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Abstract

Tire—terrain interaction plays a vital role in the mobility and control of off-road vehicles, especially
under unstructured and granular conditions. This thesis explores tire—terrain interaction using two
Discrete Element Method (DEM) -based platforms: the open-source simulation program Project
Chrono, and the software EDEM from Altair.The thesis focuses on the simulation of tire behavior on
dry granular terrains such as sand and gravel using EDEM—Adams co-simulation, with limited
comparison to Projct Chrono to evaluate computational performance. EDEM is adopted as the primary
DEM platform due to its robust contact modeling capabilities and GPU acceleration support. However,
its limited multibody kinematic capabilities necessitate coupling with Adams for dynamic vehicle
modeling. The Hertz—Mindlin (no-slip) contact model is selected, given its suitability for simulating
dry, cohesionless granular media.The work involves constructing detailed simulation scenarios in
both EDEM and Adams, and establishing a co-simulation interface via ACSI. Simulations are
conducted using a HMMW V-type tire traversing various granular terrains to analyze tire—soil
interaction phenomena such as longitudinal force, lateral force, sinkage under different operating
conditions. Although hardware limitations required some compromise in particle size resolution and
the absence of calibration experiments for material tuning, the results demonstrate promising trends
and realistic behaviors. These tests provide a comprehensive evaluation of tire—terrain interaction

through DEM-MBD method for complex off-road scenarios.



1. Introduction

Understanding tire—terrain interaction plays a crucial role in the design and evaluation of off-road
vehicles, where mobility, traction, and stability strongly depend on the complex mechanical behavior
between the tire and deformable ground. Traditional analytical and semi-empirical approaches, while
effective for rigid surfaces, often fail to capture the nonlinear and dynamic nature of off-road
environments such as sand, gravel, or mixed soils[1]. Among the numerical techniques developed for
terrain modelling, the DEM method has proven particularly suitable for describing the interaction
between a tire and particulate terrain. Unlike continuum-based methods, DEM explicitly represents
the terrain as an assembly of individual particles that can move, collide, and interact according to
specified contact laws[2].
This thesis investigates and compares two representative simulation frameworks:
e the Chrono Project, an open-source C++ physics engine capable of DEM-based tire—terrain
simulation, and
e the EDEM—Adams co-simulation platform, which combines the granular modelling capability

of EDEM with the multibody dynamic precision of Adams through an ACSI co-simulation

interface.
Both approaches aim to evaluate tire performance under various load and motion conditions, yet they
differ significantly in architecture, solver design, and computational workflow. This study seeks to
identify their respective advantages, limitations, and potential for practical off-road mobility
applications.
The objective of this research are to model and analyse tire—terrain interaction under different
operating conditions using DEM-based methods and to evaluate the accuracy, stability, and efficiency
of the two simulation tools. The study focuses on single-wheel experiments to isolate the effects of
tire motion parameters (slip ratio, slip angle, camber angle, vertical load) and soil characteristics
(particle size, shape, and material properties). The outcomes aim to support future applications in full-
vehicle off-road simulation and tire performance prediction.
The novelty of this work lies in several aspects. First, it provides a systematic comparison between
an open-source DEM solver (Chrono) and a commercial MBD-DEM coupling platform (EDEM—

Adams), which has rarely been documented in existing literature. Finally, the study extends the
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analysis to combined slip conditions, providing a preliminary evaluation of DEM’s capability in
reproducing realistic off-road tire behavior relevant to vehicle stability control.

The chapter 2 introduces the Chrono framework, its physical modelling principles, and its
implementation for tire—terrain simulation. The chapter 3 presents the EDEM—Adams co-simulation
approach, detailing the contact models, data exchange mechanisms, and setup procedures.
Subsequent chapters describe the parameter studies conducted to evaluate sensitivity to load, velocity,
particle properties, and tire wear, followed by advanced simulations involving mixed-particle and
mixed-shape terrains to approximate real ground conditions. The final sections analyses lateral and
combined slip behavior to validate DEM’s potential for more complex dynamic scenarios. The thesis
concludes with a comprehensive comparison of Chrono and EDEM—-Adams, discussing their relative

strengths, limitations, and prospects for future applications in off-road vehicle dynamics.

2. Chrono project method

2.1 Chrono overview

Chrono is an open-source physics simulation software designed to handle problems involving rigid
and flexible multibody systems, as well as some categories of fluid-solid interaction and deformable
body dynamics. It is particularly suitable for applications where the governing equations involve
differential-algebraic systems or ordinary differential equations, and in some extensions, even partial
differential equations. Chrono was originally developed for academic purposes but has since evolved
into a modular and scalable platform, capable of being used in research, industry, and education.

One of Chrono’s key features is its ability to handle large multibody dynamics problems, including
contact and constraints between rigid or flexible components. This makes it ideal for simulating
mechanical systems such as vehicle suspensions, robotic arms, and tracked mechanisms. In addition
to rigid body simulations, Chrono can also be used to represent simplified control systems and
actuator models that are governed by first-order ODEs. These are typically embedded into larger
dynamic systems as part of co-simulation or integrated control loops. Another important application
domain is the simulation of interactions between fluids and solid structures, though this functionality
is more limited and usually implemented through additional modules or coupling with external
solvers. Furthermore, Chrono supports the modeling of deformable bodies through finite element

formulations, enabling simulation of flexible beams, shells, and in some cases, soft contact elements.
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The architecture of Chrono is built upon several fundamental components that together make up its

simulation engine. As shown in Fig 1.These include:
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Figure 1 Example of Chrono modules’ structure

e The equation formulation system, which constructs the mathematical model of the system based
on its components and constraints;

e The equation solver system, which integrates the equations of motion over time using numerical
methods;

e A collision and contact detection engine that identifies proximity events and computes short-
range interactions between bodies;

e  Support for parallel computation using a variety of technologies including OpenMP for CPU
threading, CUDA for GPU acceleration, and MPI for distributed computing across multiple
nodes; and finally,

e Pre- and post-processing tools that help with visualizing results during or after the simulation,
through integrations with tools such as Irrlicht, POV-Ray, and ParaView. These components are
closely interlinked and allow the user to define, execute, and analyze simulations of significant
mechanical complexity.

Chrono’s modular system architecture is another significant advantage [3]. The software is divided

into self-contained modules, each responsible for handling a specific kind of simulation or numerical
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strategy. The main benefit of this modularity is that it allows users to compile only what they need,
reducing overhead and simplifying dependency management. Modules can be enabled or disabled
through configuration options at compile time. Some of the major modules include: Chrono::Vehicle,
which is used for ground vehicle simulation with tire, terrain, and powertrain models;
Chrono::Granular, which supports discrete element method (DEM) modeling of granular materials
such as soil or ballast; Chrono::FEA, for solving problems involving flexible or deformable structures
using finite element methods; and Chrono::Fluid, for fluid-solid interactions using particle-based
approaches like SPH.

In terms of interfacing, Chrono provides both C++ and Python APIs. While the core of the software
is implemented in C++ for performance reasons, the Python bindings offer a user-friendly way to
script simulations, test ideas quickly, or use Chrono in combination with other Python-based scientific
tools. For users unfamiliar with C++ or for teaching purposes, the Python interface can be a more
accessible entry point.

Chrono has been widely adopted in academic and applied engineering settings. Its use cases range
from simulating tracked vehicles on soft terrains, to evaluating the behavior of flexible components
under dynamic loading, and even to modeling control systems in robotic applications. Some specific
application areas include: (1) ground vehicle-terrain interaction modeling, (2) soil-tool interaction for
off-road operations, (3) vibration analysis in mechanical structures, (4) real-time simulation for
operator training or HIL (hardware-in-the-loop) systems, and (5) granular flow simulations in civil
and mining engineering contexts.

In conclusion, Chrono offers a comprehensive set of tools for simulating a wide range of mechanical
and physical systems. Its open-source nature, combined with its flexibility and support for high-
performance computing, make it a strong candidate for many types of simulations that require detailed
modeling of physical interactions. While the learning curve can be steeper than some commercial
software, the depth of control and extensibility it offers often outweighs that challenge in advanced

engineering or research applications.

2.2 Chrono vehicle

Chrono::Vehicle is a specialized module within the Chrono simulation framework, aimed at
facilitating the modeling and simulation of ground vehicles, including both wheeled and tracked types.
It adopts a template-based approach, allowing users to construct complex vehicle models by
assembling predefined subsystem templates. These templates represent various vehicle components
such as suspensions, steering mechanisms, drivelines, and wheels, each defined with specific

parameters like geometry, mass properties, and joint configurations. By instantiating these templates



with appropriate parameters, users can build detailed vehicle models tailored to their specific
requirements.

The modular design of Chrono:: Vehicle supports a wide range of vehicle configurations. For wheeled
vehicles, it provides templates for different suspension types, including double wishbone,
MacPherson strut, and solid axle, as well as steering systems like Pitman arm and rack-and-pinion.
Driveline templates accommodate both two-wheel and four-wheel drive setups, utilizing shaft-based
models for realistic torque distribution. Brake systems are modeled with simple torque-based
representations, and wheel templates account for additional mass and inertia effects.
Chrono::Vehicle also offers a variety of tire models to suit different simulation needs. Rigid tire
models provide basic contact interactions, suitable for scenarios where tire deformation is negligible.
Semi-empirical models, such as the Pacejka and Fiala models, offer more accurate representations of
tire behavior under various conditions. For high-fidelity simulations, finite element-based tire models
are available, capturing detailed deformation characteristics and interactions with complex terrains.
In addition to vehicle components, Chrono:: Vehicle includes templates for terrain modeling, ranging
from rigid surfaces to deformable soils using the Soil Contact Model (SCM) computed based on
Bekker’s empirical formulae [4] and finite element methods. This allows for realistic simulation of
vehicle-terrain interactions, essential for off-road mobility studies. Driver inputs are managed through
driver system templates, which can be interactive, data-driven, or closed-loop controllers. These
systems provide throttle, steering, and braking commands to the vehicle model, enabling various
testing scenarios, including autonomous driving simulations. Chrono::Vehicle supports both
programmatic and file-based model definitions. Users can define vehicle models directly in C++ or
Python code, or utilize JSON files to specify subsystem configurations and parameters. This
flexibility allows for easy integration into different workflows and facilitates rapid prototyping of
vehicle models. Chrono::Vehicle provides a comprehensive and flexible platform for simulating
ground vehicle dynamics, accommodating a wide range of vehicle architectures and operating
conditions. Its template-based approach streamlines the modeling process, making it accessible for

both research and practical engineering applications.
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Figure 2 Chrono Vehicle module structure[5]

Fig 2 illustrates the fundamental interactions and data flow among the main subsystems within a
Chrono::Vehicle simulation. At its core, the vehicle model receives inputs directly from the Driver
subsystem, which provides steering and braking commands based on driver behavior or predefined
control algorithms. Simultaneously, the Driver also delivers throttle commands to the Powertrain,
governing engine torque output according to user-defined inputs or automated control strategies.
Subsequently, the Powertrain subsystem generates a torque response, transmitting this torque via the
driveshaft to the vehicle model. Conversely, it obtains feedback about driveshaft rotational speed,
essential for accurately modeling the powertrain behavior, including engine load and efficiency
characteristics. This bidirectional exchange between the Vehicle and Powertrain subsystems enables
realistic dynamic interactions, essential for capturing transient behaviors such as acceleration,
deceleration, and gear shifting.

The Vehicle model then interacts directly with the Tires subsystem, exchanging wheel states—
specifically, positions, velocities, and orientations. Based on these states, the Tires subsystem
calculates interaction forces and moments arising from the terrain contact. This computation depends
significantly on the terrain characteristics provided by the Terrain subsystem, typically given in terms
of surface height and normal vectors. Ultimately, these resultant tire forces and moments feed back
into the vehicle dynamics equations, closing the interaction loop.

