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Chapter 1

Introduction

1.1 Background

Soil-tire system interaction is one of the fundamental research subjects in terramechanics. In off-

road vehicles, such as agricultural and construction machinery, soil-tire interaction is the dominant

factor for tractive performance and working productivity. It has been empirically established that

the tractive performance of a tire can be improved by reducing its inflation pressure, which results

in a larger contact area, low sinkage, and low running resistance of the tire derived from increased

tire deflection. Using tractor tires with a low inflation pressure, soil compaction by farm tractors can

be avoided in agricultural fields, in order to allow optimal growth of plant roots. Off-road vehicles

with superior performance (lightweight, reduced fuel consumption, increased working capacity, etc.)

can be developed if the tires’ performance is predicted beforehand in the design and development

process.

Furthermore, small autonomous rovers have been studied and developed in several countries

in recent years for exploring extraterrestrial surfaces on the Moon and on Mars. These rovers should

have enough capability to travel over the regolith, which consists of fine dusty particles covering

the surfaces of planets. Owing to the payload limitation of rockets, the wheels of a rover should be

simple and compact in design, with sufficient tractive performance to maneuver weak surface condi-

tions. However, the tractive performance of rover wheels cannot be evaluated by in-situ experiments;

instead, it should be estimated on Earth in a highly sophisticated experimental facility with high vac-

uum, where acceleration due to gravity can be controlled. Therefore, developing a tool for predicting

the wheel performance accurately under reduced gravity conditions has become necessary.

In addition to the experimental approach, there are two other major approaches for predicting

soil-tire system interactions. The first one is the semi-empirical method, and the second approach

comprises computational methods, such as the finite element method (FEM) and distinct or discrete

element method (DEM).
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1.1.1 Semi-empirical method in terramechanics

The semi-empirical method was originally proposed by M. G. Bekker [3, 4]. In this method, a contact

interaction on the soil-tire interface is assumed to be expressed by two characteristic relationships:

(i) the pressure-sinkage (PS) relationship and (ii) shear stress-shear displacement (SS) relationship.

The PS relationship is assumed to contribute to the motion resistance, whereas the SS relationship is

assumed to contribute to the gross tractive effort, or thrust, in the traction performance of off-road

tires. The SS relationship was further simplified as the Janosi-Hanamoto (JH) equation to consider

soft deformable cohesive soils [9]. The governing parameters of the PS and SS relationships can

be measured using a bevameter, which stands for “Bekker Value Meter” [4]. The bevameter is a

measuring device system where each PS relationship and SS relationship can be measured. Based on

the two obtained relationships, Bekker predicted the compaction resistance (or motion resistance) of

a crawler on soil by assuming a rigid footing of the crawler [3]. Similarly, the compaction resistance

of a rigid tire was also formulated once the shape of the contact surface was considered [3].

Subsequently, Wong refined Bekker’s approach as a parametric approach, whereby he devel-

oped a computational tool for evaluating the performance of off-road vehicles on the basis of Bekker’s

two relationships [28, 29]. After the soil parameters in the PS and JH relationships are obtained, the

normal and tangential contact stresses distributed over the contact length can be calculated. More-

over, the tractive performance of an off-road vehicle can be derived from the numerical integration of

normal and tangential stresses over the contact surface of a crawler or tire once the specification of

the vehicle and its operating condition parameters are input. Since the parametric approach is quite

simple, this method has been popular and is applied even now [6, 13, 24]. In general, this method

has a low computational cost; however, it is not very accurate because the PS relationship assumes a

function of sinkage, where the maximum pressure may occur at the maximum sinkage of the plate,

which is not true for the locomotion of off-road tires with slip and sinkage.

1.1.2 Computational method in terramechanics

Owing to the recent developments in information technology, there has been an increase in the pos-

sibility of numerical simulations applied to interaction problems in terramechanics. Among others,

FEM and DEM are candidate tools.

Fundamentally, FEM, which is adequate for continuum models, has been applied in the re-

search and development of wheels for off-road vehicles. In terms of numerical analysis, soil-tire

system interactions have traditionally been analyzed using the FEM with a simplified and approxi-

mate boundary condition [31, 32]. The introduced soil model was not only elastic, but also elasto-

plastic. Ueno et al. [27] applied the elasto-plastic soil model and a contact algorithm for the analysis

of a two-dimensional (2D) soil-wheel system. Hiroma et al. [8] analyzed rigid wheel-viscoelastic

soil interactions using FEM with a contact algorithm, where the wheel surface was assumed to be
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smooth. Developments can also be seen in the application of critical state soil mechanics to tire-soil

problems [12]. With the further development and refinement of FEM, an in-depth analysis of contact

problems has been formulated, as summarized in a book [33]. Since the interaction problems in ter-

ramechanics belong to typical contact mechanics in nature, the application of the achievements from

contact mechanics becomes important in computational terramechanics for soil-tire systems. Aubel

[1] successfully analyzed the 2D interaction between a soft soil and an elastic rolling smooth tire.

Furthermore, Fervers [7] extended and demonstrated a treaded tire-soil interaction analysis using

FEM. Some reports described examples of soil-wheel interactions using FEM [7, 22, 23, 25, 30, 32].

However, the effect of a tread pattern or lugs on the tractive performance of wheels have been a

challenging topic in applications of FEM to soil-wheel systems.

On the other hand, DEM, which was originally proposed by Cundall and Strack [5], has

been applied not only to soil or rock mechanical problems, but also to simple tillage and wheel-soil

interaction problems. A typical soil model using DEM consists of an assembly of discrete granular

elements and can be simply implemented as a computer program. Oida et al. [20] demonstrated

for the first time the applicability of DEM to a wheel-soil contact problem, where various wheel

lugs were considered. It should be noted that the wheel rut usually observed in outdoor experiments

can be similarly obtained using DEM [20]. However, DEM is more appropriate than FEM for the

analysis of interactions such as soil and wheel lugs [2, 10, 11, 15, 16, 26]. While applications of

DEM to three-dimensional (3D) problems have become more common in recent years [10, 11, 26],

the computational load associated with 3D DEM is still a big challenge when the total number of

discrete elements is increased. It was noted that the element shape in DEM plays an important role

in the analysis of the soil behavior. Simply shaped circular (2D) or spherical (3D) elements have

been used in DEM; however, introducing an additional rolling resistance moment becomes necessary

to prevent excessive element rotation. In recent years, the use of other elemental shapes, such as

ellipsoids [11] and clumped elements [10, 14], has become popular with the availability of high-

performance computing. However, the increased computational time caused by the contact check

and contact reaction calculation using a small increment of the time step in the numerical integration

of numerous discrete elements is a well-known bottleneck affecting DEM.

Thus, a new coupled methodology is expected, where the smaller influential soil region under

the soil-tire contact interaction is analyzed using DEM, whereas the other noninfluential soil region

and tire are analyzed using FEM. In this study, such a combined methodology is named the finite

element–discrete element method (FE–DEM). Using FE–DEM, the analysis of soil-tire interactions

can become less time-consuming because of the reduced soil region of DEM, while it can realize the

soil behavior under the action of a tire with lugs similar to when only DEM is applied. FE–DEM is

explained in Chapter 2 in more detail.
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1.2 Purpose of the study

The ultimate goal of this study is to develop a prediction tool for the tractive performance of a tire

or a wheel traveling on soil. In order to achieve this goal, we aim to develop a new framework of

FE–DEM for estimating the tractive performance of a tire on dry sand with a high accuracy. The

existing 2D FE–DEM code developed by our research group was updated to improve the accuracy of

analysis specifically for deformable tire conditions. In this study, we consider 2D analysis because

the validity of the proposed algorithm for FE–DEM should be evaluated using a simple computer

implementation. To evaluate the framework’s accuracy, numerical results are compared to the results

of an experiment, in which tractive forces and wheel sinkage against the slip ratio were assessed.

Another purpose of this study is to propose a new way of reducing the computational cost of

DEM. The effect of reducing the elapsed computational time will be discussed with respect to the

size of the DEM region.

1.3 Outline of the dissertation

Chapter 2 presents a review of FE–DEM together with its fundamental formulations, the contact

model between FE and DE, the traction performance calculated from the FE–DEM program, and the

description of its program flow.

In Chapter 3, an analysis of the tractive performance of an elastic wheel for planetary rovers

is presented [17]. The wheel traveling control method is improved to represent the experimental

condition, and the proposed algorithm is applied to the analysis of a metallic small elastic wheel

prototype, which is intended to be equipped for a Mars exploration rover. In order to simulate the

forced-slip condition in the experiments, a proportional-integral-derivative (PID) controller model

of the tire position and rotation activated by the drawbar pull and wheel torque is introduced in the

FE–DEM simulation. Wheel rigidity varied using the Young’s Modulus and the gravity effect are

investigated.

Chapter 4 presents an analysis of the contact stress and tractive performance of a tire driven

on dry sand, as stated in [18]. Normal and tangential stresses acting over a contact interface of a tire

driven on dry sand are investigated in order to expand their applicability. A simple averaging method

for contact reaction is introduced, assuming that the tire is in the rigid contact mode and would travel

on the model sand terrain in the stationary condition. The tractive performance calculated from the

contact stresses using a semi-empirical (or parametric) approach is compared with the result directly

obtained from FE–DEM.

Chapter 5 presents FE–DEM with interchangeable modeling for off-road tire traction analysis

[19]. Novel compatible modeling between FEM and DEM for the tire traction analysis is examined

in order to reduce the DEM computational cost. In the method named iFE–DEM, the soil in a soil

bin is initially modeled using FEM, except for the region under or near the tire, which is modeled
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using DEM. When the FEM tire model begins travelling over the DEM soil elements, the updated

tire location will activate a new conversion of modeling from FEM to DEM for the path in front of

the tire such that the zone of impact around the contact interface between the tire and the soil can be

continuously analyzed using DEM. The mobilized DEM elements rearward of the tire might again

be converted into FEM elements.

