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A B S T R A C T

As traffic grows by leaps and bounds, deterioration of asphalt surface layers emerges as the primary cause
of road network costs. A deep understanding of the tire–pavement interaction is essential for optimizing the
surface design of asphalt pavements in the context of aging infrastructure and limited maintenance resources.
Most of the current tire–pavement interaction studies have been conducted in the continuum mechanics
framework using Finite Element Methods (FEM), which shows limitations in modeling the discontinuity nature
of asphalt mixtures. Discrete Element Methods (DEM) offer a promising way to examine the mechanical
properties of asphalt mixtures at the particle level, but it is inadequate for modeling deformable tire structure
and capturing realistic tire contact forces on the pavement surface. In this study, a FEM–DEM coupling
strategy was developed for the modeling of tire–pavement interaction by implementing a DEM model of
asphalt mixtures with rolling tire loads from a FEM model. Based on simulations with realistic rolling tire
load conditions, this coupling algorithm allows the investigation of particle force chain network evolution,
particle displacement and velocity distributions, movements of individual particles, and particle contact force
characteristics inside an asphalt mixture. This study offers an enriching expansion of both continuum and
discrete mechanics methods for analyzing asphalt mixture responses under rolling tire loads, which can provide
insight into pavement surface design.
1. Introduction

1.1. Motivation

Asphalt mixtures are complex multi-phase composite materials ex-
tensively used in road construction, such as highways and urban pave-
ments. A significant part of road network costs is related to surface
degradation, which tends to occur most frequently on asphalt surface
layers. Due to its heterogeneous structure, the material response of
an asphalt mixture is determined by properties of its components
(aggregates, asphalt binder, and air voids), changing environmental
variables (temperature, moisture, etc.) and interaction with loading
tires. Therefore, it is crucial to assess the mixture responses at a
micro-structural level under real tire load conditions in order to better
understand and model its behavior.

Asphalt mixtures under rolling tire loads are subjected to three-
dimensional stress states with varying stress levels in each dimension.
Therefore, it is usually difficult to achieve such complex boundary
conditions through laboratory tests due to the limited capabilities of
testing equipment and measurement systems. Full-scale tests based on
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the Accelerated Pavement Testing (APT) method [1–4] are an effective
approach for assessing macroscopic pavement performance under real
tire loading. However, it is still a struggle to get insight into the internal
mechanisms of the mixture damage at a microscopic point of view by
using APT.

To cope the difficulties rising from the complexity and inadequacy
of experimental measurements, numerical approaches such as the Finite
Element Method (FEM) and the Discrete Element Method (DEM) have
emerged as a promising and effective way of gaining insight into
asphalt mixture performance in recent decades.

For simulating a dynamic mutual interaction system comprising a
tire and an asphalt mixture at the micro-structural level, three issues
need to be addressed primarily: Firstly, seeking a realistic represen-
tation for the tire load; Secondly, modeling an asphalt mixture while
explicitly considering characteristics of its different components (ir-
regular aggregate particles, asphalt binder, etc.); Finally, applying the
rolling tire load to the mixture structure by coupling the two models
above. In the following, we discuss the tire modeling and modeling of
microscopic asphalt mixtures to solve the first two problems. For the
950-0618/© 2023 Elsevier Ltd. All rights reserved.
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final issue, a coupling strategy is introduced to address the simulation
of asphalt mixture responses at the particle level under rolling tire
loads.

1.2. Literature review of tire modeling

As a prerequisite to investigating asphalt pavement performance
under tire loads, it is essential to represent tire contact stresses on
the pavement surface realistically. Currently, tire load distributions can
either be obtained from measurements [5–7] or from numerical models.
Due to the limitations of experimental measurements in studying differ-
ent boundary conditions, experimental approaches struggle to examine
this interaction system adequately. On the other hand, numerical tools
provide an effective way to explore this system, especially, the FEM
is widely used in the tire modeling investigation. Several FEM tire
models were built to study tire contact stresses under different working
conditions, such as the models developed by Korunović et al. [8], Wang
et al. [9], Wollny et al. [10,11], and Guo et al. [12,13]. The results
showed that tire contact stresses are influenced by multiple factors,
including tire structure, inflation pressure, tire load, rolling states (free
rolling, acceleration/braking, and cornering), rolling speed, friction,
etc.

However, in the most current research, the pavement structure
was assumed as rigid in the tire–pavement model, and the contact
stresses on the tire were calculated to reflect tire load distribution
on the pavement surface. Although this assumption could save com-
putation time by avoiding massive contact detection between objects
with different material properties, it may result in an inaccurate es-
timation of transmitted contact stresses on the pavement surface. To
overcome this problem, a tire–pavement surface interaction model
based on an implicit contact formulation that considers both tire and
pavement characteristics and rolling conditions has been adopted [14].
The present tire loading boundary conditions satisfying different rolling
conditions on the pavement surface were obtained from this model.