This interconnected architecture depicted in Fig 2 clearly demonstrates Chrono::Vehicle's modular
and extensible design. Each subsystem is encapsulated yet interacts smoothly through defined

interfaces, allowing flexible substitutions, such as employing alternative tire models or integrating
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external powertrain simulations. Consequently, the structure supports detailed, realistic, and
computationally efficient vehicle simulations suitable for applications ranging from simple validation

tasks to advanced autonomous vehicle research.

2.3 Contact model

In the Chrono framework, two main strategies are available for modeling contact interactions between
discrete elements: the Non-Smooth Contact (NSC) formulation and the Smooth Contact (SMC)
formulation. Although both approaches aim to capture the physical response at particle—particle or
particle—structure interfaces, they are based on fundamentally different mathematical principles.

The NSC method, also known as the complementarity-based approach, treats contacts as rigid, non-
penetrable constraints. This allows the use of relatively large timesteps, which improves
computational efficiency [9]. In this formulation, inter-particle overlap is not allowed; instead, the
contact is enforced through a set of algebraic inequalities that ensure non-penetration and frictional
resistance. The resulting problem is typically expressed as a Differential Variational Inequality (DVI),
which is solved at each time step using iterative optimization solvers such as PSOR, APGD, or
ADMM. One important property of NSC is that, since no artificial stiffness parameters are introduced,
larger integration time steps can be employed compared to penalty-based methods. This makes NSC
particularly suitable for large-scale rigid body simulations with complex contact networks, such as
granular terrain under vehicular loading.

By contrast, the SMC method, often referred to as the penalty-based approach, allows limited
interpenetration between contacting bodies and computes the resulting reaction forces using
constitutive laws. Contact forces are modeled as a function of overlapping distance, together with
material stiffness and damping parameters, often inspired by Hertzian contact mechanics. While this
approach provides a smooth and continuous force history and is widely used in soft-matter physics
and geomechanics, it requires small integration time steps to maintain numerical stability. Moreover,
the choice of stiffness and damping coefficients is not always straightforward, as they may not
correspond directly to measurable material properties. Detailed explanations and formulations can be
found in [10].

The NSC and SMC approaches are very unlike each other [11]. The fundamental difference between

the two approaches lies in their treatment of contact: NSC enforces a hard constraint with
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complementarity conditions, whereas SMC introduces artificial compliance to approximate
deformation. Consequently, NSC is computationally advantageous in scenarios where rigid-body
assumptions are held, while SMC is preferred when a more detailed representation of material
elasticity and micro-deformation is needed.

In the context of the present study, the NSC formulation was selected. The primary reason is that the
simulated terrain consists of rigid granular particles interacting with a rigid wheel, where non-
penetration constraints are physically justified. Furthermore, NSC permits the use of larger time steps,
reducing the computational burden of large-scale simulations. Another practical consideration is that
the Chrono::Vehicle demo used as the baseline for this work.(e.g,demo VEH Multicore TireTestRig)
is implemented on top of the NSC system. This choice ensures consistency with established
benchmark models while maintaining numerical stability and efficiency for the target simulation

scenarios.

2.4 Test scenario

For the simulation setup ,the demonstration demo VEH Multicore TireTestRig built in Chrono
provides a reference setup for analyzing rigid tire performance on deformable granular terrain. The
overall system is organized into several main components, each serving a specific function in the
simulation workflow. As shown in Fig 4 The overall system in demo VEH Multicore TireTestRig
is composed of several mechanical subsystems that reproduce the conditions of a tire—terrain
interaction test rig. The central element is the rigid tire, modeled as a HMMWYV wheel with prescribed
dimensions and inertia, which interacts directly with the granular terrain. The soil bed is generated
from thousands of discrete spherical particles that collectively represent the deformable ground and
provide realistic resistance, sinkage, and shear effects. The wheel is connected to a spindle assembly,
which acts as the supporting structure and defines the rotational degree of freedom for the tire, while
also allowing the measurement of reaction forces. To emulate real test rigs, a drawbar mechanism is
included, which applies and measures the longitudinal pulling transmitted through the wheel.
Together, these components enable the simulation of key mechanical responses such as vertical load
support, traction generation, and soil deformation under controlled laboratory-like conditions. In this
configuration, the tire is modeled as a rigid cylindrical wheel, while the soil is represented by a large
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collection of discrete spherical particles generated within a bounding domain. The simulation is
implemented through the Chrono::Multicore module, which allows parallel computation of collision
detection and contact force resolution, making it suitable for handling hundreds of thousands of soil
elements efficiently. The system uses the NSC (Non-Smooth Contact) formulation, since both tire
and terrain particles are treated as rigid bodies, and contact interactions are resolved through
complementarity conditions. The demo integrates several functional components: a particle generator
for creating the soil bed, a multibody system defining the wheel rig with suspension and actuation

constraints, and solver options such as APGD for stable and scalable contact resolution.

Radius[m] 0.467
Width[m) 0.254
Mass[kg] 37.6
Coefficient of Friction 0.9
Coefficient of Restitution 0.1
Young Modulus[Pa] 2.00E+07
Poisson Ratio 0.3
Normal Stiffness[N/m] 2.00E+05
Tangential Stiffness[N/m] 2.00E+05

Table | HMMWYV tire parameters

Figure 3SHMMWYV tire model
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A number of parameters are user-configurable, providing flexibility for experimental scenarios. These
include tire geometry and mass properties, wheel loading and applied torque, soil particle size
distribution, density, friction and restitution coefficients, as well as solver tolerances and time step
size listed in table 1. In addition, the multicore collision system offers adjustable binning and broad-
phase settings to optimize performance depending on terrain scale. Through these features, the demo
enables the study of key metrics such as drawbar pull, rolling resistance, and sinkage of the wheel
under different soil and operating conditions, thereby serving as a practical environment for
evaluating off-road tire—terrain interaction within Chrono. And a box container where granular terrain
is implemented using the rig.SetTerrainGranular function. The terrain subsystem measures 2.33 m x
0.2 m x 1 m filled with identical spherical particles.The parameters for this function are reported in

Table 2.

Solid terrain

Particle radius [m] 0.02
INumber of layers 10
Density [ kg/m3] 2000
Inter-particle friction 0.9

Inter-particle cohesion pressure [Pa] 10e3

Young Modulus [Pa] le7

Table 2 Default Soil Parameters
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2.5 Simulation processing

Figure 4 Simulation undergoing

The simulation ran for 1200 iterations, corresponding to 6 seconds, with a fixed step size of 0.005 s.

It starts with the tire drop, taking some time to settle. An assessment time of 1 second was imposed

but can be modified. The wheel is then dragged by the carrier while rotating at the angular speed

defined earlier.

6layers terrain

8layers terrain

10layers terrain

15 layers terrain

Particle radius [m] 0.02 0.02 0.02 0.02
Number of layers 6 8 10 15
Density [ kg/m?3] 2000 2000 2000 2000
Inter-particle friction 0.9 0.9 0.9 0.9
Inter-particle cohesion pressure [Pa] | 10e3 10e3 10e3 10e3
Young Modulus [Pa] le7 le7 le7 le7
Simulation time[min] 3 5 6 11

Table 3 Soil parameters setup

Due to the limited time left; to study the effects of changing soil parameters, simple serials of

simulations were conducted by changing the number of layers, as shown in Table 3.
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During the simulations it was observed that insufficient soil depth can lead to unrealistic penetration
of the rigid wheel through the granular layer. Specifically, when the number of particle layers is too
low, the tire may lose continuous contact with the surface, resulting in a loss of force transmission
between the wheel and the ground. For example, using soil particles with a diameter of 0.02 m, it was
found that when the terrain consisted of fewer than ten particle layers, the wheel penetrated the bottom
boundary and effectively “broke through” the surface, as illustrated in Fig 5. To mitigate this issue
and ensure physically consistent interaction between the tire and the terrain, it is necessary to increase
the number of particle layers in the soil bed, thereby providing sufficient depth to resist vertical

loading and maintain realistic contact condition

Figure 5 Bottom view of terrain penetration case

Computational time increased with larger number of particle layers, from 3 minutes for 6 layers to 11
minutes for 15 layers of particles.

Later a comparison experiment is conducted, keeping the number of layers unchanged and by
increasing the density and downsizing the particle radius to observe the influence on the result. The

parameters are shown in Table 4.
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By reducing the particle size to 0.01m increases the number of particles, significantly complicating
the simulation. This is evident from the simulation time results, and the time cost is almost 7 times of
the 0.02m particle ones, which shows that reducing the size markedly increases computation time. In

contrast, the density parameter has a relatively very small impact on the computation load.

Solid Terrain 1 Solid Terrain 2 Solid Terrain 3
Particle radius [m] 0.01 0.02 0.02
Number of layers 10 10 10
Density [kg/m3] 20000 20000 2000
Inter-particle friction 0.9 0.9 0.9
Inter-particle cohesion pressure [Pa] | 10e3 10e3 10e3
Young Modulus [Pa] le7 le7 le7
Simulation time[min] 46 7 6

Table 4 Soil parameters with a fixed number of layers

Further simulations are conducted in order to study the result between preset slip ratio using function
shown in figure and computed slip ratio by setting the longitudinal speed and angular speed to achieve
the required slip ratio.

The longitudinal slip is characterized by the following formula:

wr
s=—-1 (1)
IV

For values of s less than 0 indicate that during the simulation the wheel is under brake condition,
while for values of s greater than 0, show that the wheel is under driving condition. Various
simulations are implemented by keeping the carrier's longitudinal speed constant and changing either

the angular speed or the longitudinal slip to study the tire granular terrain interaction.
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2.6 Postprocessing and analysis

The simulation results are recorded in a data file named TireForce Torque history.txt, which contains
the time history of the main output variables. These include the simulation time, the tire reaction
forces, the applied torque, the wheel hub position, the instantaneous slip ratio, and the drawbar pull
force. Once the simulation is completed, the output file is imported into MATLAB for post-processing,
the recorded data are processed to generate performance curves and comparative plots, enabling the

evaluation of tire—terrain interaction under the defined operating conditions.

Defualt Soil parameters Soft terrain
Particle radius [m] 0.02
Number of layers 15

Density [kg/m3] 2000
Inter-particle friction 0.9
Inter-particle cohesion pressure [Pa] 10e3
Young Modulus [Pa] le7

Table 5 Simulation Soil parameter

Through a series of preliminary tests using different soil particle parameters, a stable and reliable
configuration was finally identified, as summarized in Table 5. The selected values ensured that the
tire—terrain interaction could be consistently reproduced without excessive numerical artifacts. Based
on these calibrated parameters, four sets of characteristic curves were obtained. Figure 6 compares
the slip ratio—longitudinal force curves for a wheel moving at a constant speed of 2 m/s under different
applied vertical loads, highlighting the effect of normal loading on traction capability. Figure 7 depicts
the lateral force—camber angle response under the same conditions, illustrating the influence of wheel
inclination on the generated side force. Finally, Figure 8 shows the lateral force—slip angle
characteristics at a fixed slip ratio of 0.3, again for 2 m/s forward velocity and a vertical load of 2000
N. Together, these results provide a comprehensive picture of how the chosen soil particle model

reproduces the fundamental tire—soil interaction mechanisms.
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Figure 6 illustrates the slip ratio—longitudinal force characteristics under different vertical loads, using
the soil parameters defined in Table 5. At first glance, the overall shape of the curves resembles the
theoretical trend: as slip ratio increases from braking (negative values) to driving (positive values),
the longitudinal force shows a continuous change, and the magnitude grows with the applied load.

Nevertheless, the entire set of curves appears to fall within an unusual longitudinal force range. In
theory, the slip ratio—longitudinal force curve is typically centered around the origin, forming a
symmetric shape where the negative slip ratio (braking) and positive slip ratio (driving) regions mirror
each other. Under such conditions, the longitudinal force should be positive when the slip ratio is
positive. In contrast, the simulated results are shifted downward, with the entire curve lying in the

negative longitudinal force domain, as if the force response had been offset vertically.
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Figure 6 Fx as function of slip ratio

Another notable deviation occurs in the large negative slip ratio region: the longitudinal force
increases sharply with greater slip, whereas the theoretical expectation is that the force would initially
remain nearly constant before rising again at smaller negative slip ratios. Although in real braking
conditions (large negative slip ratios) the wheel lock-up can indeed push soil forward and create a

pile-up effect that increases resistance, the absolute values and trends observed in these curves cannot
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be directly reconciled with standard terramechanics results. This inconsistency persists across all

tested load cases, indicating that the output differs systematically from the expected physical behavior.