Finally, Chapter 6 presents the conclusions of the dissertation, along with a summary of rec-

ommendations for future work.
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Chapter 2

Overview of FE–DEM

2.1 Introduction

The idea of FE–DEM is not new, and there are many publications in applied mechanics and engi-

neering problems utilizing this method. Textbooks on FE–DEM can also be found [4, 5].

Pan and Reed [10] applied the coupled DE–FE method to rock mechanics problems. Flow

problems in silo were also solved using the DE–FE method [2]. Horner et al. [1] demonstrated the

capability of the precise and detailed application of massive-scale DEM and FEM to some problems

in terramechanics. Furthermore, an algorithm and implementation of 2D FE–DEM for tire sinkage

into soil were reported [6]. Subsequently, 2D FE–DEM was applied to analyze the tractive perfor-

mance of smooth automotive tires, for which deformation was negligible (i.e., rigid contact mode)

[7]. Moreover, the study results reported in [8] indicated that the 2D FE–DEM analysis of the tractive

performance of tires with lug-patterned treads can achieve sufficient accuracy as compared to that of

the study reported in [12], as shown in Figure 2-1 [8].

Figure 2-1: Result of the tractive performance of a tire with lug-patterned treads [8].
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In FE–DEM analysis, the net traction is calculated from the difference of the gross traction and

motion resistance. Thus, the source of deviation in the net traction is the deviated result of the motion

resistance. An attempt to analyze the tractive performance of an elastic iron wheel using FE–DEM

was reported in [9]. The results of this analysis are illustrated in Figure 2-2, which demonstrates

that the exhibited net traction deviates from the experimental result, whereas the motion resistance

becomes smaller in magnitude as the wheel slip increases.

Figure 2-2: Result of the tractive performance of an elastic iron wheel [9].

Based on the observations in [8, 9], it is clear that further research on developing a more

accurate FE-DEM algorithm for tractive performance analysis is required.

Recently, a wheel performance analysis using 3D FE–DEM was attempted using a desktop

PC, achieving a computational time of 96 h; however, no precise information on the motion resistance

and gross tractive effort was reported [13]. Note that the wheel was assumed to be rigid and the

diameter of the DEM elements was as large as 14 mm [14]. Furthermore, the tractive performance

of an off-road tire on soil was analyzed using a 3D DEM–FEM coupling method [3]; however, the

soil bin model was too shallow for the interaction of the off-road tire in this study. Reportedly, a

comparable numerical result was obtainable, although the case of 5% slip was shown representatively

as a result of applying 3D FE–DEM in comparison with the experimental results from earlier studies

[12]. From these results, using 3D FE–DEM for estimating the tractive performance of off-road tires

is understood to be premature under the current developmental state of computer technologies.

The 2D FE–DEM analysis is summarized below on the basis of the previous reports of our

research group at the Laboratory of Agricultural Systems Engineering, Kyoto University [7, 8].

2.2 Formulation of FE–DEM

The tire and subsurface soil are modeled as elastic bodies in FEM. DEM is applied in modeling the

upper soil layer, where the shear and large deformation of soil under the action of a tire or tire treads
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would be expected.

We must solve two types of equations of motion, one for translation (for both FEM and DEM)

and the other for rotation (for DEM), which are represented using vector notation as follows:

Fc + Fb = m
d2u

dt2
(for FEM, DEM) (2.1)

Nc = I
d2θ

dt2
(for DEM), (2.2)

where Fc denotes the contact reaction, Fb denotes the volumetric force, m denotes the mass, u

denotes the displacement, Nc denotes the moment by Fc, I denotes the moment of inertia, and θ

denotes the rotational displacement. Naturally, there are x- and y-components in Eq. (2.1) and one

component in Eq. (2.2) in the case of a 2D FE–DEM problem. Explicit time integration is applied to

solve the above equations.

2.3 Numerical integration method

The equations of motion, that is, Eqs. (2.1) and (2.2), are discretized in the time domain to execute

time integration numerically.

2.3.1 FEM

The dynamic explicit method is used for FEM because the considered problem can be classified as

a large-scale dynamic analysis. For a detailed expression of the FEM formulation, Eq. (2.1) can be

rewritten as follows:

mü+ cu̇+ f = p, (2.3)

where m is the diagonal component vector extracted from the lumped mass matrix, c is the damping

vector, f is the internal force vector, and p is the external force vector.

The internal force vector (f ) can be calculated as

f = Ku, (2.4)

where K denotes the total stiffness matrix, which can be obtained by summation of the element

stiffness matrixs (Ke) calculated as

Ke =
∫
S
BTDBtdS, (2.5)

where B and D are the B-matrix and D-matrix, respectively, which express relationships within

FEM meshes between displacement and strain for the B-matrix and between strain and stress for

the D-matrix; t denotes the element’s thickness. The D-matrix for a tire is assumed to represent the

plane stress condition because the tire is not constrained in the tire width direction. In contrast, the
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D-matrix for soil is assumed to represent the plane strain condition because the soil is confined by

the wall of the soil bin.

Difference approximations can be expressed according to the central difference method as

follows:

u̇t =
ut+∆t − ut−∆t

2∆t
, (2.6)

üt =
ut+∆t − 2ut + ut−∆t

∆t2
, (2.7)

where t denotes the current time and ∆t signifies the time step.

By substituting Eqs. (2.6) and (2.7) into Eq. (2.3), the nodal displacement at the next time

step can be obtained as follows:

ut+∆t =
p− f +m 1

∆t2
(2ut − ut−∆t) + c 1

2∆t
ut−∆t

1
∆t2

m+ 1
2∆t

c
. (2.8)

2.3.2 DEM

For DEM time integration, a modified Euler method is used in this study to balance the computational

cost and error rate. Let the acceleration be a, the velocity be v, and the displacement be u. Then, the

discretized time integration for translation can be represented as

v(t+∆t) = v(t) + 0.5 (a (t) + a (t+∆t))∆t (2.9)

u(t+∆t) = u(t) + 0.5 (v (t) + v (t+∆t))∆t. (2.10)

Similarly, let the angular acceleration be α, the angular velocity be ω and the angular dis-

placement be θ. Then, the discretized time integration for rotation can be expressed as

ω(t+∆t) = ω(t) + 0.5 (α (t) +α (t+∆t))∆t (2.11)

θ(t+∆t) = θ(t) + 0.5 (ω (t) + ω (t+∆t))∆t. (2.12)

2.4 Tractive performance analysis of a tire using FE–DEM

Figure 2-3 illustrates the horizontal contact reaction for the gross tractive effort and running resis-

tance of a tire in FE–DEM [8]. The tire is assumed to travel to the right with some positive tire slip.

Consequently, we can calculate the gross tractive effort, or gross traction, H , of a tire as follows:

H =
∑

f+
x , (2.13)

whereas the motion resistance R (< 0) can be obtained as follows:

R =
∑

f−
x , (2.14)
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Figure 2-3: Horizontal contact reaction at the soil-tire interface [8].

where f+
x and f−

x are the positive and negative components of contact reaction at the tire-soil interface

acting on the contact nodes of tire FEs with respect to the global coordinate system (Figure 2-3).

Based on Eqs. (2.13) and (2.14), a well-known relationship for net traction Pd can be calcu-

lated as follows:

Pd = H − |R|, (2.15)

which becomes equal to the drawbar pull P (see Figure 2-3).

The slip i of a tire can be expressed as

i =
Vw − V

Vw

=
(
1− V

rω

)
, (2.16)

where V denotes the translation speed of the tire center, Vw denotes the circumferential velocity of

the tire, r denotes the rolling radius of a free-rolling tire, and ω denotes its angular velocity; note

that Vw = rω. The constant angular velocity (ω) and constant translational velocity (V ) of a tire are

the inputs in our FE–DEM to compare the experimental result [11, 12]. The tractive performance is

analyzed on the basis of the constant slip value of i defined by Eq. (2.16).

2.5 Contact reaction

Figure 2-4 shows a typical linear contact model in DEM comprising a spring and a damper placed

in parallel to calculate contact reactions in the normal and tangential directions.
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Figure 2-4: Linear contact model for DEM [7].

Each component of the reaction in the j-direction (i.e., j = n for the normal direction or

j = s for the tangential direction) can be expressed as

Fj = Kj∆uj + Cj∆u̇j (j = n, s), (2.17)

where Fj is the contact reaction, ∆uj is the relative displacement of the contacting elements, Kj is

the spring constant, Cj is the damping coefficient, and ∆u̇j is the relative velocity of the contacting

elements. For the tangential reaction, Coulomb friction may also be considered, such that Fs = µFn

if Fs > µFn and Fs = F ∗
s if Fs < µFn with a friction coefficient of µ and F ∗

s denoting an updated

tangential reaction.

Figure 2-5: Contact model of the interface in FE–DEM [7].

Figure 2-5 depicts a contact model at the FE–DEM interface, where we focus on line segment

1–2 of an FE for the 2D case to distribute the contact reaction linearly into nodal reactions F1 and

F2 using contact force R3 in DEM. As illustrated in the figure, the contact between the FE mesh

and the DE can be treated, in most parts in the 2D case, as the contact between DEs with a slight

modification of the redistribution of the contact reaction using a shape function on the supporting

nodes of a contacting line segment of the FE mesh.
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Figure 2-6 shows a schematic diagram of the rolling resistance model, where element i is

assumed to be in contact with element j.

i

b

r
i

r
j

j

m
f
n

n

m’
ωi

ωj

f

Figure 2-6: Rolling resistance moment

In order to prevent circular DEM elements from rotating excessively as a result of a poor

representation of the interlock effect within the soil granular structure. a rolling resistance moment

is introduced in this study [16]. The rolling resistance moment Nr can be calculated in the direction

opposite to the angular velocity ω as follows:

 Nr = −αbfn (ω > 0)

Nr = αbfn (ω < 0),
(2.18)

where b denotes the length from the crossing point of elements i and j (point m in Figure 2-6) to the

contact center line, fn denotes the spring reaction force in the normal direction, and α is the influence

coefficient.