1.3. Literature review of asphalt mixture modeling

For the calculation of tire contact stresses, in most of researches,
the asphalt mixture is assumed as homogeneous. This assumption is
rational when we focus on the tire load distribution on the pavement
surface as tire contact stresses can be realistically represented through
the mesh-based methods in the continuum mechanics framework. How-
ever, when it comes to describe the internal asphalt mixture local
responses, the homogenization assumption of asphalt mixture is in-
sufficient as it cannot examine the mixture’s mechanical performance
from a microscopic level, consistently, at the particle level. Conse-
quently, modeling a mixture structure while considering its different
components and their respective properties explicitly is desired.

So far, FEM and DEM have become two major methodologies to
model the microscopic structure of asphalt mixtures. To capture the
heterogeneity and micro-structure of an asphalt mixture, FEM mod-
els were used to build an asphalt mixture with aggregates generated
randomly by computer-aided algorithm [15] or reconstructed by X-ray
computed tomography (CT) [16,17]. Using a FEM model with recon-
structed aggregates, it was demonstrated that the angularity and irreg-
ular shape of coarse aggregates can be addressed in asphalt mixtures.
However, these models are based on continuum mechanics theory,
which still has difficulties in modeling contact status changes between
various asphalt components as they come in and out of contact as well
as sliding between different particles when in contact.

On the contrary, DEM is dedicated to the modeling of various com-
plex and discontinuous assembly behaviors for interacting components.
Thus, DEM offers a more promising way to model and characterize
the micro-structure of an asphalt mixture at the particle level com-
pared to FEM. A variety of studies have been conducted using DEM
to investigate the micro-mechanical behavior of asphalt mixtures. To
2

model the asphalt mastic, viscoelastic contact laws were widely used by
researchers in recent years [18–20] to evaluate resilient modulus [21],
permanent deformation mechanism [22] and compaction behavior of
asphalt mixtures [23]. To depict realistic aggregate particles, many re-
searches were conducted simulations on mixtures composed of irregular
particle shapes, based on computer-aided algorithms [24–26], image
scanning devices [27,28] and hybrid approaches of the two methods
aforementioned [29]. However, in most of these studies, particle shapes
are usually selected from limited templates or created randomly in the
simulation. The particle morphology distribution in the real mixture
assembly cannot be represented adequately in the numerical specimens
due to the rich variability of actual particle shapes. Indeed, X-ray CT
technique could be used to obtain the meso-structure of the whole
asphalt sample, so that both particle morphology and size distributions
would be better considered [30]. However, this method is physical
specimen dependent, which cannot provide a fully numerical environ-
ment for asphalt mixture modeling. Besides, the model accuracy is also
highly dependent on the image processing technique, which is usually
time-consuming. Moreover, the CT device is usually expensive and lack
of flexible mobility.

In the present study, a 3D micro-structural DEM model of an asphalt
mixture developed in Ge et al. [31] is adopted. The model explicitly
accounts for aggregate morphology distribution, particle size distri-
bution and the activation of the viscoelastic contact model between
aggregates, enabling a realistic depiction of heterogeneous asphalt
mixture structure.

1.4. Coupling simulation of investigating asphalt mixture responses under
tire loads

This paper aims to examine asphalt mixture responses under various
tire rolling conditions at the particle level. There are several studies that
have been carried out focusing on simplified wheel loading assumptions
such as pulse loading, equivalent loading to predict the mechanical per-
formance of asphalt pavements [32–35]. However, simplified loading
conditions cannot reflect the non-uniform loading boundaries, and are
not adequate to examine the pavement responses under real tire loading
conditions [36]. Wollny et al. [37] proposed a consistent simulation
chain based on FEM to examine the micro-structural asphalt model
responses under realistic rolling tire loads. However, the simulation
was conducted in the frame of FEM, which has limitations in describing
contact status of individual particles.

On the other hand, several DEM models were built in 2D to inves-
tigate the asphalt layer responses under tire loads, including surface
wear [38] and crack development [39]. However, the tire loading
conditions used in current studies are usually uniform and simplified,
which cannot reflect real non-uniform tire loads. Further, predicting
the performance of asphalt mixtures based on 2D models might be
unreliable due to the fact that they lack a full description of the
heterogeneous structure of the asphalt mixture. Due to the computa-
tional costs involved in simulating tire load effects on asphalt mixtures
using DEM in 3D, some DEM models simulate wheel tracking tests
(WTTs) [22,25,40] to indirectly examine asphalt mixture responses
under tire loads. Nevertheless, these simulations are compromised by
size effects and simplified boundary conditions that come from WTTs,
which inhibit accurate predictions of mixture responses.