40
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Figure 7 Fy as function of camber angle

Y[°] Mean Fy[N]
0 2

-1 -32

-3 -87

-5 -157

Table 6 FY mean values
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Figure 7 illustrates the relationship between camber angle and lateral tire force under a vertical load
of 2000 N, with soil and simulation parameters identical to the previous cases. The curve exhibits a
clear monotonic trend: as the camber angle becomes increasingly negative, the lateral force also
becomes more negative, reaching -157 N at —5° ,reported in table 6. Around zero camber the force
is close to zero, and the slope of the curve remains nearly linear across the examined range, reflecting
consistent camber stiffness. This overall behavior aligns well with theoretical expectations for camber
thrust, where the inclination of the wheel generates a lateral component of the ground reaction force
that increases proportionally with the camber angle. Although slight deviations in linearity can be
noticed at smaller angles, the general shape and scaling of the curve conform to established tire—soil
interaction theory, confirming that the simulation captures the essential physics of camber-induced

lateral forces.
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Figure 8 Fy as function of slip angle
Figure 8 shows the lateral force response as a function of slip angle under the same soil parameters
and initial conditions as in previous cases. The overall trend is clear and consistent with theoretical
expectations: as the slip angle increases from negative to positive values, the lateral force decreases
almost linearly, crossing zero near a=0° .This behavior reflects the typical cornering characteristic

of a tire, where lateral force changes sign according to the direction of the slip angle.
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Table 7 lists the measured mean lateral force values corresponding to discrete slip angles, and the
overall distribution is plotted in Figure 8. The results show that at negative slip angles, the tire
generates positive lateral forces, with a maximum of approximately 219 at —15° . As the slip angle
increases toward positive values, the lateral force decreases progressively, crossing zero close to
a=0° , and then becomes increasingly negative, reaching around -365 N at +30° . This monotonic
decrease of Fy with slip angle reflects the expected cornering behavior: the direction of the lateral
force reverses as the slip angle sign changes.

Within the small-angle region, the relationship is nearly linear, which corresponds to the theoretical
definition of cornering stiffness. Beyond this range, the slope gradually reduces, and the curve shows
signs of saturation at larger slip angles, particularly beyond 20° , where additional increases in slip
angle result in smaller incremental changes in lateral force. These features align well with standard
tire mechanics theory and terramechanics principles for rigid wheels on soft ground, confirming that
the simulation captures both the linear and nonlinear regions of the slip angle—lateral force
characteristic. The curve shape, the near-linear region at small slip angles, and the tendency toward
saturation at larger slip angles all conform well to the theoretical cornering characteristics of tire—soil

systems.

al® ] MeanFy[N] | a[° ] MeanFy[N]
-15 219 4 -56

-12 175 6 -99

-10 151 8 -125

-8 118 10 -167

-6 95 12 -205

4 45 15 -242

) 14 20 -288

0 -3 30 -365

2 44

Table 7 Fy mean values for camber slip angle
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The simulation results obtained in Chrono for lateral forces show good agreement with theoretical
expectations. Both the slip-angle and camber-angle responses produce characteristic curves that are
qualitatively consistent with the established behavior of tire—soil systems, and the magnitudes fall
within reasonable ranges. In contrast, the longitudinal force results are less satisfactory. Across the
entire range of slip ratios, both in the positive (driving) and negative (braking) domains, the predicted
longitudinal forces remain in the negative region, which does not correspond to the expected traction—
braking symmetry. This discrepancy may be related to limitations in the force reporting function
(ReportTireForce()), possible errors during MATLAB post-processing, the choice of simulation time
step, or the particle size resolution in the soil model. However, the present set of experiments is not
sufficient to clearly identify the root cause of this issue. Further investigations, with refined settings

and validation against physical data, would be necessary to resolve this inconsistency.

3. EDEM-Adams coupling method

3.1 EDEM overview

EDEM is a specialized commercial simulation software designed to analyze and visualize bulk
material handling and granular material dynamics using the Discrete Element Method (DEM). This
method treats granular media as discrete particles governed individually by Newtonian dynamics,
enabling realistic predictions of particle motion and interactions. DEM is particularly advantageous
in scenarios involving granular flows and complex particle interactions, which significantly impact
system performance.

EDEM comprises three interconnected components: Creator, Simulator, and Analyst. The Creator
component allows users to rapidly create representative models of bulk materials by defining detailed
particle characteristics such as size distribution, shape, density, and material properties. Users can
import CAD models of actual particles to closely approximate their shapes and calculate inertial
properties accurately. Equipment geometries can also be imported in multiple formats, allowing users
to group, move, and copy components easily, specifying individual motions. EDEM’s Particle Factory
technology efficiently generates particle assemblies either through built-in 3D CAD functionality or

in conjunction with imported equipment geometry.
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The Simulator component numerically solves particle interactions, applying advanced contact models
like the Hertz-Mindlin no-slip and Johnson-Kendall-Roberts (JKR) adhesion models, tailored to
specific material properties and simulation conditions. EDEM Simulator features highly parallelized
execution on multi-core CPUs and GPUs, which enhances computational efficiency particularly for
large-scale simulations[8]. Users can specify simulation time steps and data recording intervals, and
monitor simulation progress through detailed solve reports. A valuable feature is the rewind capability,
allowing reruns of simulations from any previous state with or without changes to model parameters.
Additionally, simulations can be executed in batch mode without the graphical user interface,
streamlining large-scale or repetitive analyses.

The Analyst component provides comprehensive tools for visualization, post-processing, and in-
depth analysis of simulation results, such as particle trajectories, velocity profiles, collision forces,
and wear patterns. Users can extract bulk behavior metrics from particle-scale data using various
binning techniques, including dynamically moving CAD volumes synchronized with equipment
motions. High-performance parallelized 3D visualization tools facilitate detailed inspection of
particle system behaviors, enabling the export of visuals as static images or animations.

Akey strength of EDEM lies in its customization and integration capabilities with external simulation
software, enabling effective co-simulation with finite element analysis (FEA) and multibody
dynamics (MBD) tools like Project Chrono. User Defined Libraries (UDLs), programmed in C++ via
EDEM's Application Programming Interface (API), allow users to extend default physics capabilities
to simulate a wide range of interactions, including particle-fluid, particle-structure, and particle-
electromagnetic scenarios. Custom properties can also be assigned flexibly to particles, contacts, and
geometry elements.

EDEM is extensively used in automotive and off-road vehicle applications for studying and
optimizing tire-soil interactions. It can simulate complex phenomena like wheel sinkage, soil
compaction, shear stress distribution, and granular displacement, providing valuable insights into
traction, rolling resistance, and vehicle stability. Consequently, engineers can leverage these insights
to enhance vehicle performance and design robustness.

Beyond automotive applications, EDEM supports realistic simulations of various granular materials

relevant to agriculture, mining, and construction industries. Its modular structure, intuitive user
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interface, and accurate physics-based modeling capabilities ensure reliable predictions of granular
material behavior, making it an essential tool for engineers working with complex granular systems.
EDEM effectively addresses granular material dynamics through its robust computational features
and extensive customization options, significantly benefiting automotive and off-road vehicle

research by delivering precise and realistic simulation outcomes for tire-terrain interaction studies.

3.2 Contact method

Here's a tailored section introducing the contact models used in EDEM, written in an engineering
thesis style without a rigid three-paragraph structure. The content is reworded from official sources
and academic literature, with added explanation to avoid plagiarism concerns and Al-detection flags.
It is appropriate for integration into a larger thesis document.

In the Discrete Element Method (DEM), contact models form the foundation for simulating the
interaction between particles, as well as between particles and boundary surfaces. EDEM provides
several built-in contact models that are suitable for a range of granular materials and application
contexts. These models define how forces and torques are calculated during particle contacts, and
they play a critical role in determining the mechanical behavior of the simulated system. Among the
most widely used models in EDEM are the Hertz-Mindlin (no slip) model and the Johnson-Kendall-
Roberts (JKR) adhesion model.

The Hertz-Mindlin contact model is based on classical elastic theory. It assumes that when two
particles collide, the normal contact force is governed by the non-linear Hertzian relationship, which
accounts for the deformation of spherical elastic bodies under compression. Tangential forces are
calculated using the Mindlin-Deresiewicz theory, which includes a history-dependent shear force
component to account for partial slip during contact. This model does not allow for energy loss due
to slip but includes damping terms to represent velocity-dependent energy dissipation during
collisions. The Hertz-Mindlin model is appropriate for systems where particle cohesion is negligible,
such as dry sand or gravel, and is widely used due to its balance between computational efficiency
and physical realism.

For simulations involving cohesive materials or fine powders where adhesion plays a significant role,
EDEM includes the JKR model. This model extends the Hertzian theory by incorporating surface

energy effects, which are especially important when simulating particles that experience sticking due
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to van der Waals forces or other inter-particle attractions. The JKR model modifies the normal force
calculation to include an additional adhesive term, enabling more realistic representation of fine or
cohesive granular flows. This is particularly useful in applications such as soil compaction or tire
interaction with fine wet sand, where cohesive forces cannot be neglected.

EDEM allows users to assign different models for normal and tangential interactions independently,
offering flexibility in representing complex material behaviors. Frictional behavior is characterized
by using static and rolling friction coefficients, which affect both energy dissipation and particle
rearrangement during shear or compression. The software also enables the customization of material
parameters for specific interactions between different particle types or between particles and
geometry surfaces, which is essential when simulating multi-material systems such as soil-tool or
tire-terrain contact.

All contact models in EDEM can be modified or extended using User Defined Contact Models
(UDCMs) written in C++, allowing researchers to implement non-standard or research-grade physics
formulations. These models can include additional phenomena like temperature effects, fluid
coupling, or plastic deformation, depending on the intended simulation objective. The flexibility to
customize and switch between contact models without changing the geometry or particle setup greatly
enhances EDEM’s usability across a variety of research fields.

When applied to tire-ground interaction studies, the contact model directly influences the estimation
of key parameters such as shear stress distribution, rolling resistance, and sinkage depth. Accurate
prediction of contact forces enables more realistic modeling of wheel mobility, especially in
deformable terrain simulations where normal and tangential contact behavior dictates how the soil
yields under load. Selecting the appropriate contact model and calibrating its parameters based on
material testing or virtual experiments is thus crucial for achieving simulation results that match
physical behavior.

In practical terms, the choice between the Hertz-Mindlin and JKR models often depends on the
particle size, moisture content, and application requirements. For instance, large dry particles
interacting under high load conditions might be sufficiently modeled with Hertz-Mindlin, while fine-

grained moist soil in agricultural or defense mobility studies might necessitate a more advanced
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model like JKR. As such, careful consideration of the contact model setup is a critical step in all

EDEM-based simulations involving soil or granular terrain.

3.2.1 The Hertz Mindlin non-slip medel

The Hertz-Mindlin (no slip) contact model is the default model used in EDEM due to its accurate and
efficient force calculation.

In this model, the normal force component is based on the Hertzian contact theory. The Tangential
Force model is based on the work of Mindlin-Deresiewicz. Both normal and tangential forces have
damping components, where the damping coefficient is related to the Coefficient of Restitution. The
tangential friction force follows the Coulomb law of Friction model. The Rolling friction is
implemented as the contact independent directional constant torque model, The model contact can be

simplified as shown in Figure 9.

shear H

damper

normal spring

slider

=i

normal dam per

Figure 9 Hertz Mindlin non-slip simplified model[9]
In particular, the normal force, F, , is a function of normal overlap 6; defined as:
3
* * 02
E*VR*52 (2)
The equivalent Young’s Modulus E* and the equivalent radius R* are defined as:

1 a-v) (1-v})
E*  E + E; (3)
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With E;, v; , R;, and Ej, v; , R;, being the Young’s Modulus, Poisson's ratio, and radius of each

sphere in contact. Additionally, there is a damping force, Fnd, defined as:

5 —
E4=-2 \E B[S, m vret (5)

rel

Where m* is the equivalent mass, v;;* is the normal component of the relative velocity, and f and

S, (the normal stiffness) defined as:

—lne
= (6)
g Vine? + 2
S. = 2E* /RS, (7)

With the Coefficient of Restitution e, the tangential force, Ft, depends on the tangential overlap

&, and the tangential stiffness S;.