2.6 Program flow

Figure 2-7 shows the schematic flow of the combined FE–DEM for the soil–tire interaction study

presented in [7].
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Figure 2-7: Schematic flow of the proposed FE–DEM program [7].

The simulation strategy comprises the following three modes: (i) soil consolidation by the

weight of DEs at the surface soil layer, (ii) free sinkage of tire FEs into the soil surface until the

vertical contact reaction of the tire reaches the vertical load of the tire, and (iii) tire travel mode with

prescribed angular and translational velocities. In the program, these three modes are switched on

sequentially on the basis of the prescribed time step for each mode.
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Chapter 3

Tractive performance of an elastic wheel for
planetray rovers

3.1 Introduction

Recently, unmanned and manned missions to the Moon and Mars have been planned in various

countries. For a Japanese unmanned mission to the Moon now being planned (SELENE-2), a small

autonomous rover will be used over a slope of a crater covered by regoliths. Because of its ease in

increasing contact area, it is believed that flexible or elastic metal wheels might be useful for running

devices over the soft terrain with fine regolith [13]. Moreover, the European Space Agency (ESA)

is preparing for an ExoMars mission to Mars in the near future, incorporating a six-wheeled robotic

rover with flexible wheels [1].

This study was undertaken to extend the applicability of previously developed 2D FE–DEM

code for elastic deformable wheels, as seen in recent extraterrestrial rovers reported above. A new

algorithm aimed at precise simulation of a forced-slip condition of experimental traction measure-

ment for an elastic wheel is introduced in this study. The accuracy of analysis will be compared with

experimentally obtained results on the tractive performance for prototype wheels of ESA Martian

rovers [8, 9].

3.2 FE-DEM analysis of wheel performance

3.2.1 Updated traction analysis

In forced-slip experiments assessing the tractive performance of tires, the drawbar pull was detected

as the backward load on a tire, whereas the wheel torque was observed for a given slip condition,

where the angular velocity of the tire was prescribed with the varied translational velocity of tire

depending on the slip [10]. To realize similar conditions for numerical analyses, a PID-controller
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model of automatic control theory is applied to ascertain loading conditions of drawbar pull P and

wheel torque T .

Regarding the drawbar pull P , the following relation is assumed from the PID-controller

model as

P = Kp
pex(t) +Kp

i

∫ t

0
ex(t)dt+Kp

d

dex(t)

dt
(3.1)

where Kp
p , Kp

i , Kp
d respectively represent coefficients for proportional, integral, and derivative terms

in the PID model, and ex(t) are the positions of the wheel at time t. By introducing a time step ∆t

into the terms in the right-hand side of Eq. (3.1) and by modifying integral symbols as summation

over time from the beginning of wheel rotation and differential symbol as division, one can rewrite

the relation of Eq. (3.1) as shown below.

P = Kp
pex(t) +Kp

i

∑
t

ex(t)∆t+Kp
d

ex(t)− ex(t−∆t)

∆t
(3.2)

A block diagram for controlling the horizontal position of wheel by drawbar pull P using PID

system in the updated wheel traction analysis is depicted in Figure 3-1.

P

I

D

Equation of

Motion

ex
x
ox

i

Target

Position
Current

Position

 Internal Force of FEM

Damping Force

-

+ +

+

+
+ Drawbar

Pull

+

Figure 3-1: Schematic block diagram using a PID-controller model of drawbar pull with respect to

a node at the rotation center of the wheel.

A numerical procedure using the drawbar pull P within the time loop for solving the equation

of motion for horizontal translation is summarized as follows.

1) Calculation of target position using prescribed translational velocity V .

2) Calculation of drawbar pull using difference of wheel position via Eq. (3.2).

3) Calculation of internal force of FEM and damping force.

4) Numerical integration of the equation of motion.

5) Update of current position.
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Since the wheel travels during the stage of traction analysis, the target position is updated based on the

constant translational velocity V in the time-integration loop, which can be expressed as
∑Tn

i=0 V∆t

at the current time step Tn of the simulation. It is noteworthy that the difference or error of wheel

position ex(t) at time t is calculated using ex(t) = xi(t) − xo(t), where xi(t) is the target position

and xo(t) is the current position at time t, as in Figure 3-2 because the drawbar pulls P directly

backward against the direction of wheel travel.

P

Elastic Wheel

(FEM element)

Soil

(DEM elements)

y

x

x
o

x i

ex

Target

Position

Figure 3-2: Drawbar pull and target horizontal position.

It is noteworthy that some ideas of proportional control of horizontal velocity exist already in

the literature [11], although no detailed explanation of it is given.

Similarly, we can produce a computational expression for wheel torque T by a PID-controller

model such that

T = Kt
peθ(t) +Kt

i

∑
t

eθ(t)∆t+Kt
d

eθ(t)− eθ(t−∆t)

∆t
(3.3)

where Kt
p, Kt

i , and Kt
d are coefficients for the proportional, integral, and derivative terms in the PID

model for wheel torque, eθ(t) denotes the difference of the rotation angle of the wheel at time t, and

∆t is the time step.

A block diagram for controlling the angular position of the wheel by wheel torque T using a

PID system is the same as in Figure 3-1, by replacing position x to the rotation angle θ and drawbar

pull P to wheel torque T .

A numerical procedure for wheel rotation using wheel torque T for solving the equation of

motion is then summarized as presented below.

i) Calculation of the target rotation angle using angular velocity ω.

ii) Calculation of the wheel torque using the difference of angle via Eq. (3.3).

iii) Calculation of the distribution of force for each surface nodes of wheel rim.
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iv) Calculation of the internal force of FEM and damping force.

v) Numerical integration of the equation of motion.

vi) Update of the current rotation angle.

For calculation of rotation angles in i) and vi) reported above, the angle for each node at the

surface of the wheel rim is updated.

The difference or error of wheel angular position eθ(t) at time t is calculated by eθ(t) =

θi(t) − θo(t) as in Figure 3-3 because the wheel torque T is applied clockwise, which is the same

direction as the angular velocity ω, where θi(t) is the target angular position and θo(t) is the current

angular position at time t.

Elastic Wheel

(FEM element)

Soil

(DEM elements)

y

x

e

Torque, T

θ
θ

i

θ0

Figure 3-3: Wheel torque and target rotation angle.

It is noteworthy that the current angle of rotation θo(t) is calculated as an average of all nodes

at the surface of the wheel rim modeled by FE, such that

θo(t) =

∑N
j=1 θ

j
o(t)

N
, (3.4)

where θjo(t) stands for the angle at a node j on the surface of the wheel rim at time t, and N represents

the total number of finite element nodes on the wheel rim surface.

Using the drawbar pull P from Eq. (3.2) and the wheel torque T from Eq. (3.3), we can

calculate the traction performance of an elastic wheel as shown below.

Gross tractive effort: H = T/re (3.5)

Net traction: Pd = −P (3.6)

Motion resistance: R = H − |P | (3.7)
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Therein, re represents the effective rolling radius of wheel obtained as the minimum radius of wheel

in the analysis. The contact surface of a wheel with soil is assumed to be horizontal in the derivation

of gross tractive effort H .

The slip i of a wheel is expressed as

i =
(
1− V

reω

)
× 100 [%] (3.8)

where V signifies the translational velocity of a wheel and ω denotes the angular velocity of the

wheel. It is noteworthy that either V or ω should be controlled against the prescribed slip of wheel i

in the forced-slip formulation of FE–DEM.

3.2.2 Structure of the wheel model and parameters

Experimental data collected at the German Space Center (DLR), Bremen, Germany, were used to

investigate the accuracy of the solution using 2D FE–DEM. Elastic wheels in experiments consist

of flexible wheels of two types, B3 and B6 shown in Figure 3-4, as developed as a prototype for

ExoMars rover by ESA expected to be deployed around 2018 [8, 9]. These two wheels had the same

geometrical dimensions, but the total number and structure of spokes differed such that the radial

stiffness can be varied [9].

Figure 3-4: Elastic wheels in experiments (left, B3; right, B6). [9]

Figure 3-5 portraying a computational model of the elastic wheel expressed by FEM. The

wheel model consists of the following four parts: wheel rim (WR), intermediate layer (WI), surface

layer (WS), and wheel lugs (WL). Intermediate layer rigidity can control the elastic behavior of

the wheel [7, 12, 4]. Over the surface of WS, characteristic U-shaped lugs were distributed by the

combination of quadrilateral finite elements, as shown in a close-up view in Figure 3-5, although, in

practice, the small soil volume between U-shaped double grouser might not contribute meaningfully

to thrust generation [9]. It is noteworthy that a limiter of deflection observable as the inner circle

plate at the rim part of both wheels in Figure 3-4 is not implemented in the current wheel model

used for FE–DEM analysis.



24 CHAPTER 3. TRACTIVE PERFORMANCE OF AN ELASTIC WHEEL FOR PLANETRAY ROVERS

Surface Layer, WS

Intermediate Layer, WI

Close-up View

of Wheel Lugs

Wheel Rim, WR

Wheel Lugs, WL

Figure 3-5: Model elastic wheel.

Elastic wheels specifications are presented in Table 3-1. Numerical parameters for FE–DEM

are listed in Table 3-2, 3-3 and 3-4.