Despite its promise in examining the mechanical properties of as-
phalt mixtures at the particle level, DEM is inadequate to accurately
simulate deformable tire structures and capture realistic tire contact
forces on pavement surfaces. Consequently, a multi-scale simulation
incorporating FEM and DEM appears necessary to investigate non-
uniform tire loads on asphalt mixtures at the particle level.

Herein, a multi-scale 3D FEM–DEM coupling simulation is presented
to examine internal asphalt mixture responses micromechanically un-
der rolling tire loads. Within this method, FEM is used to capture

tire contact stresses on the pavement surface at a consistent level
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Fig. 1. (a) Tire driven forces during rolling (b) Tire–pavement model.

while DEM is dedicated to tracking particle movements and contact
status changes in an asphalt mixture. We analyze statistically the
micro-mechanical responses including particle movement characteris-
tics, displacement and velocity distributions, contact forces, and indi-
vidual particle displacement in an asphalt mixture under different tire
rolling conditions. The current study proposes an innovative method
for exploring tire–pavement interaction, which could help revealing
degradation mechanisms of asphalt pavement surfaces under realistic
tire rolling loads at the particle level.

2. Tire–pavement contact modeling

2.1. Modeling process and its calibration

A vehicle tire can withstand forces and torques from multiple axes,
based on its rolling state. The vertical force results from vehicle weight,
whereas the longitudinal force is generated when the tire is moving in
a straight line during acceleration or braking. During cornering, the lat-
eral force is generated with the changing tire direction. Fig. 1 illustrates
the driven force status of a rolling tire and a classical tire–pavement
model.

Fig. 2 presents the modeling process of the tire–pavement surface
contact model. The tire geometry (185/65R15) was reconstructed by
using laser scanning technique and the meshing process was performed
by the open-source software Gmsh (https://gmsh.info/). In the tire–
pavement interaction model, the tire structure was made up of a rigid
rim and a deformable part representing rubber and air as a single
component. For the sake of simplicity, we kept the longitudinal tire
grooves while removing the transverse textures following the scan-
ning results. Additionally, we replaced the rigid rim with a cylinder
inheriting the same diameter. The deformable part was assumed as
a homogeneous and elastic material with a modulus of 1.0 MPa and
Poisson’s ratio of 0.36 identified thanks to a force–displacement com-
pression test, where the tire inflation pressure was 2.2 bar. To provide
accurate and efficient solutions for tire contact stresses on the pavement
surface, we built an asphalt layer with dimensions of 0.3 m × 0.3 m
× 0.04 m and assumed that the pavement layer was homogeneous
with an elastic modulus and Poisson’s ratio of 13,000 MPa and 0.35,
respectively. The simulation was conducted in the frame of FEM based
on the implicit contact solving formulation through Contact Dynamics
(CD) method [41,42]. LMGC90 (https://git-xen.lmgc.univ-montp2.fr/
lmgc90/lmgc90_user/-/wikis/home), an implicit discrete element soft-
ware dedicated to the modeling of large collections of interacting
components (rigid or deformable) based on the CD method [43,44],
has been adopted to build numerical models. More details about the
tire modeling procedures can be found in a previous study [14].

We focused on the longitudinal tire behavior during free rolling,
braking and acceleration. For a rolling tire without cornering, when a
3

torque is applied to the tire, a longitudinal slip (k) occurs [45], defined
as:

𝑘 =
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(1)

where:

• 𝑉𝑦0 [m/s] — rolling tire longitudinal velocity.
• 𝑟𝑤 [m] — rolling tire radius.
• 𝜔0 [rad/s] — rolling tire angular velocity.
• 𝑘 [-] — longitudinal tire slip.
• 𝜔 [rad/s] — braking/accelerating tire angular velocity.
• 𝑎𝑣 [m/s2] — vehicle acceleration.

For 𝑘 different from zero, it corresponds to the acceleration (𝑘 > 0)
or braking (𝑘 < 0) states, and the tire is subjected to longitudinal forces.
The free rolling state is corresponding to 𝑘 = 0, where only normal force
is activated on the tire.

2.2. Tire contact stress distributions

The longitudinal forces associated with a tire under acceleration and
braking are opposite but similar; therefore, the study only analyzed tire
contact stresses under braking. Fig. 3 presents tire contact imprints on
the pavement surface at free rolling and full braking (k=-1) conditions,
where the normal tire load is 5 kN and the local friction coefficient
between the tire and pavement surface is set to 0.8. Both contours
demonstrate that the tire contact stress is not uniformly distributed, and
the tire imprint is dissymmetric as it could be expected. The maximum
contact stress area at full braking is concentrated along the 𝑦-axis due
to the braking force action.