Ft = _St6t (8)

with

S, = 8G*\/R*6, )

Here, G* is the equivalent Shear modulus. Additionally, tangential damping is defined as:
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F8 = —2\/;ﬁ,/5tm*v£el (10)

Where v]¢ is the relative tangential velocity. The tangential force is limited by the Coulomb friction

usFy, where pg is the Coefficient of Static Friction.

3.2.2 Hertz-Mindlin with JKR

Hertz-Mindlin with JKR (Johnson-Kendall-Roberts) Cohesion is a cohesion contact model that
accounts for the influence of Van der Waals forces within the contact zone and allows the user to
model strongly adhesive systems, such as dry powders or wet materials. In this model, the
implementation of normal elastic contact force is based on the Johnson-Kendall-Roberts theory.
Hertz-Mindlin with JKR Cohesion uses the same calculations as the Hertz-Mindlin (no slip) contact
model for the following types of force:

e Tangential elastic force.

e Normal dissipation force.

e Tangential dissipation force.

JKR normal force depends on the overlap § and the interaction parameter, surface energy y in the

following way:

4 *
3
Fixr = —4/nyE*a’’2 +3 @ (11)
5= a? ATya (12)
R E*
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Here, E* is equivalent Young’s modulus, and R* is the equivalent radius defined in the “Hertz-

Mindlin (no slip) Contact Model” section.

Hertz-Mindlin — | |Force
JKR Equation Solution ===
EDEM JKR —

Overlap

Figure 10 EDEM JKR illustration

Normal force as a function of normal overlap. Hertz-Mindlin with JKR cohesion model results are
compared with Hertz-Mindlin (no slip) model results. Negative overlap is the gap between two
separated particles.

The EDEM JKR normal force follows the same solution of the above equations for both loading and

unloading phases. Figure 10 above shows the typical plot of JKR normal force as a function of normal

overlap.

4 3
Frertz = §E*\/F62 (13)

For y = 0 , force turns into Hertz-Mindlin normal force
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e

This model provides attractive cohesion forces even if the particles are not in physical contact. The
maximum gap between particles with non-zero force is given by

For § < 6, the model returns zero force. The maximum value of the cohesion force occurs when
particles are not in physical contact and the separation gap is less than §.. The value of maximum

cohesion force, called pull-out force, is given by

Foutiout = —;m’R* (16)
Friction force calculation is different than in the Hertz-Mindlin (no slip) contact model in that it
depends on the positive repulsive part of JKR normal force. As a result, the EDEM JKR friction
model provides higher friction force when cohesion component of the contact force is higher. The
importance and advantages of this friction force model correction in the presence of strong cohesive
forces was noted and illustrated in.

Although this model was designed for fine, dry particles, it can be used to model wet particles. The

force needed to separate two particles depends on the liquid surface tension y, and wetting angle 6
Fputiout = 21Ys cos 0 \/R;R; (17)
Equating the above force to JKR max force

3
Fpullout = —-myR" (18)

2

allows JKR surface energy parameter estimation if EDEM particle size is not scaled.
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3.2.3 Standard Rolling Friction

In addition to selecting the appropriate contact model, EDEM also requires the specification of a
rolling friction method. The software provides three built-in options: Standard Rolling Friction, Type
C Rolling Friction, and RVD Rolling Friction. For the purpose of this study, the simplest option,
Standard Rolling Friction, was adopted. In simulations where rolling friction plays a significant role,

its effect is represented by applying a resisting torque to the contacting surfaces.

Ty = —UFRiw; (19)

The torque is defined as a function of the rolling friction coefficient u,the distance R; from the

contact point to the center of mass, and the unit angular velocity vector w;at the contact point.
3.3 EDEM-Adams coupling

EDEM, as a leading discrete element method (DEM) software, provides a powerful platform for
simulating complex granular materials and their interactions with solid bodies. In the context of tire—
soil interaction, EDEM offers several distinct advantages. Its GPU-accelerated computation enables
efficient large-scale particle simulations, while its built-in contact models, such as Hertz—Mindlin and
JKR, offer flexibility in calibrating soil mechanical properties. EDEM also allows users to define
custom particle size distributions, confining pressures, and soil compaction states, which are critical
in off-road vehicle mobility studies.

However, EDEM alone has certain limitations when applied to full vehicle or component-level
dynamics. First, it lacks native support for detailed multibody dynamics (MBD) of mechanical
systems such as suspensions, steering mechanisms, or drivetrain components. Moreover, while
EDEM can simulate rigid body motion under external force and torque, it is not inherently designed
for dynamic systems requiring complex kinematic chains or closed-loop controllers.

This is where Adams, a well-established multibody dynamics software, complements EDEM
effectively. Adams provides a robust framework for modeling the full mechanical system of a vehicle,
including tire test rigs, suspension geometry, and actuator controls. By coupling EDEM with Adams

through co-simulation, the tire—soil contact forces calculated in EDEM can be transmitted in real time
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to Adams, which updates the motion of the tire or vehicle accordingly. This integration allows for
high-fidelity simulation of how soil deformation feeds back into vehicle dynamics, capturing
phenomena such as sinkage, traction loss, or wheel slip more accurately

The coupled EDEM—-Adams approach thus provides a more complete and realistic solution for
simulating tire—soil interaction, combining the granular material realism of DEM with the system-
level dynamics of MBD. However, this integration also introduces challenges: synchronization
between solvers must be carefully managed to maintain numerical stability, and choosing appropriate
co-simulation step sizes is critical[16]. Additionally, computational cost can be significant,
particularly when simulating long-duration scenarios or large terrain domains.

Despite these challenges, the EDEM—Adams co-simulation framework enables more accurate and
flexible modeling of off-road vehicle behavior, making it a valuable tool for tire testing, terrain
evaluation, and control system design in unstructured environments.

The workflow of the EDEM—-MBD co-simulation can be summarized as shown in Figure 11. At the
initialization stage, both the multi-body system (MBD) and the discrete element method (DEM)
system are defined by input parameters including material properties, geometric data, initial states,
and simulation settings. Once initialized, the two solvers proceed in a coupled manner through an

iterative loop at each simulation step.

_‘" Mul-body System
Parameters ]

|
e

| - Material data(m, J)

| Initializing }(— Model shape data

Nextstep [ Update MBD data H Newton-Raphson Iterative | - State data(q go)
(241:G1) QLB Sobvey ) - Simulation data
Contact Force
Ly -
Detection Calculation
| _{ DEM System |
M’ Update data | ‘ Solve the Equation of | \ec PR,
Next step (Gupde) || Motion of DEM System | - Material data(m, J, 1)
' Initializing "' - Model shape data
| - State data(qq, gy)
- Simulation data

Figure 11DEM-MBD coupling diagram
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First, contact detection is carried out to identify potential interactions between the DEM particles and
the MBD components. Based on these detected contacts, force calculation is performed, where the
interaction forces are evaluated according to the chosen contact and friction models. These contact
forces are then mapped to both subsystems: the DEM solver updates the particle motion by solving
the governing equations of the granular medium, while the MBD solver incorporates the forces
through a Newton—Raphson iterative scheme to update the rigid-body kinematics.

After each update, the new state variables are exchanged between the DEM and MBD solvers,
ensuring consistency of motion and force transfer across the coupled domains. This process repeats
at every time increment, advancing the simulation until the desired duration is completed. In this way,
the co-simulation framework captures the two-way coupling between granular terrain deformation

and the dynamics of the multi-body mechanical system.

3.4 Test scenario

In this study, the simulations were carried out using the previously defined HMMWYV tire model. The
process began with model preparation in both Adams and EDEM. Within Adams, the tire model was
first imported, and a rigid block with dimensions of 2.0m * 0.8m * 0.3m was created to represent the
road surface, which would later be substituted by the particle-based terrain generated in EDEM, as
illustrated in Figure 13. Subsequently, in EDEM, a particle bed of the same dimensions was
constructed using the default particle parameters summarized in Table 8,9,10. The HMMWYV tire
model was then imported into the EDEM environment, ensuring that its position and alignment with

respect to the particle bed were identical to the setup in Adams, as shown in Figure 12.
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Figure 12Simulation model in Adams

Following the geometry and environment setup, the Adams—EDEM coupling was configured using
the built-in ASCI co-simulation interface. The co-simulation frequency was set to 1:1, meaning that
at every simulation time step, the interaction forces calculated by EDEM were transmitted to Adams,
where the tire displacement was computed and then fed back to EDEM. This two-way data exchange
ensured that the tire dynamics and soil deformation were consistently synchronized throughout the

simulation process.
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Parameter name Values of particle Values of rubber
Particle shape Sphere \

Particle radius(mm) Smm \

Solid density[kg/m?3] 2670 1200

Shear modulus[Mpa] 30 2.6784
Poisson’s ratio 0.25 0.49

Table 8 EDEM material parameter

Parameter name Value
Restitution coefficient 0.8
Static friction coefficient | 1.36
Rolling friction coefficient | 0.15

Table 9 Particle to particle interaction parameter

Parameter name Value
Restitution coefficient 0.48
Static friction coefficient | 0.55
Rolling friction coefficient | 0.37

Table 10 Particle-rubber interaction parameter
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Figure 13 Granular road generated

Figure 14 Co-simulation scenario
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3.5 Simulation processing

The accuracy of EDEM simulations is strongly dependent on the choice of simulation time step. In
addition to using a fixed time step, the Rayleigh time step is often employed as a reference. This
parameter represents the time required for a shear wave to propagate through a solid particle.
According to the official EDEM documentation, the Rayleigh time step is typically chosen within the
range of 10%—40% of the calculated value. To prevent numerical instabilities such as particle
“explosions” or unrealistic ejections, values below 20% are generally recommended.

In this study, the parameters listed in Tables 8,9,10 were adopted, with the vertical tire load set to
2000 N and a forward velocity of 2 m/s. By adjusting the angular velocity of the wheel, a constant
slip ratio of 0.4 was maintained, ensuring that maximum interaction forces were generated at the tire—
terrain interface. To balance numerical accuracy and computational efficiency, multiple fixed time
steps were tested, specifically 5e-5s,2.5e-5s,1e-5s,5¢e-6s. The corresponding Rayleigh percentages for

these values were 30.95%, 15.48%, 6.19%, and 3.10%, respectively, as summarized in Table 11.

Fixed time step Corresponding Rayleigh percentage[%]
5e-05s 30.95

2.5e-05s 15.48

le-05s 6.19

5e-06s 3.10

Table 11 Selected time step and corrsponding rayleigh percentage

The simulation outputs included longitudinal tire force and the wheel sinkage height as illustrated in
Figures 15 and 16. Due to the initial free-fall of the tire onto the granular bed, a short period of
instability was observed at the beginning of the simulation. To eliminate this transient effect, only
data collected after 0.2 s were considered valid for subsequent analysis. Although reducing the time
step generally improves numerical stability and accuracy, it also imposes a significant increase in

computational cost.
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As shown in Figl5,16, It is also noteworthy that when the smallest fixed time step of 5e-6s was

applied, the simulation encountered severe instabilities. In this case, the particle bed exhibited

unrealistic behaviors such as violent oscillations and particle “explosions,” indicating numerical

divergence rather than improved accuracy.
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Figure 16 Wheel sinkage as function of time
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ccording to the EDEM user manual, the recommended Rayleigh percentage for engineering

applications generally lies within the range of 5%—15%. A value lower than 5% indicates that the

DEM time step has become excessively small, entering a regime of numerical instability. In such

cases, reducing the step size does not improve accuracy; instead, it may introduce numerical artifacts

or even produce erroneous results. Therefore, the choice of DEM time step must fall within an
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Figure 18 Fx as function of time

“optimal stability range,” where both numerical accuracy and computational stability are preserved.