The total number of finite elements for wheel model is 493, with the total number of nodes

of 444 for wheel models [7]. Young’s Moduli of finite elements at the wheel rim (WR) were decided

by trial and error, considering the stability of computation, although Poisson’s ratios of 0.3 were

assumed for WR. Young’s Moduli and Poisson’s Ratios for wheel surface layer (WS) and wheel lugs

(WL) in Table 3-3 were chosen arbitrarily by consideration of our previous experiences of FE–DEM

[7, 12, 4].

Radial stiffness Kc of an elastic wheel can be expressed as

Kc =
W

δ
, (3.9)

where W stands for the wheel contact load, and where δ signifies the elastic wheel deflection on a

rigid horizontal surface. Actually, a B3 wheel, with radial stiffness of Kc = 14.3 N/mm, is easier to

deform than a B6 wheel with Kc = 53.0 N/mm [9]. Using preliminary computations, we adjusted

the Young’s modulus of intermediate layer (WI) of each wheel so that the numerical radial stiffness

became similar to the measured stiffness stated above. Consequently, the radial stiffness by FE–DEM

was found as Kc = 15.9 N/mm (B3 wheel) and 53.2 N/mm (B6 wheel).

Elemental densities for WR and WL are increased so that the time step ∆t can be increased

under the limitations of the Courant condition in explicit dynamic FEM [14]. Rolling resistance

moment Mr is also introduced into the current analysis for soil DEM to prevent the excessive rotation

of circular soil elements, such that Mr = −bfn, where b denotes the tangential contact length of soil

elements under contact, and fn stands for the normal contact reaction.

In the experiment, the slip was defined by the relative difference of velocities between the

constant translation V and variable rotation of wheel ω as in Eq. (3.8) [9], where larger ω should be
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input for the larger wheel slip. In FE–DEM, the translational velocity is fixed to V = 100 mm/s, which

is larger than the experimental velocity of 10 mm/s considering the computational cost in the analysis.

It is noteworthy that the result of FE–DEM with V = 10 mm/s exhibits no significant difference in

the result of traction performance with V = 100 mm/s. The slip of wheel was set as 0, 10, · · ·, 70%

with an increment of 10%, by varying the angular velocity of wheel ω. The wheel load was varied

selectively in the range of 50 N and 170 N in terms of the corresponding experimental conditions, as

in Table 3-1.

The elastic parameters for the intermediate layer (WI) of each wheel are presented in Table
3-2. Dry sand is the target soil. A linear contact model consisting of a spring and damper connected

in parallel is used for discrete elements of soil. Spring constants for discrete elements were chosen

by consideration of our previous experiences with soil–wheel contact studies [12]. The total number

of soil elements for DEM is 19,468. The radii of soil elements are set as 2.0, 2.5 and 3.0 mm, with

the ratio of number as 3:2:1.

The time step was chosen as 1.0×10−5 s. By this time step, the elapsed time of current

FE–DEM for one slip condition was 45,400 s (12.61 hr) at maximum, using a PC-based Linux com-

puter. It is noteworthy that the rolling resistance moment is applied for DEM contacts and FE–DEM

contacts.

In Table 3-3, the friction coefficient between soil elements and wheel WS was chosen using

trial-and-error preliminary analysis. For the initial preparation of soil elements, the friction coeffi-

cients between soil elements and between soil element and wall element were set to 0.0 to make soil

elements settle easily into the model soil bin.

Table 3-1: Specifications of elastic wheels. [9]

Maximum diameter of wheel [mm] 316

Diameter of wheel rim [mm] 180

Width of wheel [mm] 100

Wheel contact load, W [N] 50, 70, 100, 130, 170

Total number of lugs [-] 24 (12 × 2)

Lug height [mm] 8

Radial stiffness, Kc [N/mm] 14.3 (B3), 53.0 (B6)

Translational velocity, V [mm/s] 10.0 (100.0†)

Travel distance two wheel rotations (800 mm†)

Angular velocity, ω [rad/s] varied

†for FE–DEM only
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Table 3-2: Parameters of FE–DEM (1).

Wheel Soil

WR WI WS WL

Radius of discrete elements [mm] – – – – 2,2.5,3 (3:2:1)

Total number of discrete elements – – – – 19468

Young’s Modulus [MPa] (B3) 200 0.05 4 4 –

Young’s Modulus [MPa] (B6) 200 0.3 4 4 –

Poisson’s Ratio (B3) 0.3 0.3 0.49 0.49 –

Poisson’s Ratio (B6) 0.3 0.3 0.49 0.49 –

Elemental density [kg/m3] 3000 1000 1000 5000 2600

Table 3-3: Parameters of FE–DEM (2).

SE*-WS(WL) SE*-SE* SE*-DW†
Normal spring const. [kN/m] 100 100 100

Tangential spring const. [kN/m] 25 25 25

Friction coeff. [-] 0.1 0.6 (0.0‡) 0.4 (0.0‡)

NB) *SE, soil elements; †DW, wall discrete elements

‡Friction coefficient of 0.0 applies to consolidation stage only.

Table 3-4 presents the PID coefficients used in Eqs. (3.2) and (3.3). They were chosen based

on several preliminary analyses in terms of the stability in force, travel distance, and rotation angle

of wheel against the elapsed time of wheel travel without an excess increase in differences ex and

eθ. Presumably the coefficients listed in the table can be applied commonly to the two elastic wheel

models that were investigated. Moreover, it is noteworthy that combinations of those coefficients in

the table have not been fully investigated. Examination of these combinations is beyond the scope of

this study.
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Table 3-4: Parameters of FE–DEM (3).

Coefficient Value

P Kp
p [N/m] 1.0×104

Kp
i [N/(m·s)] 1.0×104

Kp
d [Ns/m] 1.0×104

T Kt
p [Nm/rad] 1.0×103

Kt
i [Nm/(rad·s)] 1.0×103

Kt
d [Nms/rad] 1.0×103

The procedure of FE–DEM analysis for wheel traction comprises three steps [5, 12]. First,

the soil elements are generated and filled into the soil bin. Then, the consolidation of soil elements by

their own weight is applied for 1 s. Secondly, the free sinkage of wheel finite elements by application

of wheel load at the node of rotation center of wheel is analyzed for 2 s so that the reaction from soil

models can be stabilized sufficiently. Lastly, the analysis of wheel travel starts with acceleration of 1

s until the velocity for the prescribed slip condition is achieved. Then, the wheel continues to travel

to a specified travel distance of 80 cm.

3.3 Results and discussion

3.3.1 Results of numerical analysis

The result of traction analysis by FE–DEM was obtained by averaging the result for the latter period

of horizontal wheel travel with constant translational velocity. The interval of travel distance for

averaging was 40–80 cm for i ≤ 60% and 60–80 cm for i= 70% because of the stable results of

analysis.

B3 Wheel

Figure 3-6 presents an example of wheel and soil deformation at the end of travel for i= 20% with

W= 170 N. The shape of contact interface between the wheel and soil shows not only small sinkage

but also noticeable deformation of the wheel surface layer, which is caused by the reduced rigidity of

the intermediate layer of the wheel. It was confirmed in many studies reported in the literature that

the shape of the contact interface resembles the shape of moving tire deformation [3].
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Figure 3-6: Example of wheel and soil deformation for B3 (W = 170 N; i = 20%).

The relation of gross tractive effort and slip for B3 wheel is portrayed in Figure 3-7. That of

net traction and slip is depicted in Figure 3-8. In each figure, the results of experiments and those of

FE–DEM analysis are included as subfigures.

 0

20

40

60

80

 100

 120

 0  10  20  30  40  50  60  70

G
ro

s
s
 T

ra
c
ti
v
e

 E
ff
o

rt
 [
N

]

Slip [%]

170 N

130 N

100 N

70 N

50 N

(a) Experimental Result [9]

 0

20

40

60

80

 100

 120

 0  10  20  30  40  50  60  70

G
ro

s
s
 T

ra
c
ti
v
e

 E
ff
o

rt
 [
N

]

Slip [%]

170 N

130 N

100 N

70 N

50 N

(b) Results of FE–DEM

Figure 3-7: Results of gross tractive effort for B3.

In Figure 3-7 (a), the experimentally obtained result of gross tractive effort shows a wider

range of variation for all cases of wheel contact loads when the wheel slip is increased. Results clarify

that fitted curve for each contact load case can be expressed as a quadratic function. For the result of

FE–DEM in Figure 3-7 (b), similar behavior of curves for gross tractive effort are visible, although
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the result of fitting exhibits an almost linear trend. Consequently, a clear difference of gross tractive

effort between the experiment and FE–DEM is apparent for wheel slip greater than 40%, especially

for cases of wheel contact loads of 100 N and 170 N. However, for other ranges of wheel slippage, it

might be said that the results of FE–DEM can sufficiently explain the behavior of the experimentally

obtained result.
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Figure 3-8: Result of net traction for B3.

For experimental net traction in Figure 3-8 (a), similar increasing behavior of curves becomes

clear against the increasing wheel slip. In Figure 3-8 (b) for numerical results of net traction, the

increasing result of FE–DEM is visible with the increase in wheel slippage, although fitted curves of

some cases of wheel contact loads result in different behavior of the quadratic function. Although the

tendency of a slight difference is apparent for the case of 0% slip in the result of FE–DEM, the result

of FE–DEM for net traction might be said to have sufficient accuracy to explain the behavior of the

experimentally obtained result.

The result of motion resistance between experiments and FE–DEM is presented in Figure 3-9
(a) for the experimentally obtained result, and Figure 3-9 (b) for the result of FE–DEM. By compar-

ing Figure 3-9 (a) and (b), results of FE–DEM analysis are apparent as almost linearly increasing in

absolute value as the wheel slip increases in all cases of the wheel contact load. Moreover, in both

cases of Figure 3-9 (a) and (b), the motion resistance increases in absolute value with the increasing

slip, which explains the increased sinkage of the wheel at a larger wheel slip. It is noteworthy that the

result of motion resistance in FE–DEM is calculated from the gross tractive effort and net traction as

in Eq. (3.7).
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(a) Experimental Result [9] (b) Result of FE–DEM

Figure 3-9: Result of motion resistance for B3.