Fig. 4 displays that the tire induces contact stress components in
both normal and tangential directions, which may affect pavement
responses. Fig. 4(a) and 4(b) illustrate that the vertical contact stress at
the two conditions presents similar non-uniform distribution across the
whole contact area. The distribution of the vertical stress is symmetric
along the 𝑦-axis, and the maximum stress values concentrate at the tire
center ribs.

Regarding Fig. 4(c) and 4(d), the transverse stress distribution at
free rolling and full braking conditions are very similar as no lateral
force induced by corning acts on the tire. The lateral contact stress
distributes symmetrically around the tire center and the stress values
achieve maximum at the tire edge ribs.

At the two rolling conditions, the longitudinal contact stress is
distributed symmetrically along the 𝑦-axis, with its peaks located at the
center ribs of the tire, as shown in Fig. 4(e) and 4(f). Nevertheless,
full braking perturbates greatly the longitudinal contact stress so as
its distribution is largely dissymmetric with regards to the 𝑥-axis. As a
consequence, longitudinal contact stress for the full braking condition
is significantly higher than for the free rolling condition, which could
accelerate pavement deterioration.

3. Asphalt mixture modeling

3.1. Complex modulus test set-up and modeling

The viscoelastic behavior of an asphalt mixture under cyclic loading
can be assessed by the dynamic modulus |𝐸∗

| and the phase angle 𝛷. To
identify the mechanical properties of asphalt mixtures, complex mod-
ulus tests were conducted in a two-point bending (2PB) configuration
according to the EN 12697-26:2012 specifications [46].

From a geometrical point of view, an asphalt mixture can be seen
as a system of irregular particle tessellations, and particles interact
with each other through mastic between them. In this study, we used

https://gmsh.info/
https://git-xen.lmgc.univ-montp2.fr/lmgc90/lmgc90_user/-/wikis/home
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Fig. 2. Tire–pavement contact modeling process.
Fig. 3. Tire imprints at free rolling and full braking conditions.
the asphalt mixture model developed in a previous study [31] which
incorporates particle morphology and particle size distribution into
numerical simulations of asphalt mixtures.

Fig. 5 displays the test configuration and the numerical sample
reconstructed in LMGC90 software. More details about the asphalt
mixture modeling with irregular particles can be found in this previous
study [31].

3.2. Calibration of the Burgers model

Asphalt mixture is a complex composite particular material showing
a viscoelastic behavior, thus a viscoelastic contact model between
particles based on the Burgers model is adopted in the simulation. This
model comprises a Maxwell model put in series with a Kelvin–Voigt
model, the stiffness and the viscosities for the Maxwell and the Kelvin–
Voigt parts correspond to 𝐾𝑚, 𝐶𝑚, 𝐾𝑘, and 𝐶𝑘, respectively. More details
about the numerical implementation of this contact model can be found
in [20].

For a viscoelastic material under cyclic loading, it is possible to
determine the complex compliance as following:

|𝐷∗
| =

√

𝐷′(𝜔)2 +𝐷′′(𝜔)2 (2)
4

𝐷′(𝜔) = 1
𝐾𝑚

+
𝐾𝑘

𝐾𝑘
2 + 𝜔2𝐶𝑘

2
(3)

𝐷′′(𝜔) = 1
𝜔𝐶𝑚

+
𝜔𝐶𝑘

𝐾𝑘
2 + 𝜔2𝐶𝑘

2
(4)

Where:

• 𝐾𝑚, 𝐶𝑚, 𝐾𝑘 and 𝐶𝑘 correspond to the Maxwell and Kelvin–Voigt
stiffness and viscosities respectively.

• |𝐷∗
| is the complex compliance, 𝐷′ and 𝐷′′ are the real and

the imaginary parts of the complex compliance, and 𝜔 is the
pulsation.

The master curve describing the loading time dependency of as-
phalt mixtures can be generated according to the time–temperature
superposition principle. To build the corresponding master curve, a
reference temperature 𝑇𝑟𝑒𝑓 was chosen, then the translation of all
isotherm values were obtained from the temperature fit using the
Williams–Landel–Ferry (WLF) transformation [47].

Fig. 6 shows the experimental and numerical results for the master
curve for both the dynamic modulus and the phase angle. The numer-
ical values from simulations are in good agreement with experimental
values for |𝐸∗

| and 𝛷 for all the tested frequencies (from 3 up to 40 Hz)
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Fig. 4. Tire contact stress distributions at free rolling and full braking conditions.

Fig. 5. 2PB test set-up and numerical modeling of test sample.
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Fig. 6. Experimental and numerical master curve at 𝑇𝑟𝑒𝑓 = 15 ◦C.

