seen from the test results in Table 4 that the water immersion residual stability
and freeze-thaw splitting strength ratio of the AC-13 asphalt mixture after optimization
are 1.6% and 1.9% higher than those before optimization, respectively. A small number
of voids can reduce the possibility of water entering the asphalt mixture. The infiltration
degree of water in the asphalt mixture is reduced, and the overflow and stripping of
asphalt are reduced. Therefore, the water stability of the asphalt mixture is improved. The
water immersion residual stability and freeze-thaw splitting strength ratio of the SMA-13
asphalt mixture after optimization are 0.7% and 2.1% higher than those before optimization,
respectively. The content of coarse mineral aggregate is increased to achieve the interlocking
skeleton structure, and the deformation resistance and tensile shear resistance of the asphalt
mixture are enhanced. The stable aggregate skeleton is helpful to resist the erosion of water
flow and the separation of asphalt, improving the water stability.

5. Conclusions

In this paper, EDEM is used to simulate the formation process of AC-13 and SMA-13
asphalt mixture ruts. The software post-processing system is used to obtain the force
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characteristics and effects of different particle-size particles in the process of rut formation.
Based on this, the gradation is further optimized and verified, and the following conclusions
are obtained:

(1) Inthe AC-13 asphalt mixture, particles with a radius of more than 1.8 mm are the main
bearing particles. In the SMA-13 asphalt mixture, the particles with a radius of more
than 3.6 mm are the main bearing particles. Small particle-size particles play a filling
role. The particle force limit value of the two types of asphalt mixture is proportional
to the particle size.

(2) When the particle radius is less than 5.1 mm, the particle force value of the AC-13
asphalt mixture is greater than that of SMA-13. When the particle radius is greater
than 5.1 mm, the particle force value of the SMA-13 asphalt mixture is greater than that
of AC-13. For particles with a radius of 5.7 mm and 7.3 mm, the force limit value of
the SMA-13 asphalt mixture is increased by about 30% compared to that of the AC-13
asphalt mixture.

(3) Through laboratory experimental research, the dynamic stability, flexural tensile strength,
water immersion residual stability, and freeze-thaw splitting strength ratios of the AC-13
asphalt mixture after optimization are 8.5%, 9.2%, 1.6%, and 1.9% higher than those
before optimization. The dynamic stability, flexural tensile strength, water immersion
residual stability, and freeze-thaw splitting strength ratios of the SMA-13 asphalt mixture
after optimization are 10.6%, 7.3%, 0.7%, and 2.1% higher than those before optimization.
The road performance of the asphalt mixture after gradation optimization has improved,
which shows that the gradation optimization method is feasible.
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