B6 Wheel

Figure 3-10 presents an example of wheel and soil deformation at the end of travel of the B6 wheel

with i= 20% and W= 170 N. Similar behavior of the soil surface can be regarded as in Figure 3-6
for the B3 wheel. Because the rigidity of WI for B6 wheel is greater than that of B3, the wheel

deformation at the contact interface becomes small. The B6 wheel might be approximated as a rigid

wheel.

Figure 3-10: Example of wheel and soil deformation for B6 (W = 170 N; i = 20%).
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The relation between gross tractive effort and wheel slip is shown in Figure 3-11. That

between net traction and slippage is shown in Figure 3-12.
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Figure 3-11: Result of gross tractive effort for B6.

As presented in Figure 3-11 (a), the experimental gross tractive effort for the B6 wheel shows

similar behavior of curves to that in Figure 3-7 (a) for B3 wheel. However, the result of FE–DEM

(Figure 3-11 (b)) shows smaller gross tractive effort for slippage below 30%, whereas the fitted

result shows almost linear behavior in all cases of wheel contact load.
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Figure 3-12: Result of net traction for B6.
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The result of experiment on net traction for B6 wheel depicts rather characteristic behavior as

in Figure 3-12 (a), where all fitted lines intersect at around i= 10 %. For cases of wheel contact load

greater than or equal to 100 N, the difference of net traction becomes smaller when the slip becomes

greater than 20%. Similar behavior of intersecting of fitted lines is apparent in the result of FE–DEM

analysis, Figure 3-12 (b), except for the condition of W= 170 N. The rate of change in net traction

per wheel slip for the result of FE–DEM becomes greater than that of the experimentally obtained

result for the case of W= 170 N.

(a) Experimental Result [9] (b) Result of FE–DEM

Figure 3-13: Result of motion resistance for B6.

The result of motion resistance for B6 wheel is shown in Figure 3-13. As explained al-

ready in the case of B3 wheel (Figure 3-9 (a)), the experimental result of motion resistance for B6

wheel shows a similar increase of the absolute value for all wheel contact load cases with increasing

slip. Fitting by quadratic function is applicable for the experimentally obtained result with bounding

motion resistance for each wheel contact load case. However, the result of FE–DEM for motion resis-

tance can be approximated by an almost linear function with increased absolute value with increased

wheel slip.

3.3.2 Discussion

As presented in Section 3.3.1, the numerical result of traction analysis for B3 wheel depicts superior

net traction to that of B6 wheel within the variation of parameters investigated. Moreover, the numer-

ical results of gross tractive effort for B3 and B6 depict a similar trend of increase with increasing

slip, but smaller values of gross tractive effort became clear for smaller slip below 30% for the case

of the B6 wheel. In FE–DEM analysis, the net traction is the result of analysis. The motion resistance
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is the calculated result from the difference of net traction and gross tractive effort, as shown in Eq.

(3.7). From comparison with tractive performance analyses for elastic wheels by parametric method

[2], it is readily apparent that 2D FE–DEM in this study can more accurately predict the net traction

of an elastic wheel.

The behavior of motion resistance obtained from the result of FE–DEM for two wheels as in

Figure 3-9 (b) and 3-13 (b) shows a similar increase with the increase in slip, which is regarded as

an improvement compared with the previous FE–DEM analysis [7]. However, when compared with

the experimentally obtained result, the behavior of numerical motion resistance shows not a quadratic

but a linear trend against the slip in all cases of contact load in both wheels (Figure 3-9 (b), 3-13
(b)).

To assess this difference, the comparison of sinkage of wheel is added for two wheels, as

shown in Figure 3-14 and Figure 3-15.

From Figure 3-14 for B3 wheel, the result of sinkage by FE–DEM (Figure 3-14 (b)) shows

an increase in the absolute value as the wheel slippage increases in all cases of wheel loads, which

is qualitatively similar to the result of experiments (Figure 3-14 (a)). Moreover, it is observable that

the sinkage from FE–DEM varies with the wheel load condition, as in the result of experiments in

the figure. However, the numerical result of sinkage clearly becomes smaller than the experimental

result in all cases of wheel loading.
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(b) Result of FE–DEM

Figure 3-14: Sinkage of the B3 wheel.
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(b) Result of FE–DEM

Figure 3-15: Sinkage of the B6 wheel.

In the case of the B6 wheel in Figure 3-15, similar behaviors of sinkage curves are apparent

in the result of FE–DEM, as described above for the B3 wheel. The experimentally obtained result of

sinkage becomes greater for the slip condition except for i= 70%, where the numerical sinkage might

be regarded as similar to experimental results obtained in all cases of wheel load.

Moreover, comparison of Figure 3-14 and 3-15, reveals that the result of FE–DEM can

explain the characteristic experimentally obtained result that a more flexible wheel (B3) has larger

wheel sinkage than a more rigid wheel (B6) for cases of larger wheel contact load. Consequently, for

wheel sinkage, the proposed FE–DEM has sufficient capability to analyze the sinkage of the elastic

wheels that were investigated.

Finally, the wheel deflection of B3 and B6 wheels was investigated further. The wheel de-

flection versus wheel slip for B3 and B6 wheels under W= 170 N is shown in Figure 3-16 (a). In

the current FE–DEM, the deflection of an elastic wheel is ascertained from the minimum length, or

radius, between the FE node at the rotation center and a node on the contact surface of wheel model.
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Figure 3-16: Deflection and effective radius of elastic wheels B3 and B6 under W = 170 N.

It is noteworthy that the deflection of a wheel from FE–DEM decreases when the slip in-

creases, and that a flexible B3 wheel shows more noticeable reduction of deflection than a B6 wheel.

This reduction derives from a normal node reaction acting on the contact surface of WS as a result of

increased contact length with increasing wheel sinkage at a larger slip. Consequently, the effective

radius of a wheel also increases gradually concomitantly with the reduction of wheel deflection in

the case of the B3 wheel, as shown in Figure 3-16 (b).

3.4 Prediction of wheel performance on Mars using FE–DEM

By applying the developed FE–DEM program, the tractive performance of a B3 wheel on Mars can

be predicted. The contact load of W = 170 N on Earth was corrected by the acceleration of gravity

on Mars to have the vertical contact load condition of W ′ = 64.4 N, which implies the identical mass

condition assumed [6]. The time period for initial consolidation of soil elements was extended from

1 s to 2.64 s, considering the reduced effect of consolidation under low gravity on Mars [6]. Time

period of vertical free sinkage of the wheel was set as 2 s. The time step ∆t was changed to ∆t =

5.0× 10−6 s to ensure the stable computation of FE–DEM. Other parameters were the same as those

presented in Table 3-1 – 3-4.

Gross tractive effort vs. slip is shown in Figure 3-17 (a), and net traction vs. slip is in Figure
3-17 (b). Motion resistance and sinkage of wheel are shown in Figure 3-18. The results obtained

on Earth are also depicted in those figures for reference.
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Figure 3-17: Gross tractive effort and net traction of B3 wheel on Earth and on Mars.
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(b) Sinkage

Figure 3-18: Motion resistance and sinkage of B3 wheel on Earth and on Mars.

A discussion of the gravity ratio [6] might be applied to numerical results in Figure 3-17
and 3-18 to evaluate the correctness of tractive performance using FE–DEM on Mars, although it is

noteworthy that the current target wheel is an elastic wheel with no identical self-propelled condition.

An effect of rolling resistance moment is included in this study.

The case of i= 60% is selected, where the effect of wheel deformation can be reduced as

shown in Figure 3-16. For i= 60%, the gross tractive effort on Earth, He, and that on Mars, Hm, can

be found respectively as He= 102 N and Hm= 38 N from Figure 3-17 (a). The ratio of Hm/He =
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38/102 = 0.373 might be regarded as similar to a rough estimation of the ratio of the acceleration of

gravity: 0.378 (= 3.71/9.81).

When the net traction for i = 60% is investigated from Figure 3-17 (b), the ratio of the net

traction on Mars and that on Earth becomes Pd,m/Pd,e = 11/43 = 0.256, which is clearly smaller than

0.378 if one assumes a similar linear relation of gravity ratio with respect to net traction.

The Motion resistance on Mars, Rm, was found to be Rm= -27.5 N, whereas that on Earth,

Re, becomes Re= -58 N at the slip of i= 60 % from Figure 3-18 (a). Consequently, results show

that the ratio |Rm/Re| = 25.5/58 = 0.474 becomes greater than the gravity ratio of 0.378. Because

the motion resistance in this study is a result of calculation by Eq. (3.7), the larger result of the ratio

caused by the smaller result of net traction stated above might be understood.

Regarding the wheel sinkage shown in Figure 3-18 (b), the sinkage on Mars, zm, can be

specified as zm= -5.5 cm, whereas that on Earth is obtained as ze= -5.75 cm. Consequently, the

ratio |zm/ze| = 5.5/5.75 = 0.957 becomes slightly smaller than 1.0, which implies no relation with

gravity acceleration. As the figure shows, the predicted sinkage on Mars shows qualitatively similar

behavior to that on Earth. Both sinkages at i = 70% might be regarded as identical.

As a relative evaluation, the tractive performance of B6 wheel on Mars was also analyzed.