Table 1
Burgers model parameters used in numerical simulations.
𝑇 (◦C) 𝐾𝑚 (Pa) 𝐶𝑚 (Pa s) 𝐾𝑘 (Pa) 𝐶𝑘 (Pa s)

15 9.48 × 107 1.02 × 107 1.70 × 108 1.79 × 106

and temperatures (between −10 and 30 ◦C), despite some fluctuations
around the average values. The calibrated parameters determined by
a mean square method for the Burgers contact model at 𝑇𝑟𝑒𝑓 = 15 ◦C
were selected as input material properties in the later simulation, as
listed in Table 1.

4. FEM-DEM coupling for the tire–pavement interaction

4.1. Coupling algorithm

The kernel of FEM–DEM coupling is based on the detection between
tire contact forces and particles. This detection is conducted to deter-
mine which particle is in contact with the tire contact force ( ⃖⃖⃖⃗𝐹𝑛), where
⃖⃖⃖⃗𝐹𝑛 is derived from the nodal force on the pavement surface from the
FEM tire–pavement model, thus ⃖⃖⃖⃗𝐹𝑛 is composed of three component
𝐹𝑛𝑥, 𝐹𝑛𝑦, 𝐹𝑛𝑧. The coupling process is shown in Fig. 7.

At first, we focused on the contact area of the tire and pavement
surface, so we extracted the tire imprint dimensions from the tire
model. When the vertical tire force 𝐹 is lower than zero, the force
6

𝑛𝑧
position is deemed to be inside the tire–pavement surface contact area.
After scanning all the force coordinates of the pavement surface, a
square boundary area (𝐿𝑥 × 𝐿𝑦) circumscribing all the contact force
points could be obtained. Then, according to the square boundary di-
mensions, we created an asphalt mixture wearing layer with a thickness
of 4 cm by using the calibrated asphalt mixture parameters. Afterward,
the contact detection between the tire contact forces and asphalt mix-
ture aggregates was performed during the simulation. Finally, the tire
contact forces were applied to the particles on the asphalt mixture
layer surface and the coupling simulation was conducted based on the
time-iteration calculation frame. The general procedure is shown in
algorithm Algorithm 1.

Algorithm 1 General procedure of the coupling algorithm.
1. Tire imprint determination
if 𝐹𝑛𝑧 <= 0 then

1.1: Get coordinates of the contact force: 𝐹𝑐𝑜𝑜𝑟𝑥, 𝐹𝑐𝑜𝑜𝑟𝑦 and 𝐹𝑐𝑜𝑜𝑟𝑧
end if
2: Calculate the range of the contact force field: 𝐿𝑥 = 𝑚𝑎𝑥(𝐹𝑐𝑜𝑜𝑟𝑥) −
𝑚𝑖𝑛(𝐹𝑐𝑜𝑜𝑟𝑥) and 𝐿𝑦 = 𝑚𝑎𝑥(𝐹𝑐𝑜𝑜𝑟𝑦) − 𝑚𝑖𝑛(𝐹𝑐𝑜𝑜𝑟𝑦))
3: Asphalt mixture modeling according to the range.
loop

4. Tire contact force detection on the surface layer
if Tire contact force is inside the force field then

4.1: Coarse detection
4.2: Fine detection

end if
5. Tire contact force application on the asphalt mixture sample
if The tire contact force is on a particle surface then

5.1: Applying the force and moments to the particle
end if
6: Running next step simulation based on the time iteration

algorithm

4.2. Tire contact force detection

For the tire contact force detection, we perform a detection at two
levels: coarse detection and fine detection. As shown in Fig. 8, for a
particle located on the asphalt layer surface, we first extracted its ge-
ometry information including polyhedron vertices. Then, we calculated
the bounding box (minimal and maximal coordinates of vertices in x,
𝑦 and z direction) of this particle and compared the tire contact force
coordinates (𝐹𝑐𝑜𝑜𝑟) with the horizontal range of the bounding box, as
shown in Fig. 8(a). If the tire contact force is outside the bounding box,
it is judged that the contact force is outside all the particle surfaces.
The tire contact force may also lie outside the particle surfaces while
being in the bounding box, so we need to perform a further accurate
detection, the fine detection. To perform fine detection, we extracted
particle surfaces and compute a dot product to determine if the tire
contact force is located on the particle surface. As shown in Fig. 8(b), a
particle surface (ABC) is taken as an example. If the tire contact force
point (P) is inside the triangle surface, the results of all the dot products
(⃖⃖⃖⃖⃖⃗𝐴𝐵 ⋅ ⃖⃖⃖⃖⃖⃗𝐴𝑃 , ⃖⃖⃖⃖⃖⃗𝐵𝐶 ⋅ ⃖⃖⃖⃖⃖⃗𝐵𝑃 , ⃖⃖⃖⃖⃖⃗𝐶𝐴 ⋅ ⃖⃖⃖⃖⃖⃗𝐶𝑃 ) must be higher than zero. The detection
procedures are listed in the algorithm 2.