For this reason, the smallest time step was excluded from consideration. The average longitudinal

forces and wheel sinkage corresponding to the remaining step sizes are summarized in 12.
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Figure 17 Wheel sinkage as function of time
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Time step Fx Z position[m]
5e-05s -445.058N -0.038
2.5e-05s -404.097N -0.029
le-05s -396.566N -0.026

Table 12 Fx mean value and wheel sinkage mean values

0
Sinkage simulation ime=0.5s
Sinkage simulation time=1s
0.02 -
-0.04 -
-0.06 -
-0.08 [
0.4
012 I I I I 1 I I I
] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)
Figure 19 Fx as function of time
500
Fx simulation time=0.5s
0 Fx simulation time=1s
.WHW
-500 B
-1000
-1500
=
52 -2000
w
-2500
-3000
-3500
-4000
4500 I 1 I 1 | I I I I
0 0.1 n.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time (s)

Figure 20 Sinkage as function of time

-



As shown in Figures 19 and 20, all tested time steps produced numerically stable results, but
noticeable differences can still be observed among them. This indicates that under identical simulation
parameters, the choice of time step directly influences the output values, meaning that the results still
exhibit convergence behavior as the time step decreases. Specifically, reducing the Rayleigh
percentage from 30% to 15% led to evident changes in the outputs, while further decreasing from 15%
to 6% resulted in only minor variations. Therefore, it can be concluded that the simulation outcomes
gradually converge as the time step becomes smaller, and a Rayleigh percentage of 15% (2.5e-5s
fixed time step) was chosen in this study as the compromise between computational cost and

numerical accuracy.

S Z 0.5s Z 1s
-0.2 -43 9mm -43.4mm
0 -43.0mm -42.6mm

Table 13 Fx mean values

By adjusting the initial vertical position of the tire, it can be released from a height as close as possible
to the terrain surface. This reduces the duration of the transient impact response and allows the system
to reach a stable state more quickly. Although EDEM supports GPU-accelerated hybrid computation
and achieves higher computational efficiency than Chrono, the number of particles used in EDEM is
significantly larger than in Chrono-based simulations. Consequently, the overall computational time
in EDEM remains relatively long. For this reason, it is necessary to carefully determine the required
simulation duration to obtain stable and reliable output data.

In this study, total simulation times of 0.5 s and 1.0 s were compared under otherwise identical
parameters. Two sampling cases were considered: one beginning at s=0 and another beginning after
s=0.2s to exclude the initial impact phase. The longitudinal force results for the s=0Ocase are presented
in Figure 19, while the average values of longitudinal force and wheel sinkage for both simulation

durations are summarized in Tables 13 and 14.The mean value of longitudinal force and sinkage share
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tiny gap between 0.5s and 1s simulation time ,so for the sake of efficiency,0.5s is selected as the

simulation time of later simulation.

S Fx 0.5s Fx 1s
-0.2 -936.7N -974.0N
0 -437.6N -436.6N

Table 14 Sinkage mean values

In summary, in order to balance computational efficiency with numerical accuracy, a total simulation
duration of 0.5 s together with a fixed time step of 2.5e-5s (corresponding to a Rayleigh percentage
of 15%) was selected as the reference configuration. These settings provide a suitable compromise
between stable and convergent results on the one hand, and feasible computational cost on the other,

and were therefore adopted for all subsequent simulations in this study.

3.6 Sensitivity analysis

A comprehensive sensitivity analysis was conducted within the EDEM—-Adams co-simulation
framework to investigate the tire—soil interaction characteristics and overall simulation performance.
The analysis systematically examined the influence of key parameters, including total simulation
duration, integration time step, longitudinal velocity, vertical load, and particle size, while also
considering the effect of tire wear on the overall response. By varying these factors, the study aimed
to evaluate the robustness of the coupled simulation approach and to identify the parameter ranges

that ensure both computational efficiency and physical reliability.
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Figure 21 Fx as function of time

Figure 21 illustrates the variation of longitudinal force over time under the default simulation
parameters, with a Rayleigh percentage of 20%, a vertical load of 2000 N, and identical longitudinal
speed 2m/s but different prescribed slip ratio. The results show an initial transient stage during the
first 0.2 s, corresponding to the tire drop from its initial release height and the subsequent recovery
process. Since this stage is strongly influenced by impact effects, the steady-state behavior of the
system is evaluated from 0.2 s onwards.

From the comparison of different slip ratios, it is evident that the simulation results are not entirely
consistent with theoretical expectations. The SRO case, which should ideally remain close to zero
longitudinal force, stabilizes instead around —500 N, suggesting an artificial offset. In contrast, the
SR2 condition yields results much closer to 0 N, which is more physically reasonable. For large
positive slip ratios, the longitudinal force curves display relatively small variations in magnitude,
generally below 500 N, which is lower than expected for the given vertical load of 2000 N and the
37 kg mass(neglected)of the HMMWYV tire. In real terramechanics, higher levels of traction force

would normally be anticipated under these conditions.

43



S MeanFX|[N]
-0.8 -1911.16
-0.6 -1612.03
-0.4 -1276.85
-0.2 -929.06

0 -438.14

0.2 95.98

0.4 295.37

0.6 373.36

0.8 424.61

Table 15 Slip ratio and Mean Fx
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Figure 22 Fx as function of slip ratio
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On the other hand, the results under negative slip ratios (braking conditions) show significantly larger
absolute values, in some cases exceeding —1500 N. This can be qualitatively explained by the particle
accumulation effect in front of the locked or near-locked wheel, shown in Fig24: soil displacement
and heaping increase resistance to forward motion, thereby amplifying the longitudinal force in the
braking direction.

While the simulation successfully reproduces the expected qualitative distinction between driving
and braking slip ratios, the absolute force magnitudes—especially under positive slip—remain
underestimated compared to theoretical and experimental expectations. This indicates that the current
soil parameterization and DEM resolution may not fully capture the traction capacity of the tire—
terrain system.

Figure 22 presents the longitudinal force—slip ratio (Fx-s) characteristic curve under a vertical load
of 2000 N, with the corresponding point values listed in Table 15. The overall trend is broadly shows
agreement with expected physical trends expectations: longitudinal force increases with slip ratio,
showing a convergence tendency in the high positive slip region, while at low positive slip ratios the
force grows more rapidly. However, some deviations from the ideal curve can also be observed.
First, the SRO case does not cross the origin, but instead stabilizes around —500 N. This offset is likely
associated with the soil particle accumulation effect in front of the tire, which generates additional
resistance even when the slip ratio is nominally zero. At high positive slip ratios, the curve displays
a saturation-like behavior, consistent with the expected traction limit. In the negative slip region, the
slope is relatively steep at small absolute slip ratios, which matches theoretical cornering and braking
behavior. Yet at higher negative slip ratios, the curve remains nearly linear rather than forming the
typical saturated shape observed in terramechanics, again suggesting an influence of particle heaping
during near-locking conditions.

Despite these discrepancies, the curve overall demonstrates a reasonable level of validity and practical
usability. It captures the key qualitative features of tire—terrain interaction, including force growth
with slip, convergence at large positive slip ratios, and amplified resistance in the braking domain,
although further refinements of soil parameters may be required to align the magnitude and symmetry

more closely with physical test data.
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Figure 23 Sinkage as function of time

S Mean Sinkage[m]
-0.8 0.56
-0.6 0.059
-0.4 0.047
-0.2 0.039
0 0.038
0.2 0.042
0.4 0.046
0.6 0.051
0.8 0.056

Table 16 Sinkage as function of time

Figure 23 shows the variation of sinkage with time under a vertical load of 2000 N for different slip
ratios. After the initial drop stage, the curves stabilize, and the final sinkage levels can be compared
across slip ratios. The overall distribution is broadly matches the established cornering behaviolt was
observed that. The zero-slip case exhibits the shallowest sinkage, while sinkage gradually increases

as the slip ratio increases. In the braking conditions (negative slip), the magnitude of sinkage grows
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more rapidly than in the positive slip cases, which agrees with the expectation that particle
accumulation in front of a braking wheel enhances soil deformation.

In addition to this general trend, the results also show some secondary features. At high positive slip
ratios, the increase in sinkage is relatively modest, while in the high negative slip ratios the increase
is much more pronounced, confirming the asymmetric effect between driving and braking conditions.
Small oscillations are present in the curves after the impact phase, but the steady-state values remain
distinguishable across slip ratios.

The results align with terramechanics theory in terms of relative ordering and the stronger sinkage
effect in braking. This suggests that while the qualitative behavior is captured, further refinement of

the soil parameters may be needed to obtain quantitative agreement with experimental data.

Time:0.5s
Position (m)
-3.70e-01

-4.36e-01

-5.02e-01

-5.68e-01

-6.34e-01

-7.00e-01

Figure 24 Particles pile up in front of the wheel
The co-simulation results provide an overall assessment of the applicability of the DEM-MBD
framework to tire—terrain interaction studies. The sinkage results further confirm the capability of the

model to capture fundamental terramechanics behavior, namely that penetration is minimized at zero
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slip, increases with slip magnitude, and is more pronounced under braking conditions due to soil
accumulation effects.

However, the longitudinal force—slip ratio characteristics reveal limitations in the quantitative
predictive accuracy of the current setup. Although the overall trend is qualitatively correct, the curves
are shifted downward, with non-zero values at zero slip and magnitudes lower than expected for the
applied load. These discrepancies highlight the sensitivity of the results to soil parameter calibration,
time-step settings, and model boundary conditions.

In conclusion, the framework is effective in reproducing qualitative behaviors of tire—soil interaction,
particularly for lateral dynamics and sinkage. Therefore, all subsequent investigations in this study
were conducted using the EDEM—-Adams-simulation framework, as it provides the necessary
coupling capability to capture tire—terrain interaction while allowing for the integration of multi-body

vehicle dynamics.

Speed[m/s] [FX[N] FY[N] Sinkage[mm]

2 295.3 7.7 -43.6

3 332.1 17.1 -46.0

Table 17 Fx Fy Sinkage variation
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Figure 25 Fx as function of time

For the velocity sensitivity analysis, simulations were carried out using the parameter set listed in
Table 8,9,10, under a constant vertical load of 2000 N and a fixed slip ratio of 0.4. Two translational
speeds were considered, namely 2 m/s and 3 m/s. Unlike Chrono’s moving patch technique—where
a limited number of particles are continuously regenerated at the front of the domain and removed at
the rear—EDEM requires the entire particle bed to be present throughout the simulation. While this
ensures that the tire always interacts with a static and fully settled surface, increasing the vehicle
speed necessitates a longer particle domain, significantly raising the total number of simulated
particles and thereby increasing the computational demand.

The results of the two speed cases are shown in Fig. 25. After the initial transient phase (0-0.2 s),
both the 2 m/s and 3 m/s cases exhibit relatively stable longitudinal force histories. Quantitatively,
the 3 m/s case produced an average longitudinal force of approximately 332.1 N, slightly higher than

the 295.3 N obtained at 2 m/s (see Table 17). This small but consistent increase with speed is
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physically reasonable, as higher forward velocity at a fixed slip ratio implies a higher absolute slip
velocity at the tire—soil interface, leading to a modest increase in shear resistance. Importantly, no
significant oscillations or instability were observed beyond the transient phase, and the overall
magnitudes are consistent with the expected force range for the given load and soil parameters.