Not all results but net traction and sinkage are presented in Figure 3-19. For a small range of wheel

slip, the B3 wheel does indicate a slightly larger net traction than that for the B6 wheel (see Figure
3-19 (a)). However, the difference of net traction might be neglected for i ≥ 30 %. As for wheel

sinkage in Figure 3-19 (b), the B3 wheel sinkage becomes greater than that of B6 wheel for the slip

range of 0–50%, but the difference of sinkage between two wheels might also be neglected for such a

wheel with radius of 158 mm, inclusive of lugs. Consequently, it might be concluded that two elastic

wheels, B3 and B6, produce similar net traction and sinkage on Mars according to the FE–DEM

results.

Results show that the flexible structure of elastic wheel (B3) might not be effective for the

generation of net traction on Mars when the identical mass condition is assumed with the contact

load of W ′= 64.4 N on Mars based on the current 2D FE–DEM.
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Figure 3-19: Net traction and sinkage of B3 and B6 wheels on Mars (W ′ = 64.4 N).

3.5 Conclusion

We upgraded our previously developed 2D finite element–discrete element method (FE–DEM) for

application to tractive performance analysis of an elastic flexible wheel, where a new algorithm

learned from a PID-controller model was introduced.

For the verification of accuracy of analysis by the FE–DEM, results of experiments on two

wheels of different rigidity, B3 and B6, collected by DLR Bremen, Germany, were compared. The

tractive performance analyzed by FE–DEM was found to generate similar qualitative results to those

obtained by experimentation. Therefore, it was clarified that the newly developed 2D FE–DEM

program is applicable as a design tool for interactive studies of an elastic wheel.

As an application of FE–DEM, the analysis of the tractive performance of an elastic wheel

on Mars was attempted. The FE–DEM result was understood as adequately expressing the tractive

performance of B3 wheel on Mars, but further investigation of coefficients of PID model for a drawbar

pull are also expected to be necessary to estimate the relation of tractive performance and the gravity

ratio on Mars accurately.

The FE–DEM result showed that a more flexible B3 wheel shows no distinguished superiority

in the generation of net traction on Mars over the model B6 wheel, when the identical mass condition

is assumed for the contact load condition of 170 N on Earth.
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Chapter 4

Contact stress and tractive performance of a
tire driven on dry sand

4.1 Introduction

The distribution of contact stresses at the soil–tire interface has been an important factor for assessing

the tractive performance of a tire traveling on off-road terrain. An earlier report of a study by Wong

[15] summarized the procedures for calculating tractive performance of a tire through the integration

of normal, or radial, and tangential contact stresses over the contact interface between a tire and soil

as a parametric (or semi-empirical) approach. Consequently, it is necessary to investigate normal and

tangential contact stresses of off-road tires. Because the manufacturing of small and thin sensors that

can be embedded in the tire tread has remained difficult, earlier studies have mostly examined the

measurement of stress distribution for a rigid wheel on deformable terrain.

The normal component of contact stress reached a maximum level before the bottom dead

center of the rotation axis of wheel for a positive slip of 30% [11]. Although VandenBerg and Gill

[12] measured the distribution of normal contact stress by small pressure cells installed on the tire

body, the tire slip was not described. The tangential stress on the contact surface remained unknown.

Another report of the literature by Onafeko and Reece [7] also described that the rotation angle

for maximum radial contact stress would be shifted forward from the bottom dead center as the

wheel slip increased up to 41.5%. Similarly, the stress distribution of a rigid wheel traveling on

sand was measured. Results showed the same forward shift of rotation angle for maximum normal

contact stress with increasing slip [8]. Moreover, it is noteworthy that the result of the vertical contact

load of a wheel calculated using the integration of normal and tangential stresses measured using a

T-shaped sensor became less than the macroscopically measured traction performance using an L-

shaped sensor installed at the support of the wheel system running on dry sand [5]. An interesting

report [13] presented the conclusion that, in their experiment for a rigid wheel with sandy loam soil,

the angle of rotation for maximum normal stress decreased, although that for maximum tangential
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stress increased with increasing slip, and that those angles would coincide at about 75 deg, when the

slip became 50%.

A two-dimensional stress sensor that can also measure tire deformation was developed by [1]

and was embedded into the tire lug of a tractor tire. It is noteworthy that the distributions of normal

and tangential contact stresses at the tire lug showed different behavior, where maximum normal

stress appeared after the dead bottom center of the tire axle before the maximum deformation of

the tire on a firm soil condition [16]. The thrust obtained by integration of tangential stress and the

motion resistance by integration of normal stress respectively caused similar results of gross traction

and motion resistance, which are defined by ASAE standards [17].

For measurement of precise contact stresses on a three-dimensional (3D) tire surface, Krick

[3] developed a unique small triaxial sensor, 36 mm diameter and 13 mm height to obtain normal

and two tangential stresses during the contact of a tire traveling on a deformable terrain. Moreover,

the rotation angles for maximum normal and tangential stresses were not shifted remarkably. They

remained at similar angles in 10%- and 40%-slips. Using a triaxial force sensor similar to Krick’s for

a tire running over silica sand, Oida et al. [6] also attempted a measurement, verifying the forward

shift of rotation angle for maximum radial contact stress from the bottom dead center of the tire

for slip conditions up to 60%, but the location of the angle moved backward for a slip larger than

60%. Moreover, the stress distribution at the contact surface of a tire running on sand was measured

recently using a small and thin triaxial force sensor [2]. Their result showed that the gross tractive

effort and net traction of a tire could be obtained qualitatively through integration of the parametric

approach, although the result of contact wheel load showed decreasing trend with increasing slip.

This study was undertaken to investigate normal and tangential contact stresses of a tire run-

ning on dry sand terrain by our updated 2D FE–DEM program. A stationary averaging method for

contact stresses is introduced by assuming the steady state condition of the tire travel and rigid con-

tact mode of a tire. By comparing the integrated result with those of parametric analysis and with

our earlier experimentally obtained results, the accuracy of FE–DEM for analysis of contact stresses

in relation with tractive performance of the tires is then discussed. The relation between the an-

gle of rotation of the tire and maximum normal and tangential contact stresses in FE–DEM is also

investigated.

4.2 Traction performance analysis

4.2.1 Traction performance analysis using a model incorporating FE–DEM
with PID control

Detail modeling and analyzing method is referred in Section 3.2.1. A tire is modeled by FEM. The

soil is modeled by DEM. Every time step, contacts among DEs are checked and reaction forces are
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calculated, and then the drawbar pull and wheel torque are given based on the PID automatic control

as external forces to the FE nodes. Finally, each coordinate of DE and FE node is updated according

to equations of motion.

Both analysis and experiment intended in this study, because V and ω in Eq. (3.8) can be

controlled independently under the forced-slip condition, it can be realized that constant slip ratio

and steady state condition is maintained except for acceleration period just after start of traveling. In

the analysis, V and ω are adjusted by adding the traction load and torque respectively from Eq. (3.2)

and (3.3). As in experiment [10], they can be controlled by independent AC motors, in which V is

often varied to obtain a target slip i under constant ω.

The traction performance indicator; gross tractive effort H , net traction Pd and running resis-

tance R, which should be assessed against slip, can be obtained from the Eq. (3.5) ∼ (3.7). In these

equations, wheel torque T and drawbar pull P come from the result of PID controller ruled by Eq.

(3.2) and (3.3). The contact reaction at the soil–tire interface is not used directly to obtain the gross

tractive effort and running resistance, but a method similar to that of the experiments is applied in the

current FE-DEM model.

4.2.2 Normal and tangential contact stresses in FE–DEM

When a tire travels on deformable soil, let a front or entry angle of contact be θ1 and an end angle of

contact be θ2. The angle for bottom dead center becomes θ = π/2, when the origin of the rotation

angle is taken as the direction of tire travel with the positive angular velocity in clockwise rotation as

shown in Figure 4-1. The positive direction of each contact stress is also shown in the figure.
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Figure 4-1: Normal and tangential contact stresses and rotation angle of a tire.

In FE–DEM, normal and tangential contact reactions can be obtained easily as a result of
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contact between soil DE elements and wheel FE elements. Either contact forces on the soil discrete

elements or reaction forces on nodes of the FE element at the tire surface might be used to calculate

normal and tangential stresses at the contact surface between the tire and soil models. In terms of

resolution of contact reactions with respect to the angle of rotation, the former contact reactions

obtained by soil discrete elements should be used because the scale of discrete elements is smaller

than that of finite elements.

It is noteworthy that the contact forces tend to exhibit vibratory response with high frequency

caused by the instantaneous change of contact mechanism between DEM soil elements and/or be-

tween elements of soil DEM and tire FEM in a small time step of explicit integration of the equations

of motion. To obtain more smoothed result of contact forces, a fast and simple averaging of normal

and tangential forces is introduced in this study.

First, the rotational angle for lower half of tire, i.e. 0 ≤ θ ≤ π [rad], is divided by 1000 to

define a virtual infinitesimal tread segment dl = rdθ = rπ/1000 that corresponds to half the arc

of the tire circumference in total, and overlapped with tread part of tire FEM elements. A contact

reaction on the tire from soil will be added on a corresponding k-th virtual segment dl(k) which is

expressed as dl(k) = rdθ where k = 1, ..., 1000, once the contact of soil DEM is observed at the

angle of rotation of tire θ, assuming the stationary rotation and translation of the tire in the forced slip

condition.

f  (k,j)
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Soil Elements
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X θd

Tire Elements
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θ 1θ
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f  (k,j)
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Figure 4-2: Contact forces on a virtual segment dl(k) overlapped with the tire tread part.