4.3. Tire contact force application

After the contact detection procedure, we need to apply the tire
contact forces on particles located on the asphalt layer surface. For the
contact force application, we applied external tire contact forces to the
mass center of polyhedron particles. As shown in Fig. 9, as a tire contact
force 𝐹𝑛 has three components (𝐹𝑛𝑥, 𝐹𝑛𝑦 and 𝐹𝑛𝑧), it can cause three
components of moments (𝑀𝑥, 𝑀𝑦 and 𝑀𝑧) on the particle. By using
the algorithm 3, the tire contact forces can be transmitted equally to
the mass center as external forces and moments.
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Fig. 7. Coupling simulation of FEM and DEM: (a) Tire imprint determination (b) Contact force detection (c) Contact force application.
Fig. 8. (a) Coarse detection: Bounding box (b) Fine detection: Point in polyhedron.
5. Results and discussion

In this section, we investigate the mechanical response of the as-
phalt mixture layer under varying tire rolling conditions including
rolling velocity and rolling status. All the simulation were conducted
7

in LMGC90 at 𝑇𝑟𝑒𝑓 = 15 ◦C, which is a referenced value in French
pavement design [46]. For the entire simulation, the bottom particles in
the asphalt layer model are fixed by a rigid wall, which provides a bot-
tom boundary condition. Besides, thanks to the symmetric distribution
of tire contact stresses, a symmetric simulation strategy was adopted
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Fig. 9. (a) Plane-XY (b) Plane-XZ (c) Plane-YZ.
Algorithm 2 Tire contact force detection on the particle.
1. Coarse detection
if 𝑚𝑖𝑛(𝑋𝑣𝑒𝑟𝑡𝑒𝑥) <= 𝐹𝑐𝑜𝑜𝑟𝑥 <= 𝑚𝑎𝑥(𝑋𝑣𝑒𝑟𝑡𝑒𝑥), 𝑎𝑛𝑑 𝑚𝑖𝑛(𝑌 𝑣𝑒𝑟𝑡𝑒𝑥) <=
𝐹𝑐𝑜𝑜𝑟𝑦 <= 𝑚𝑎𝑥(𝑌 𝑣𝑒𝑟𝑡𝑒𝑥) then

Particle is on the bounding box surface of the particle
2. Fine detection
if ⃖⃖⃖⃖⃖⃗𝐴𝐵 ⋅ ⃖⃖⃖⃖⃖⃗𝐴𝑃 >= 0, and ⃖⃖⃖⃖⃖⃗𝐵𝐶 ⋅ ⃖⃖⃖⃖⃖⃗𝐵𝑃 >= 0, and ⃖⃖⃖⃖⃖⃗𝐶𝐴 ⋅ ⃖⃖⃖⃖⃖⃗𝐶𝑃 >= 0 then

Force is on the particle surface
else

Force is outside the particle surface
end if

else
Force is outside the particle surface

end if

Algorithm 3 Tire contact force application to the particle.
1. External particle force 𝑓 calculation
if Tire contact force point is on the particle surface then

𝑓𝑥 = 𝐹𝑛𝑥
𝑓𝑦 = 𝐹𝑛𝑦
𝑓𝑧 = 𝐹𝑛𝑧
2. External particle moment 𝑀 calculation
𝑀𝑥 = 𝐹𝑛𝑦 ∗ 𝑑𝑧 + 𝐹𝑛𝑧 ∗ 𝑑𝑦
𝑀𝑦 = 𝐹𝑛𝑥 ∗ 𝑑𝑧 + 𝐹𝑛𝑧 ∗ 𝑑𝑥
𝑀𝑧 = 𝐹𝑛𝑥 ∗ 𝑑𝑦 + 𝐹𝑛𝑦 ∗ 𝑑𝑥

end if

to reduce the computation cost. The simulation used only half of the
layer model along the 𝑦-axis, whereas the 𝑥-direction of particles on the
center surface was fixed simultaneously to provide a lateral boundary
8

condition. The time step was set to 5 × 10−5 s for all simulations to
ensure the numerical stability. The CPU time was 3.2 × 10−3 s per
particle and per time step on a Dell computer of speed 3.9 GHz.

5.1. Effects of tire rolling velocity

5.1.1. Bottom boundary force
Three tire rolling velocities (10, 20, and 30 m/s) were applied

to the coupling model at the free rolling condition to investigate the
effect of tire rolling velocity on mixture layer responses. Fig. 10(a)
gives evolution results for the bottom boundary force at tire velocity
of 30 m/s along the time. All the force values first increase until they
reach their peak values, and then they all decrease gradually down to
zero. Besides, the vertical force is dominating the mixture layer, while
tangential forces are relatively lower.