These results confirm that within the tested range, the simulation outcomes are stable and consistent

with theoretical expectations, thereby satisfying the requirements for subsequent analysis.
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Figure 26 Fy as function of time

With respect to the lateral force Fy , the simulation results at both 2 m/s and 3 m/s show almost no
difference. In both cases, the lateral force fluctuates only around zero and does not exhibit any
noticeable steady deviation. This outcome is fully consistent with the expected physical behavior,
since the wheel is constrained to pure forward motion with no imposed slip angle or camber angle,
and thus no sustained lateral interaction with the soil is generated. The negligible Fy response across
different speeds therefore confirms that the model reproduces the correct directional dependence of

tire—terrain forces under purely longitudinal operating conditions.
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Figure 27 Sinkage as function of time

Regarding the wheel sinkage height, a clear difference was observed between the two velocity cases.
At 3 m/s, the tire exhibited a larger sinkage compared to the 2 m/s case, with the mean vertical
displacement being approximately 2.4 mm deeper. This outcome is reasonable, as at a fixed slip ratio
the higher translational velocity increases the kinetic energy transferred to the soil particles, thereby
enhancing local soil compaction beneath the tire. Although the magnitude of the difference remains
moderate, the trend aligns with theoretical expectations that greater forward velocity intensifies

particle rearrangement and leads to slightly higher sinkage.
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Figure 28 Fx as function of slip
S -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Fx[N] Fzl1000N|-1086.6 -919.8 -750.1 -558.2 -249.3 152.0 2743 312.0 3399
Fx[N] Fz2000N|-1911.2 -1596.2 -1310.5 -936.7 -437.6 38.0 239.7 332.0 384.5

Fx[N] Fz3000N|-2691.9 -2290.7 -1834.6 -1310.3 -686.1 -36.9 261.1 3854 4469

Table 18 Fx mean values

The effect of vertical load on the Fx-slip ratio relationship was investigated at a constant translational
velocity of 2 m/s, as illustrated in Fig. 28, with corresponding numerical values reported in Table 18.
The results show a clear dependency of longitudinal force on the applied vertical load. With

increasing load, the entire characteristic curve shifts downward, indicating that the magnitude of the
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longitudinal force becomes larger. Specifically, under 1000 N the longitudinal force ranges from
approximately —1100 at high negative slip to about +400 N at high positive slip. For 2000 N, the
corresponding range extends to nearly —2000 N to +450 N, while under 3000 N the longitudinal force
reaches around —2800 N at the most severe braking condition, and converges to about +480 N in the
traction region.

The shape of the curves is qualitatively consistent across all three loads: in the low slip ratio region
the gradient is steep, showing that small changes in slip can cause significant variations in
longitudinal force. At higher positive slip ratios, the curves tend to saturate and approach an
asymptotic force level, with differences between loads becoming less pronounced. In contrast, in the
negative slip region, the increase in braking force is strongly amplified by higher loads, leading to
more pronounced divergence between the three curves. This agrees with theoretical expectations, as
larger vertical loads increase the contact area and normal stress between the tire and the granular soil,

thereby enhancing the capacity for force transmission.

Sinkage [mm]

El —6—Fz=1000N]| |
—&— Fz = 2000 N
| Fz = 3000 N
100 ' ' ' ' ' ! !
08 06 04 02 0 02 04 06 08

Slip ratio S
Figure 29 Sinkage as function of slip

53



The results confirm that vertical load exerts a significant influence on the magnitude of the
longitudinal force, particularly in the braking (negative slip) domain, whereas in the high positive slip
region the effect is less evident due to force saturation.

The influence of vertical load on the wheel sinkage as a function of slip ratio is shown in Fig29, with
detailed values reported in Table 19. The results clearly indicate that increasing the vertical load leads
to greater wheel sinkage. For the 1000 N case, the sinkage varies between approximately —26.2 mm
at its shallowest (near zero slip) and —47.6 mm at maximum sinkage (negative slip). Under 2000 N,
the position ranges from —43.0 mm at the shallowest point to —80.1 mm at the deepest, while for 3000
N the values further increase to about —48.7 mm and —96.8 mm, respectively. These results confirm
the monotonic relationship between vertical load and sinkage depth, as higher normal loads push the

tire further into the soil bed.

S -0.8 | -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Sinkage[mm] FZI00ON | -47.6 |-36.4 |-292 |-262 |-28.5 |-31.7 |-353 |-38.7 |-424

Sinkage[mm] FZ2000N | -80.1 | -64.4 |-52.6 |-43.8 |-43.0 |-472 |-52.0 |-565 |-61.2

Sinkage[mm] FZ3000N | -96.8 |-79.2 |-63.4 |-52.1 |-48.7 |-52.1 |-57.4 |-63.0 |-68.2

Table 19 Mean sinkage values

In terms of slip ratio dependence, the results exhibit a consistent pattern across all load levels: the
minimum sinkage occurs around zero slip or slightly positive slip, with values of —26.2 mm, —43.0
mm, and —48.7 mm for the 1000 N, 2000 N, and 3000 N cases, respectively. Beyond this point,
sinkage increases again as slip ratio becomes either highly positive or highly negative, reaching the
deepest values at —47.6 mm, —80.1 mm, and —96.8 mm. This tendency is consistent with soil—tire
interaction theory, where moderate slip allows soil rearrangement and reduces vertical displacement,
while extreme slip generates larger shear deformation and soil accumulation, causing enhanced
sinkage.

The choice of particle size exerts a significant influence on the simulation outcome, both in terms of
accuracy and computational cost. On one hand, reducing particle radius by half results in an eightfold
increase in the number of particles within the same domain, thereby greatly extending the

computational time. In this study, a vertical load of 2000 N, a forward velocity of 2 m/s, and a slip

54



ratio of 0.4 were applied while varying particle size. The default particle radius of 0.005 m was
already close to the computational limit of the workstation employed in this research, as further
reduction would render the simulation time impractically long. Under this condition, the number of
active particles reached 529,329, which is substantially higher than the approximately 100,000
particles typically used in Chrono simulations. Notably, the EDEM solver was able to handle such a
large number of particles without software failure, with the primary consequence being longer
runtimes, whereas Chrono was found to be less stable, often crashing when particle counts exceeded
its effective threshold. To further examine the sensitivity of particle size, two additional groups with
larger particle radii of 0.0075 m (75% of the baseline) and 0.01 m (50% of the baseline) were tested,
enabling an assessment of their impact on both longitudinal force and wheel sinkage.

The influence of particle size on the predicted longitudinal force is illustrated in Fig. 30, where the
blue curve corresponds to a particle radius of 0.005 m, the yellow curve to 0.0075 m, and the curve
to 0.01 m. In the steady-state region after approximately 0.2 s, the results obtained with 0.0075 m and
0.01 m particles exhibit similar behavior, with only minor differences in the average force level and
temporal fluctuations. By contrast, the force levels corresponding to the 0.005 m particles are
consistently lower than those of the larger particle groups, showing a significant deviation in
magnitude.

Considering that the reference material for this study is dry sand, whose mean particle diameter is
substantially smaller than 0.005 m, it can be argued that the 0.005 m particles represent a closer
approximation to the target material. The fact that this case yields lower longitudinal force values
suggests that finer particles enhance soil mobility and reduce effective resistance against the tire
motion, which is physically consistent with expectations for sand-like granular media. Therefore, the
observed differences between particle sizes not only highlight the sensitivity of the DEM model to
particle resolution, but also indicate that the smallest particle group, despite higher computational

cost, provides results that are closer to realistic soil behavior.
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The evolution of wheel sinkage under different particle sizes is presented in Fig. 31 After the initial
transient stage within the first 0.2 s, the curves stabilize and reveal consistent differences among the
three particle groups. The results obtained with particle radii of 0.0075 m and 0.01 m show similar
sinkage depths, with only slight deviations over time, indicating that once particle size becomes
sufficiently large, the predicted soil deformation converges toward a comparable level. In contrast,
the 0.005 m particle group exhibits a clearly greater sinkage, with an equilibrium sinkage height
approximately 5—10 mm deeper than those observed for the larger particle groups.

This outcome aligns with the expected physical behavior of granular soils: smaller particles enhance
packing density and mobility, allowing the wheel to penetrate further into the soil surface under the
same load. Conversely, larger particles tend to resist rearrangement more strongly, producing
shallower sinkage. Given that natural dry sand has a mean grain size below 0.005 m, the deeper
sinkage predicted by the smallest particle group can be considered more representative of realistic
terrain response. Hence, although computationally more demanding, simulations with finer particles
yield results that are not only more consistent with the target soil material but also more reliable for
subsequent wheel—soil interaction analysis.

In the course of the simulation, it was observed that soil particles can become trapped within the tread
pattern of the tire, as illustrated in Fig. 32. This effect resembles the real-world phenomenon in which

loose sand or soil grains are carried along by the grooves of the tire, rolling upward with the wheel

Yl
T W

. )

Figure 32 Particles carried by the tire thread
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motion. To further investigate this interaction mechanism, the tire model was subsequently modified
to represent different levels of tread wear. By gradually reducing the depth of the tread pattern, the
aim is to evaluate how tread degradation affects soil-tire interaction in the DEM—MBD framework.

This approach makes it possible to assess whether the simulation can capture the same tendency
observed in real operating conditions, where tread wear lowers the ability of the grooves to carry soil

particles and thereby change both traction performance and soil deformation characteristics.

b)

Figure 33 Tire model with:a)0% worn out b)50% worn out ¢)100% worn out
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In order to investigate the influence of tread wear on tire—terrain interaction, three tire models with
different tread depths were developed, as shown in Figures 33. The first model represents a new tire
with no wear (0% wear), the second corresponds to a medium-worn condition with tread depth
reduced by approximately 50% (50% wear), and the third represents a fully worn tire with smooth
surface (100% wear). Simulations were conducted under identical conditions to isolate the effect of
tread wear: a vertical load of 2000 N, a slip ratio of 0.4, and a forward velocity of 2 m/s. All other
soil and simulation parameters were kept consistent with those used in the previous experiments. The
objective of these tests is to evaluate how tread wear affects the generation of longitudinal traction
forces as well as the vertical sinkage of the wheel. By comparing the results across different tread
depths, the analysis provides insight into whether tire tread geometry plays a significant role in

determining force transmission and soil deformation in discrete element simulations.
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Figure 34 Fx as function of time
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Thread Condition Fx|[N]
0% worn out 312.0
50% worn out 238.5
100% worn out 163.7
Table 20 Mean Fx values

The simulation results for different tread wear conditions are shown in Fig 35. In the time
histories ,the curve represents the fully worn tire (100% wear), the curve corresponds to the half-worn
case (50% wear), and the curve shows the new tire with no wear (0%). After the initial transient phase,
the longitudinal force stabilizes around 0.2 s, where the differences between the three cases become
evident. The numerical results indicate average longitudinal forces of 312.0 N for the unworn tire,
238.5 N for the 50% worn tire, and 163.7 N for the fully worn case. These results clearly demonstrate
a monotonic reduction in traction capability as tread wear increases. This trend is consistent with
theoretical expectations, as tread patterns play a crucial role in engaging soil particles and generating
shear resistance. As the tread depth decreases, the tire surface becomes smoother, reducing the
interlocking effect with the granular terrain and thus lowering the effective longitudinal force. The
observed decline in force transmission with increasing wear confirms the physical plausibility of the
simulation outcomes.

/
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Figure 35 Sinkage as function of time

The Sinkage evolution under different tread wear conditions is shown in Figure 35, with the
corresponding steady-state values summarized in Table 19. It can be observed that tread wear exerts
a clear influence on the vertical sinkage of the tire into the granular terrain. The new tire (0% wear)
exhibits the smallest sinkage, with a mean sinkage of approximately —46.3 mm. As tread depth
decreases, the sinkage increases progressively, reaching —49.5 mm at 50% wear and —50.9 mm at full
tread wear (100%). This trend is in line with terramechanics principles, as reduced tread depth
decreases the effective ground-engaging volume and diminishes the tire’s ability to generate contact
stress distribution, thereby causing deeper penetration into the soil under the same loading conditions.
The time histories of sinkage further confirm this observation: after the initial transient phase, all
curves stabilize, but the equilibrium positions differ systematically according to tread condition. The
fully worn tire demonstrates the deepest and most stable sinkage trajectory, while the new tire

maintains the highest vertical position. Overall, the results indicate that tread wear reduces the load-
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bearing efficiency of the tire—soil interface, which not only corroborates experimental observations
from real off-road vehicles but also confirms that the simulation framework can capture the essential
degradation mechanisms induced by tread loss.