The virtual segments would not rotate, but would only translate with the tire throughout the

analysis with the assumption of stationary condition of tire locomotion where the sinkage of tire

is kept constant. Consequently, each virtual segment might be understood as a summation unit of

normal and tangential forces at the corresponding angle of rotation of the tire. Figure 4-2 portrays

a k-th segment dl(k) on the lower semicircle of the tire surface. The normal and tangential contact

reaction are acting on that part by a contacting soil DEM element.
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Once the contact between soil element and tire element is observed in a time integration step of

FE–DEM, normal contact force Fz(k) and tangential contact force Fx(k) are calculable respectively

as follows through averaging by the number of time steps observed:

Fz(k) =
tm∑
t=t0

 nk
c∑

j=1

fz(k, j)

 /(tm − t0 + 1) (4.1)

Fx(k) =
tm∑
t=t0

 nk
c∑

j=1

fx(k, j)

 /(tm − t0 + 1) (4.2)

where t0 and tm respectively stand for the beginning time step and the end time step of data collection

in FE–DEM, nk
c denotes the total number of contacts of soil DEM on the k-th segment, and fz(k, j)

and fx(k, j) respectively stand for the normal and tangential contact force calculated at a contact

j (j = 1, nk
c ) from the soil DEM element on the segment.

In this way, averaged datasets of Fz(k) and Fx(k) are obtainable for all segments for the lower

half tire circumference against tire locomotion with a slip condition. Figure 4-3 depicts the relation

of a stationary virtual segment dl(k) at time steps between t0 and tm.

t0 tm. . . . . . . . . . . . . . . . .

dl(k) dl(k)

Figure 4-3: A stationary segment for summation of contact forces with respect to time stepping.

The contact period of tire to soil can be found as extracting non-zero entry of forces in the

array for Fz(k) or Fx(k). The rotation angle θ can be obtained simply as θ = (k− 1/2)π/1000 [rad]

using the index k, where the angle θ is measured at the center of each segment length.

Normal and tangential stresses in FE–DEM are then calculated by dividing the contact reac-

tion of Eqs. (4.1) and (4.2) with the corresponding rectangular segment area, brdθ, where b is the

contact width of tire and rdθ is the length of each segment.

4.2.3 Tractive performance analysis using a parametric approach

According to the parametric approach, the tractive performance of a tire with rigid contact mode is

calculable by normal stress σ(θ) and tangential stress τ(θ) distributed along the contact arc length

[15].
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The vertical contact load of tire W can therefore be calculated as

W = br
∫ π/2

θ1
(σ(θ) sin θ + τ(θ) cos θ) dθ

+ br
∫ θ2

π/2
(σ(θ) sin θ − τ(θ) cos θ) dθ (4.3)

where b signifies the contact width of tire equivalent with tread width in case of two-dimensional

analysis, r denotes the undeflected tire radius, θ1 denotes the entry angle of contact measured from

the longitudinal horizontal axis, and θ2 represents the exit angle of contact measured from the longi-

tudinal horizontal axis.

The gross tractive effort H becomes the following.

H = br
∫ θ2

θ1
τ(θ) sin θdθ (4.4)

Similarly, the running resistance of tire R is expressed as an integral of tangential stress, as

R = br
∫ θ2

θ1
σ(θ) cos θdθ. (4.5)

Consequently, the net traction Pd in the parametric analysis can then be calculated as a differ-

ence of H and R, such that

Pd = H −R, (4.6)

which directs forward and is equal to the drawbar pull P acting rearward on the tire rotation axle.

It is noteworthy that the negative tangential stress contributes to the running resistance, which

can often be observed in a small slip of a tire. Moreover, the normal stress at larger rotation angle than

90 deg partly contributes to the gross tractive effort because the horizontal component of normal stress

is directed forward. These cases are also considered in this study, although they are not expressed

explicitly in Eqs. (4.4) and (4.5).

4.2.4 Input parameters in FE–DEM analysis

Previous experimental conditions [10, 2] are considered in FE–DEM. The nominal size of the tire

is 165/60R13, for which the tire diameter is 535 mm and the tire width is 170 mm. Consequently,

the length of a virtual segment (rdθ) on the target tire is 0.84 mm. The tire rotates with constant

circumferential velocity of 97.6 mm/s. The translation velocity is varied to obtain the prescribed slip

condition of -5, 1, 7.5, 22, 37.5, and 55% as in the experiments. It is noteworthy that the tire has no

tread pattern, and is therefore classified as smooth treaded. Contact load of tire is 980 N.
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Wheel Rim (WR)

Intermediate Layer (IL)

Surface Layer (SL)

Figure 4-4: 2D FE mesh configuration for a tire.

FE mesh configuration for the tire model is shown in Figure 4-4, where three tire components

are assumed: wheel rim (WR), intermediate layer (IL), and surface layer (SL). The total number of

FE elements is 448. The total number of nodes is 477. Fine mesh design at the tread part is intended

to increase the accuracy of contact detection. Because the numerical analysis is in 2D, the width data

are used solely for calculation of the contact area.

All input parameters for FE–DEM are presented in Tables 4-1 to 4-4. The virtual soil bin

size is 1.8 m long. The tire will horizontally travel 0.7 m from the origin of travel set at 0.5 m from the

left edge of the soil bin. The soil bin is filled with soil DEs, the parameters of which are presented in

Tables 4-2. Contact model used in DEM is Voigt model, where a spring and a damper are connected

in parallel.

For simplicity, the layered structure of bottom soil using FEM is not introduced in this study.

Total number of soil DEs is reduced after consolidation process because of the horizontal surface of

soil is prepared by removing those soil elements over the target soil height.

The tire can be assumed as rigid contact mode under the given experimental loading condition

with inflation pressure of 140 kPa and dry sand [10, 2].

Table 4-1: Parameters for Tire FEM

WR IL SL

Young’s Modulus [MPa] 200.0 0.3 1.5

Poisson’s Ratio [-] 0.3 0.49 0.49

Element Density [kg/m3] 3000.0 1000.0 1000.0

Width [m] 0.01 0.17 0.17

Damping Coeff. [N·s/(m·kg)] 1.0 1.0 10.0

NB) WR, wheel rim; IL, intermediate layer; SL, surface layer
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Table 4-2: Parameters for Soil DEM

Number of DEM Elements 31084

Number of DEM Elements After Consolidation 30631

Elemental Radius [mm] 1.6, 2.0, 2.4 (3:2:1)*

Time Step [s] 1.25 × 10−6

Elemental Density [kg/m3] 2600

Width of Element [m] 0.17

Factor on Rolling Resistance 2.0

*N.B.) Ratio by the number of DEM elements

The simulation of tractive performance comprises the following three modes: (i) consolidation

by the weight of soil DEs within soil bin for 1 s, (ii) free sinkage of wheel FEs onto the soil surface

until vertical contact reaction of the wheel reaches the contact load of the wheel for 1 s, and (iii)

wheel travel mode with a PID control model under a forced slip condition. It is noteworthy that the

acceleration period of 1 s is first applied in the wheel travel mode.

For each mode, separated computer program was used, so that the effective development

of analysis can be realized while reducing the computational time of modes (i) and (ii). For this

reason, the single result of tractive performance is obtained for the given slip condition using the

same configuration of FE and DE obtained after mode (ii) above.

After the mode (i), the bulk density of soil model in the soil bin became 2195 [kg/m3], and

the porosity and the void ratio could be obtained as 0.1557 and 0.1844 respectively.

Table 4-3: Parameters for FE–DEM

DE-DE DE-Wall DE-FE

Normal Spring Const. [N/m] 5.0 × 105 5.0 × 105 5.0 × 105

Tangential Spring Const. [N/m] 1.25 × 105 1.25 × 105 1.25 × 105

Friction Coeff. [-] 0.6 0.4 0.5

Friction Coeff. at Consol. [-] 0.0 0.5 NA

Table 4-4: Parameters for the PID control model in FE–DEM

P -term I-term D-term

Drawbar Pull 1.0 × 106 [N/m] 1.0 × 104 [N/(ms)] 1.0 × 104 [N s/m]

Torque 1.0 × 105 [Nm/rad] 1.0 × 103 [Nm/(rad s)] 1.0 × 103 [Nm s/rad]

Parameters listed in Table 4-3 and 4-4 were found using preliminary computation. Those

parameters on I-terms and D-terms in PID model (Table 4-4) are not so sensitive as on the P -term
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[4].

Averaging of contact reactions summarized above was applied for those results of contact

forces in FE–DEM from 0.9 m to 1.2 m long the left edge of the model soil bin.

4.3 Results and discussion

4.3.1 Soil behavior under a traveling tire

Travel 

Direction

Figure 4-5: Example of soil behavior under tire travel (i = 22%).

Figure 4-5 presents an example of soil behavior under a traveling tire with slip of 22%. The soil sur-

face after passage of the tire is clearly disturbed by the uplift of soil as a result of slipped locomotion.

Although it is assumed that the tire model contacts with the soil as the rigid contact mode, the slight

deformation at intermediate and surface layers of the tire is also observable. As the figure shows, it

is noteworthy that the entry angle of contact becomes θ1 ≃ 65 deg and that the exit angle of contact

is θ2 ≃ 105 deg.
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4.3.2 Normal and tangential contact stresses
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Figure 4-6: Normal contact stress in FE–DEM.
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Figure 4-7: Tangential contact stress in FE–DEM.

Numerical results of normal and tangential contact stresses against the angle of rotation of the tire

for various slip conditions are shown in Figure 4-6 and 4-7. In both figures, the period of angle

during the contact of the tire with soil increases for 7.5% or greater slip of the tire. These behaviors

correspond with the increased sinkage for a larger slip under a driven tire condition. Moreover, it

is apparent that the peak, or maximum, normal contact stress shows decreasing trend when the slip

increases from 7.5% in Figure 4-6.
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However, an increasing trend is observed for maximum tangential contact stress with the

increase of 7.5% or larger slip of the tire. Negative tangential stress is also apparent for slip of smaller

than or equal to 7.5% in Figure 4-7, which is a similar result to those obtained from experiments [2].