Fig. 10(b) compares 𝐹𝑧 (vertical component of the boundary force)
at different tire velocities. A similar evolution trend can be observed
for 𝐹𝑧 under different tire loading velocities, with a similar peak value
achieved in the middle of the loading time for each tire velocity. It
seems that the velocity has no significant influence on the Fz peak value
as it could have been expected.

5.1.2. Contact force network evolution
In particle-based methods, contact force networks reflect external

loads transmitted through granular materials. Coexisting strong and
weak contacts form a contact network, which is made up of the corre-
sponding strong contact forces, i.e. forces above the mean normal value
(𝑓𝑛 >

⟨

𝑓𝑛
⟩

), and weak contact forces (𝑓𝑛 <
⟨

𝑓𝑛
⟩

) [48].
Fig. 11 shows the strong and weak force distribution during the

rolling process at a tire velocity of 30 m/s. In response to moving tire
load, strong (red) and weak (blue) forces evolved. At the initial stage of
rolling (T = 0.0015 s), the contact force network is considerably loose
because only a little range of tire load activates on the layer surface.
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Fig. 10. Bottom boundary force characteristics.

Fig. 11. Contact force network evolution (strong force = 1.0 and weak force = 0.0) at rolling velocity of 30 m/s. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 12. Particle displacement for different tire rolling speeds.
Fig. 13. Bottom boundary force characteristics for different rolling status.
hen the tire load is fully distributed on the mixture layer (T = 0.007
), the strong contact force network reaches its maximum distribution
ange. After that, as the tire load passes from the layer surface, the
trength of force networks starts to diminish. A relatively equal balance
f force states is finally achieved (after 𝑇 = 0.013 s) when the tire load
ully passes the layer surface. An analysis of the evolution of the contact
etworks shows how the tire is moving on the asphalt layer surface,
10

emonstrating the effectiveness of the coupling algorithm.
5.1.3. Particle movement characteristics
Further, we investigate the movement of individual particles dur-

ing the rolling process under different tire velocities. Fig. 12 depicts
the movement evolution of one particle located on the center of the
surface layer under various tire rolling speeds. Throughout the loading
duration, particle displacement increases, and it reaches its peak value
halfway through the loading time. It then decreases gradually until it

reaches its residual value. It can be found that particle displacement
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Fig. 14. Particle contact force distribution at different tire rolling status.
Fig. 15. Particle displacement distribution at 30 m/s for different rolling status (𝑇 = 0.007 s)
is mainly caused by vertical particle movement due to strong vertical
tire contact forces. Fig. 12(a), 12(b) and 12(c) illustrate that the value
of particle displacement cannot return to zero after a tire load passes,
which indicates that the tire load causes residual strains due to the
viscous flow occurring within the asphalt mixture. The accumulation
of the particle displacement after multiple tire load cycles could finally
lead to macroscopic non-recoverable plastic deformation such as rut-
ting. Tire load-induced plastic deformation is referred to as permanent
displacement here. Fig. 12(d) illustrates the permanent displacement
of the particle at different tire speeds. According to the results, low
tire speed induces high permanent displacement for particles, which is
in agreement with the measurement observations that low tire speed
causes severe rutting.

5.2. Effects of tire rolling status

5.2.1. Bottom boundary force
Fig. 13 shows the boundary force comparison for free rolling and

full brake conditions. Compared to the free rolling condition, the
boundary force has a significant component along the longitudinal axis
(𝑦-axis) at full braking, which could result in particle disturbances in
the mixture.
11
5.2.2. Particle contact force distribution
Furthermore, the particle contact force distribution under two load-

ing conditions was analyzed. The time points corresponding to the peak
boundary values were selected as critical times to study the particle
contact force distribution.

There are two types of forces acting at the particle contact plane:
the tangential force that induces shearing, and the normal force lying
perpendicular to the contact plane. The combination of both forces can
result in particle contact breakage and particles moving, resulting in
macro-cracks forming and propagating within the mix. A comparison
of normal contact force distributions for particles at free rolling and
full braking conditions is shown in Fig. 14(a). As a result of the similar
vertical contact stresses at two loading conditions, normal force value
distributions are mostly asymmetric along the 𝑦-axis (x=0). The main
reason being that particles under both loading conditions generally
suffer from a compression state.

As shown in Fig. 14(b), the tangential contact force values vary
depending on the loading conditions. For both free rolling and full
braking conditions, the tangential contact force values follow approx-
imately a normal distribution with zero at the center. Under the full
braking condition, the magnitude range of tangential force values is
greater than that under the free rolling condition, which indicates that



Construction and Building Materials 369 (2023) 130615H. Ge et al.
Fig. 16. Average particle velocities for different tire rolling status.
Fig. 17. Particle displacement for different tire rolling status.
full braking induces a stronger shear effect between particles, which
may lead to earlier initiation of damage within the mixture.