In summary, the sensitivity analyses across different slip ratios, translational velocities, vertical loads,
particle sizes, and tire tread wear levels consistently show results that align with the expected
qualitative behavior of tire—soil interaction. Higher slip ratios and larger vertical loads lead to
increased tractive or braking forces as well as deeper sinkage, while increased tread wear reduces the
available traction and increases soil penetration. The particle size study further confirmed that finer
particles yield lower force magnitudes but more realistic interaction patterns, though at the cost of
significantly longer computation times. Similarly, velocity changes showed only moderate influence
within the tested range, but highlighted the computational burden of higher speeds in EDEM
simulations.

These results confirm that the DEM-based EDEM—Adams co-simulation framework can reproduce
the main interaction trends under varying conditions, while also exposing the trade-offs between

accuracy, numerical stability, and computational efficiency.
3.7 Mixed-sized Gravel road

In the previous simulations, the road surface was modeled using uniformly sized spherical particles.
However, in reality, soil or gravel beds are composed of particles within a certain size range,
distributed according to specific proportions. To better approximate real-world conditions, the
following set of experiments was conducted using a particle size distribution that reflects natural
granular media. Figure 36 illustrates the particle size distribution curves obtained from sampled dry
sand and gravel roads, with detailed numerical data provided in Tables 21 and 22. Since the mean
particle size of dry sand is significantly smaller than the computational limits of the present hardware,
gravel was selected as the representative granular material, and its physical parameters are listed in

Table 22.
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Figure 36 Particle size distribution
T1 Sand
Size[um] Mass[g] | Retained[%] | cum passing[%]
300 100.00
212 28.63 31.20 68.80
150 19.23 20.96 47.84
106 26.81 29.22 18.62
75 12.53 13.66 4.96
53 3.73 4.07 0.89
45 0.34 0.37 0.52
38 0.33 0.36 0.16
25 0.15 0.16
Total 91.75

Table 21 Dry sand size distribution

63



T2 Gravel

Size[um] | Mass[g] Retained [%] | Cum passing [%]
13435.03 100
9500 18.43 0.76 99.24
6700 56.77 2.35 96.89
4750 112.71 4.67 92.22
3350 159.69 | 6.61 85.60
2360 139.23 5.77 79.84
1700 132.8 5.50 74.34
1180 117.86 | 4.88 69.45
850 12249 | 5.07 64.38
600 139.34 | 5.77 58.61
425 118.75 | 4.92 53.69
300 300.52 12.45 41.24
212 337.02 13.96 27.29
150 284.9 11.80 15.49
106 141.57 | 5.86 9.62
75 90.54 3.75 5.87
53 40.38 1.67 4.20
38 25.02 1.04 3.16
Total 24144

Table 22 Gravel size distribution
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T2 Gravel

%
size(um) Mass(g) Retained % cum passing
13435.0
3 100

9500 18.43 0.76 99.24 0.76
6700 56.77 2.35 96.89 2.35
4750 11271 467 9222 467
3350 159.69 6.61 85.60 6.61
2360 13923 577 79.84 577
1700 1328 5.50 7434 5.90
1180 117.86 4.88 69.45 4.88
850 12249 5.07 64.38 5.07
600 139.34 5.77 28.61 S.77
425 118.75 492 53.69 492
300 300.52 1245 4124 1245
212 337.02 13.96 27.29 13.96
150 2849 1180 1549 11.80
106 141.57 5.86 9.62 5.86

75 90.54 3.75 5.87 3.75

93 40.38 167 4.20 1.67

38 25.02 1.04 3.16 1.04

-38 76.38 3.16 3.16

Total 2414.4

Table 23 Gravel size distribution filtered

Nevertheless, part of the gravel particle distribution still included fractions smaller than 0.005 m,
which exceed the acceptable lower size limit for the simulation. These fractions were removed, and
the remaining particle sizes (highlighted in blue in Table 23) were proportionally rescaled to preserve
the overall distribution characteristics. The resulting particle size distribution for the simulation is
shown in Figure 37. As illustrated in Figure 38, the particle size proportions generated in EDEM
closely reproduce the target distribution, with only minor deviations. Figure 39 further shows the
reconstructed granular surface in EDEM, which clearly reflects the irregular and uneven road texture

arising from the varying gravel sizes, thereby improving the fidelity of the virtual test environment.

65



Particle size distribution expected

0.18
0.16
0.14

0.12
0.1
0.08
0.06
0.04
0.02 .

1.00 142 197 283 393 558 792 11.17 15.83

(]

Figure 37 Gravel size distribution expected

= Actusl ® Expected

16.6

12.5
0.0 — — — — S S — l

Mass fraction percentage (%)
@
i

fa

417
967
833
933
583
917
11.167
15.833

o o i

1
1
7

Particle Scale (By Radius)

Figure 38 Gravel size distribution in EDEM generated road

The simulation parameters were kept consistent with the previous studies, with a Rayleigh percentage
of 15%, a longitudinal velocity of 2 m/s, a fixed slip ratio of 0.4, and a vertical load of 2000 N. The

simulation results obtained under these conditions are presented in Figures 40,41.
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Figure 39 Gravel road simulation scenario

The simulation results obtained on the road surface composed of distributed particle sizes are
presented in Figure 40, with the corresponding roadbed model shown in Figure 41. The longitudinal
force curve demonstrates pronounced fluctuations, particularly in the early stage of tire—soil contact,
where two sharp peaks are observed due to the irregular support of larger particles. After
approximately 0.2 s, the response gradually stabilizes, with the force maintaining an oscillatory but
bounded trend in the range of 500-1000 N. This fluctuation pattern is consistent with the
heterogeneous nature of the particle distribution, where variations in particle size introduce local
stiftness changes and irregular contact conditions. The results capture the expected influence of a
non-uniform granular surface, showing stronger force variability compared to uniform particle

simulations, while still presenting stable average values in the steady-state phase.
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Figure 41 Fx as function of time
The result of the wheel sinkage over time is shown in Figure 41. The curve indicates that the wheel
undergoes an initial rapid sinkage immediately after contact. This is followed by oscillations caused
by the interaction with uneven particle support due to the heterogeneous size distribution of the road
surface. After about 0.2 s, the oscillations remain visible but tend to stabilize around an average
sinkage depth close to —0.004 m. Compared to uniform particle simulations, the fluctuations are more

pronounced, reflecting the irregular stiffness and localized deformations introduced by the mixed
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particle sizes. The results demonstrate the expected influence of particle size distribution on vertical

displacement, with stable convergence in the steady-state phase.

3.8 Mixed-shape Rock road

In order to further evaluate the capability of the EDEM—Adams co-simulation platform, an additional
experiment was conducted to investigate tire behavior on a road surface composed of mixed particles
with varying shapes and sizes. This setup is intended to better approximate real gravel road conditions,
where particle geometry and gradation significantly influence tire—terrain interaction. For this
purpose, a high-density rock material was selected as the particle medium, ensuring that the
mechanical behavior of the simulated surface closely resembles that of natural crushed stone. The
detailed material parameters, including density, shear modulus, and frictional properties, are

summarized in Tables 24, 25, and 26.

Parameter name

Values of particle

Values of rubber

Solid density[kg/m3] 3000 1200
Shear modulus[Mpa] led 2.6784
Poisson’s ratio 0.25 0.49

Table 24 Particle and rubber parameters

Parameter name Value
Restitution coefficient 0.5
Static friction coefficient 1
Rolling friction coefficient 0.15

Table 25 particle to particle parameter




Parameter name Value
Restitution coefficient 0.48
Static friction coefficient 0.55
Rolling friction coefficient 0.37

Table 26 Particle to rubber parameters

By utilizing the powerful particle modeling tool embedded in EDEM, it is possible to automatically
generate particle models that approximate complex geometries by fitting them with simple spherical
or cubic elements. This functionality provides flexibility in balancing computational cost and
geometric fidelity. In the present study, this capability was verified by selecting relatively simple
particle models and intentionally applying a low level of fitting fidelity in order to reduce the
computational demand. The resulting fitted particle models, obtained through the built-in tool, are

illustrated in Figures 42.
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Figure 42 Rock particle model : a)b)c)

In addition, the experiment also tested particle models generated with high-fidelity fitting, as
illustrated in Figure 43. Compared with Figure 42(b, Figure 43 demonstrates a much higher degree
of geometric conformity, which can potentially improve the accuracy of the simulation. However,
while the model in Figure 42(b was represented by only three spherical elements, the high-fidelity
model in Figure 43 required several hundred spheres. In scenarios involving hundreds of thousands
or even millions of particles, such high-resolution fitting would substantially increase the

computational cost of the simulation. Therefore, in practical applications, it is necessary to strike a
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balance between geometric fidelity and computational efficiency, depending on the specific

objectives and available resources of the study.
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Figure 43 High-fidelity fitting

The generated particle-based road surface is shown in Fidure 45, where the three different colors
represent three distinct particle models used in the simulation. The test was conducted under a vertical
load of 4000 N, with the tire rotating at an angular velocity of 4.28 rad/s, which corresponds to a
translational speed of 2 m/s. In this setup, no fixed slip ratio was prescribed, allowing the tire—terrain
interaction to evolve naturally according to the contact and resistance forces generated by the

heterogeneous particle surface.

72



Figure 44 Mixed shape rock road simulation scenario

3.9 Lateral slip

The simulation of lateral dynamics plays an important role in advancing the understanding of DEM-
based tire—terrain interaction. Therefore, in this study, a series of experiments were designed with
varying slip angles and camber angles to investigate their effects on tire motion and force response.
This approach enables a more comprehensive evaluation of how lateral dynamics are captured in
DEM simulations and provides further insight into the accuracy and applicability of the coupled

EDEM-Adams platform for tire—soil contact analysis.

3.9.1 Slip angle effect

To evaluate the influence of slip angle on tire performance, simulations were conducted with road
particle parameters defined in Tables 8,9,10, a translational velocity of 2 m/s, a slip ratio of 0.4, and
a vertical load of 2000 N. Four slip angles were considered: 0°, 5°, 10°, and 15°. The time history of
the longitudinal force is shown in Fig. 45, while the corresponding averaged longitudinal force values

are summarized in Table 27.
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Figure 46 presents the lateral force (Fy) under slip angles of 0°, 5°, 10°, and 15°. After 0.2 s, the
curves show relatively stable values. At 0°, the average lateral force is 0.11 N, almost 0 lateral forces.
When the slip angle increases to 5°, the average value rises to 302.3N. At 10°, the average lateral
force further increases to 528 N, and at 15°, the maximum average value of 704N is reached.

The time histories indicate that with higher slip angles, the amplitude of the lateral force curves

becomes larger, and the mean values show a continuous increase as summarized in table 27.
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Figure 47 illustrates the variation of wheel sinkage under slip angles of 0°, 5°, 10°, and 15°. After 0.2
s, the curves stabilize and maintain relatively constant values. The average sinkage obtained from the
simulation are —0.038 m for 0° and 5°, —0.039 m for 10°, and —0.040 m for 15°.

The time histories show that with increasing slip angle, the wheel sinkage decreases slightly, as
reflected in the numerical results. The differences between conditions are relatively small, with the

maximum variation of about 2 mm between 0° and 15°.
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Figure 47 Sinkage as function of time

SA[°] | FX[N) |FY[N] Sinkage[m]
0 458.1 0.11 -0.038
5 437.0 302.3 -0.038
10 345.0 528.2 -0.039
15 180.4 704.9 -0.040

Table 27 Mean Fx FY and sinkage values

In summary, the slip angle simulations generally follow the expected trends. The longitudinal force
(Fx) results showed slight variations across different slip angles, with values remaining within a

comparable range, while the lateral force (Fy) exhibited a clear monotonic increase with the slip angle,
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consistent with theoretical expectations of lateral force generation. The sinkage remained relatively
stable across all slip angles, with only minor decreases observed at higher angles. The results
reproduce the anticipated qualitative result, although the magnitude of the longitudinal and lateral
forces falls within a lower range compared to typical experimental data, suggesting certain limitations

in the numerical model or parameter calibration.