5.2.3. Particle displacement distribution
Fig. 15 presents the particle displacement distribution for both

loading conditions. The particle displacement distribution under free
rolling is shown in Fig. 15(a). The arrows in the figure indicate particle
movement direction, and their colors indicate particle displacement
magnitude. The particle displacements are not distributed uniformly in
12
the mixture, with particles near the center displacing more than those
in other regions, which is consistent with the concentration of stresses
under free rolling. The direction of the arrow is primarily vertical
because the vertical tire contact stress dominates. Due to the existence
of longitudinal and lateral tire contact stresses, particles lying on both
sides have a significant horizontal component of particle displacement.

Fig. 15(b) shows the particle displacement distribution under the
full braking condition. There is a visible concentration of peak displace-

ments on one side of the model along the longitudinal axis. As a result
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of the significant longitudinal contact stress, particle displacement
arrows also have an obvious longitudinal component.

5.2.4. Average particle velocity
Fig. 16 gives the evolution of average particle velocity including

translation velocity and angular velocity for two loading conditions.
The alignment of the translation velocity at full braking (Fig. 16(c))
exhibits a higher component of velocity along the 𝑦-axis than that at
free rolling (Fig. 16(a)), which indicates that particles tend to move
along the 𝑦-axis during full braking. The comparison of the angular
velocity characteristics at two loading conditions shows the particles
tend to have a noticeable rotation along the 𝑥-axis at full braking, as
indicated by Fig. 16(b) and 16(d).

5.2.5. Particle movement characteristics
Additionally, the displacement of a single particle is investigated.

Fig. 17 shows the displacement evolution of one particle located on the
layer surface center under both loading conditions. It can be found that
the full braking condition causes an obvious longitudinal displacement
component (Fig. 17(a)) during the tire rolling process and a permanent
displacement component (Fig. 17(b)) along the 𝑦-axis after the tire
rolling.

Tire rolling conditions including tire speed and rolling status are
crucial in examining the mixture responses of asphalt surface layers.
It is inevitable that tangential contact stresses are caused by the tire,
particularly during braking or acceleration, which are crucial factors in
asphalt mixture performance. The assumption of uniform contact stress
is insufficient for predicting surface failures of asphalt mixtures, and it
could lead to a misinterpretation of pavement degradation mechanisms
under tire loads. The FEM–DEM coupling analysis described above
offers insights into pavement surface design at the particle level by
analyzing asphalt mixture responses under rolling tire loads using both
continuum and discrete mechanics methods.

6. Conclusion

The present study developed a FEM–DEM coupling frame to study
asphalt mixture responses at the particle level under real rolling tire
loads. The main conclusions are drawn as follows:

In order to provide realistic tire loads, a numerical tire model based
on FEM has been developed, and tire contact stress distributions under
free rolling and full braking have been compared. An asphalt mixture
layer comprised of irregular aggregate particles was then constructed
via DEM, and the parameters of the viscoelastic contact model were
identified through the complex modulus test. Finally, the tire contact
forces were derived from the FEM tire model and applied to the DEM
model of asphalt mixture as boundary conditions to examine internal
mixture behaviors at real tire loads.

A FEM–DEM coupling algorithm was developed for the
tire–pavement surface interaction process. Three procedures including
tire imprint determination, tire contact force detection, and tire contact
force application were performed continuously. The coupling simula-
tion was performed to examine the response of the asphalt mixture
layer to rolling tire loads based on the time step iteration.

As the tire rolls on the asphalt layer surface, the particle contact
force network evolves in a consistent way with the loading process,
demonstrating the effectiveness of coupling simulations. In the study of
the effect of tire velocity on mixture responses, it was found that low
tire velocity results in a large permanent particle displacement, which
might eventually result in a large non-recoverable permanent mixture
deformation.

The effect of tire rolling state on asphalt mixture behavior has been
demonstrated in a study showing particle contact force at full braking is
higher than that at free rolling. At the contact plane, full braking causes
a great amount of shear, which may lead to early damage initiation.
According to the particle displacement distribution, particles tend to
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flow and rotate along the longitudinal direction under full braking,
resulting in structural disturbance. Moreover, due to tire boundary
forces along the longitudinal direction under full braking, particles tend
to have a large displacement component along the direction, which
could result in severe permanent deformation.

The coupling method incorporating both FEM and DEM provides a
promising way for analyzing asphalt mixture responses micro-mechani-
cally under realistic rolling tire loads and may give insight into the
surface design of asphalt pavements. The next step consists to pro-
ceed further with particle-scale damage analysis, and bridging it with
macroscopic pavement performance predictions.
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