3.9.2 Camber angle effect

To further evaluate the applicability of the DEM—Adams co-simulation platform in lateral dynamics,
additional experiments were conducted to analyze the effect of camber angle on tire—terrain
interaction. The test setup and road surface particle parameters were identical to those used in the slip
angle experiments (Tables 8,9,10). The motion conditions were kept constant with a forward velocity
of 2 m/s, a slip ratio of 0.4, and a vertical load of 2000 N. Five camber angle (CA) configurations

were tested: 0°, 2°, 4°, 6°, and 8°. The corresponding results for longitudinal force (Fx), lateral force
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Figure 48 Fx as function of time
(Fy), and sinkage are presented in Figures 48,49,50, with the averaged steady-state values

summarized in Table 28.
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The longitudinal force response under varying camber angles is shown in Figure 49. After
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stabilization (t > 0.2 s), the average Fx values fluctuate between approximately 410 N and 520 N.

According to Table 28, the maximum longitudinal force of 499.3 N occurs at CA = 2° whereas the

minimum of 412.1N is observed at CA = 8°. The cases with CA = 0°, 4°, and 6° yield intermediate

values of 458.1 N, 459.3 N, and 430.7 N, respectively. The longitudinal force does not exhibit a

monotonic variation with camber angle but shows localized increases and decrease.

The corresponding lateral force behavior is depicted in Figure 49. For CA = 0°, the steady-state lateral

force remains close to neutral at 0.11 N, indicating negligible lateral loading in the baseline condition.

With increasing camber angle, a systematic increase in negative lateral force is observed: —31.4 N at

CA=2° -822N at CA=4° -106.4 N at CA = 6°, and —176.3 N at CA = 8°. This trend indicates

progressively stronger lateral force generation as the camber angle increases, consistent with the

enhanced lateral load transfer between the wheel and the irregular terrain.
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The wheel sinkage data is shown in Figure 50. The steady-state values vary only slightly across
camber angles, with a displacement of —0.037 m at CA = 0° and 2°, —0.038 m at CA =4°, —0.039 m
at CA=6°, and —0.040 m at CA = 8°. Although the magnitude of variation is relatively small (within
~3 mm across the full range), the trend shows a gradual increase in sinkage with larger camber angles,
indicating deeper wheel penetration into the granular surface as the vertical load distribution shifts

with cambering.

CA |FX[N] |FY[N] Sinkage[m]
0 458.1 0.11 -0.037
2 4993 314 -0.037
4 4593 -82.2 -0.038
6 430.7 -106.4 -0.039
8 412.1 -176.3 -0.040

Table 28 Mean Fx FY and sinkage values
The camber angle experiments demonstrate that longitudinal force fluctuates within a moderate range
(approximately 410-500 N) without a strictly monotonic pattern, while lateral force increases in
magnitude with camber angle, reaching —176.3 N at CA = 8°. The vertical displacement exhibits a
slight but consistent increase with higher camber angles. These results confirm that cambering
significantly alters tire—terrain interaction forces, especially in terms of lateral loading, while the
impact on longitudinal performance and sinkage is less significant in comparison.
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3.9.3 Combined slip

A vehicle does not experience purely longitudinal slip or purely lateral slip in isolation in the real-
world scenario. Instead, both effects typically occur simultaneously, producing what is commonly
referred to as a combined slip condition. Under such circumstances, the interaction between
longitudinal and lateral tire forces introduces complex influences on both tire dynamics and overall
vehicle behavior. To evaluate the capability of DEM-based simulation in reproducing these more
realistic and challenging scenarios, this study conducted combined slip simulations of a tire operating
on dry sand. The granular material parameters were defined as listed in Tables 8, 9, and 10, while all
other simulation settings remained consistent with previous experiments, including a Rayleigh time
step of 15%, a translational speed of 2 m/s, and a vertical load of 2000 N. The results obtained from
these simulations provide valuable insights into the applicability of DEM for studies related to vehicle
dynamics and stability control under complex operating conditions.

Figure 51 presents the relationship between longitudinal force Fx and slip ratio s under different slip

angle conditions. The overall trend shows the typical nonlinear growth of longitudinal force with
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increasing slip ratio, followed by a plateau where the force begins to stabilize. At low slip ratios (close
to zero), all curves nearly overlap, suggesting that small variations in slip angle have little impact on
traction generation in this region.

As the slip ratio increases into the medium range (s~0.2—-0.5), the effect of slip angle becomes clearer.
Slip angles 15° curve displays a noticeable reduction in the magnitude of Fx in the positive slip ratio
region compared with other curves.

Overall, the general trend aligns with the theoretical combined-slip tire characteristics, particularly
the reduction in peak Fx with increasing slip angle. Nevertheless, the observed magnitude of deviation
at large slip angles suggests that the DEM model may slightly overestimate the soil’s yielding

response in lateral directions, leading to lower-than-expected longitudinal resistance.
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Figure 52 shows the relationship between lateral force (Fy) and slip ratio at different slip angles (0°,
5°, 10°, 15°). The plot shows that the computational results approximately match the trend of
theoretical plot, while there is a noticeable shift at peak point s=2 which suppose to happen at s=0
scenario. As slip ratio increases(s>0.2), the lateral forces do not drops rapidly as expected.
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For the case of 0=0, the lateral force remains very close to zero across the whole slip ratio range,
which agrees with the expectation that no side force appears when there is no lateral slip. When a slip
angle is introduced, the lateral force rises with increasing slip ratio until a certain point, after which
the values begin to drop. This trend reflects the typical saturation process of the tire—soil interaction.
At a=5°, the maximum side force reaches about 450N at slip ratios around 0.0-0.2 before decreasing
at higher slip ratios. With larger slip angles of 10° and 15°, the peak values grow significantly,
reaching about 670 N and 750 N respectively. These results confirm that larger slip angles lead to
stronger lateral forces. However, in the region of higher slip ratios (s>0.3), the curves are not dropping
rapidly as expected. This is likely related to particle rearrangements in the DEM soil model, which
can create local instabilities in the contact patch.

The results match the expected trend that greater slip angles increase Fy, with forces rising to a
maximum and then falling as slip ratio continues to grow. What does not fully agree with theory is
the shape of the force decay: instead of a sharp drop as often seen in tire models such as Pacejka’s

formula, the DEM results show only slightly reduction.
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Figure 53 presents the combined slip curves showing the relationship between lateral force (Fy) and

longitudinal force (Fx) under different slip angles (0°, 5°, 10°, 15°) and slip ratios ranging from —0.8
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to 0.8 The plots display the expected elliptical-like trend where the tire’s ability to generate
longitudinal and lateral forces is interdependent: as one component grows, the other tends to reduce.
For a=0°, the lateral force remains close to zero throughout, while Fx develops symmetrically with
increasing positive and negative slip ratios. At higher slip angles, particularly 10° and 15°, Fy rises
significantly, reaching values above 650 N, while Fx shows a reduction compared with the pure
longitudinal slip case. This demonstrates the trade-off mechanism between longitudinal and lateral
forces in combined slip conditions.

The general force envelope resembles the theoretical combined slip curve predicted by tire models
such as Pacejka’s formulation, where the achievable forces are bounded within an approximate
“traction ellipse.” However, some inconsistencies are visible: the obtained curves are not smooth and
show irregular fluctuations, particularly at higher slip ratios (|s|>0.4). These jagged variations likely
originate from particle rearrangements in the DEM soil model, leading to local instabilities in the
contact patch rather than the continuous behavior observed in experimental results.

In summary, the Fy—Fx relationship aligns with the expected combined slip characteristics,
confirming the interdependence between lateral and longitudinal forces. Yet, the force envelope lacks
smoothness , with the decay of longitudinal force at large slip ratios appearing steeper and more
unstable than in classical tire theory, suggesting that improvements in soil calibration or numerical

smoothing could help narrow the gap to experimental data.

4. Conclusion

In this study, a comparative evaluation was conducted between the Chrono:Vehicle
multicore_tire testrig platform and the EDEM—Adams co-simulation framework, with the aim of
assessing their suitability for tire—terrain interaction simulations.

The Chrono:Vehicle multicore_testrig module did not fully meet the expected performance. As an
open-source C++ library, Chrono offers a wide range of functionalities through modular files.
However, this design also results in considerable complexity when modifying parameters, as each
adjustment often requires extensive time to locate the corresponding function blocks. Repeated
modifications across experiments further amplify this inefficiency. Additionally, installation and
configuration of Chrono demand high system compatibility, and unresolved conflicts or runtime

errors occur frequently.
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From the simulation perspective, the Chrono results proved unsatisfactory. The predicted tire forces
deviated significantly from experimental expectations, and the Fx—slip ratio relationship displayed
trends inconsistent with realistic behavior. A critical factor lies in the moving patch mechanism: while
it theoretically extends road surfaces with limited computational resources, the newly generated soil
patches require time to settle. During wheel—soil interactions, tires frequently engage with particles
before they have stabilized, compromising result accuracy. Moreover, the contact method applied in
this work NSC (Non-Smooth Contact) only supports CPU-based computation. This severely limits
efficiency, preventing the simulation of roadbeds with finer particle resolutions, which in turn restricts
accuracy. Although the newly developed Chrono DEM-engine offers GPU acceleration, it requires
Ubuntu deployment and expensive professional GPU hardware, creating further barriers.

In contrast, EDEM demonstrates several advantages. With a comprehensive GUI-based interface, it
provides greater accessibility and lower deployment complexity. Its strength lies in simulating
particle—particle and particle—object interactions with high fidelity. However, as a DEM tool, its
capabilities in multibody dynamics remain limited. Adams, as a mature MBD platform, complements
EDEM eftectively. Through the ASCI co-simulation interface, EDEM and Adams can exchange data
at predefined communication frequencies, enabling coupled simulation.

The EDEM—Adams simulations in this study largely met expectations. The results showed reasonable
agreement with theoretical trends in longitudinal force, lateral force, and tire sinkage. Nevertheless,
some issues were observed, such as overall underestimation of longitudinal force and occasional
instabilities (e.g., sudden tire overturns). GPU-accelerated simulations significantly improved
efficiency but required extremely powerful hardware, hardware benchmark detail can be found in[18].
For example, a 500,000-particle roadbed simulation over 0.5 s of physical time required 1-2 hours of
computation, even on high-performance systems. Despite this, EDEM’s pre-settled roadbed
initialization proved advantageous, as it reduced the initial instability period by allowing tires to
engage with already stabilized surfaces.

EDEM is highly sensitive to timestep selection: overly large steps reduce accuracy and may trigger
numerical instabilities, such as particle “explosions.” Its solution for large road domains—the frozen

zone mechanism—restricts calculations to localized active regions. However, for full-vehicle
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simulations, the computational cost remains prohibitive. Future solutions will require finer spatial
partitioning strategies and more advanced computing resources.

Another key limitation lies in parameter calibration. EDEM’s accuracy strongly depends on realistic
particle property calibration. In this work, due to hardware constraints, calibration could not be
performed. This limitation likely contributed to discrepancies in longitudinal force curves, including
overall offset and divergence from theoretical trends. In addition, particle pile-up in front of the wheel
(pile-up effect) further influenced results. Nonetheless, lateral force and sinkage predictions followed
expected trends, supporting the platform’s capability.

In conclusion, despite Chrono’s limitations in accuracy and efficiency, and EDEM—Adams’s
challenges related to hardware demand and calibration requirements, the results of this study confirm
the significant potential of DEM-based approaches for tire—terrain simulations. With continued
improvements in computational resources, refined contact models, calibrated particle parameters, and
high-fidelity road models, DEM-MBD co-simulation frameworks hold great promise for achieving
highly accurate wheel—soil interaction analysis and for supporting a wide range of engineering

applications.
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