4.3.3 Angle of rotation for maximum contact reaction

The result of angle of the tire rotation for maximum contact reactions with respect to slip obtained by

FE–DEM is shown in Figure 4-8. In the figure, the red circle markers for the beginning of contact

express the entry angle. The blue square markers for the end of contact depict the exit angle. The

purple crossed markers show the angle of maximum tangential contact reaction, and green diamond

markers imply the angle of maximum normal contact reaction.

50

100

A
n

g
le

 o
f 
R

o
ta

ti
o

n
  
[d

e
g

]

0 20 40 60

Slip  [%]

Beginning of contact

End of contact

Angle for maximum 

normal contact reaction

Angle for maximum 

tangential contact reaction

Figure 4-8: Angle of rotation for maximum contact forces from FE–DEM.

Each data set is also fitted with cubic function respectively in the figure, where the red solid

curve for the beginning of contact, the purple dot-dashed curve for the maximum tangential contact

reaction, the green dashed line for the maximum normal contact reaction, and the blue dotted curve

for the end of contact.

A forward shift of rotation angle for the maximum normal contact reaction can be seen clearly

up to slip of 55% in Figure 4-8, which is also reported for experimental results [2]. For slip of 22%

or larger, similar behavior is observable for the angle of maximum tangential contact reaction in the

figure. It is noteworthy that from the tire slip of 22% or larger, the angle for maximum tangential

reaction obtained from FE–DEM (Figure 4-8) shows almost the same behavior of angle of rotation as

the angle for the maximum normal reaction in the figure. This characteristic behavior of approaching

angles of rotation for maximum normal and tangential contact forces, or stresses, for higher slip was
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similarly described in reports of previous studies [8, 13]. The numerical result of the exit angle of

contact in Figure 4-8 may be approximated as a linear function, instead of a cubic function that

was shown in the experimentally obtained result [2]. This difference might result from the scattered

data in measurement because the same angle of rotation for maximum normal stress and maximum

tangential stress could not be obtained from results of experiments.
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Figure 4-9: Relative position of maximum radial force with slip.

When the entry angle, θ1, and the rotation angle for maximum normal contact reaction, θM ,

are converted for measurement from the dead bottom center basis as θ′1 and θ′M , respectively, as

described in the previous report [14], and the relation of the ratio θ′M/θ′1 against the slip can be drawn

as in Figure 4-9, where black circle markers are the result of FE–DEM. The black line represents the

approximated linear line. Gray square markers show the result of experiments [2] with its linearly

fitted dashed line. In the figure, the range of slip is selected from 7.5% so that the driven condition of

the tire can be investigated.

The result of FE–DEM may be expressed by a linear function against slip with a gradient of

0.519 whereas that of experiments with a gradient of 0.311. The difference might come from the

insufficiency in 2D analysis for small slip cases. It is noteworthy that the gradient from experiments

in the figure is similar to the result of sand, 0.32, as shown in [14].
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4.3.4 Tractive performance

Figure 4-10: Tractive performance by FE–DEM.

Figure 4-10 depicts the result of tractive performance of the tire. In the figure, the result obtained

from a model incorporating FE–DEM with PID control is shown as colored solid lines, whereas the

result from integration of numerical contact stresses by parametric analysis is shown as solid markers.

Blue color represents the gross tractive effort H , red implies net traction Pd, and green expresses the

running resistance R in Figure 4-10. For reference, the experimentally obtained result of tractive

performance using a dry filter sand is also shown with dashed lines fitted by a cubic function with the

same color combination [9].

The difference between the result of tractive performance obtained using a model incorporat-

ing FE–DEM with PID control and the result of parametric analysis (as in Eqs. (4.4), (4.5) and (4.6))

calculated using contact stresses from FE–DEM is not so large against the slip, which implies that

the current FE–DEM analysis with the proposed averaging method might be applicable in calculating

contact stresses at the tire–soil interface with sufficient accuracy.

Regarding the comparison between the result of FE–DEM and that of previous experiments,

it is noteworthy that the result of FE–DEM analysis does not coincide with the result of experiments

on gross tractive effort and net traction for a smaller range of slip. Gross tractive effort of FE–

DEM becomes smaller than that of experimental result for a smaller slip range of -5, 1, and 7.5%.

Moreover, similar behavior of net traction of FE–DEM is apparent at the same slip range. When

the motion resistance is calculated by Eq. (3.7), the difference in gross tractive effort and that in net

traction become canceled as a result of subtraction. Thus, the difference in motion resistance is not

so evident for the same slip range. Consequently, the result obtained using a model incorporating
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FE–DEM with PID control model might be said to have sufficient accuracy in expressing tractive

performance of the tire running on dry sand.

4.3.5 Contact load

The relation of the contact load W against slip is depicted in Figure 4-11. The contact load was kept

unchanged in previous experiments, as shown by the solid dark gray line in figure [10]. The result

of contact load by Eq. (4.3) using the contact stresses obtained in FE–DEM is shown in black circle

markers in the figure. Slight decrease of contact load against the increase of slip is clearly seen, but

the result from FE–DEM becomes similar to the experimental contact load condition of 980 N.
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Figure 4-11: Result of contact load.

However, if we apply the parametric analysis as in Eq. (4.3) based on the experimental contact

stresses, then the contact load decreased with the increase of slip, as shown by a dashed light-gray

quadratic approximation [2]. This run-off result of contact load is expected to derive from an error

in either normal or tangential measurement which might result from the effect of fixation of tri-axial

force sensor on the surface of the tire rubber [2] or from a result of excessive reduction of soil bulk

density caused by the increased action of tangential force at the tire surface, as reported by [5], but

the detailed investigation is beyond the scope of the present study.
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4.4 Conclusion

By assuming stationary travel of the off-road tire and a rigid contact mode, normal and tangential

contact stresses are calculable in our in-house 2D FE–DEM code with PID control by introduction

of averaging over virtual translating segments at the lower half of the tire.

The integration of normal and tangential contact stresses with respect to the angle of rotation

was applied to calculate the vertical contact load, gross tractive effort, net traction, and running re-

sistance of the tire using parametric (or semi-empirical) analysis. The results of tractive performance

obtained through parametric analysis were found to resemble those of tractive performance obtained

directly through FE–DEM analysis. A forward shift of the consistent angle of rotation for maximum

normal contact stress and that for maximum tangential contact stress with the increase of slip from

22% was also observed in the results of FE–DEM.
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Chapter 5

FE-DEM with interchangeable modeling for
traction analysis

5.1 iFE-DEM: FE-DEM interchangeable model

5.1.1 Outline of iFE-DEM

In FE-DEM, the tire and bottom soil layer are modeled by FEM and soil DEM modeling is applied

for the top soil layer [4, 5]. It is assumed that elastic and inelastic soil behaviors can primarily be

expressed by FEM and DEM, respectively. For a simple explanation of the idea behind iFE-DEM,

the following algorithm in this study is based on 2D analysis; a four-node isoparametric element is

used for the FEM soil model.

For typical soil-tire interaction, it is assumed that the soil DEM region is limited to the zone

of influence under or near the tire-soil contact region and that the soil model in the other region can

be discretized by larger FEM elements, as shown in Figure 5-1. The highlighted areas on either side

of the DEM soil model in the figure are the target zones in which the element conversion from FEM

to DEM in front of the tire and from DEM to FEM behind the tire is occurring as the tire moves from

left to right. Calculation of the contact reaction at the boundaries between DEM and FEM is similar

to that for conventional FE-DEM.
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Travel Direction

FEM Tire
Soil Bin

1*2*

FEM

gDEM

DEM

gFEM

Figure 5-1: Idea behind finite element-discrete element method (FE-DEM) with element conversion.

The simulation of tractive performance comprises the following three modes of computation

in FE-DEM: (i) consolidation of soil due to the weight of soil DEs within the soil bin; (ii) free sinkage

of tire FEs onto the soil surface until the vertical contact reaction of the tire reaches the contact load of

the tire; and (iii) tire travel mode with forced slip with prescribed angular and translational velocities.

It should be noted that the conversion of elements should be applied whenever the tire arrives at the

elemental boundary in (iii) tire travel mode.

5.1.2 Conversion from FEM to DEM

As shown in Figure 5-1, conversion from FEM to DEM should be activated when the front end of

the tire indicated by “1*” extends beyond the left-hand edge of the neighboring FE in front of the tire

as shown in blue in Figure 5-1.

When the tire approaches the target FEM element, deformation of the element may be in-

duced. Therefore, each boundary line segment of the target FE defined by the successive boundary

nodes of 1–4 will also be deformed accordingly as in Figure 5-2. After deformation of the FE, all

nodes in Figure 5-2 (a) will be displaced to new elemental coordinates in Figure 5-2 (b) as

x′ = x+ u, (5.1)

where x′ signifies the new elemental coordinate vector of nodes after the deformation, x denotes the

initial coordinate vector of nodes before the deformation, and u represents the displacement vector.
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Figure 5-2: Deformation of finite element (FE): (a) before deformation and (b) after deformation.

As for the center of gravity of the isoparametric element (point 5 in Figure 5-2 (a)), its

coordinates and displacement can be calculated as

x5 =

∑4
i=1 xi

4
, (5.2)

u5 =

∑4
i=1 ui

4
. (5.3)

In these equations, x and u denote the coordinate vector and displacement vector, respectively. Each

subscript represents the location of the node (right-hand side) or the center of gravity for the element

(left-hand side). For simplicity, the shape functions of triangular sub-elements from 1⃝ to 4⃝ in the

figure can be applied to specify the deformation of an arbitrary point within the triangular sub-element

by way of the shape function expressed by the area coordinate within the triangular sub-element.

Therefore, when the DEs are prepared within the FE as shown in Figure 5-3 (a) and the coor-

dinates of the DEs are specified, each DE can be traced based on the shape function of the triangular

FEM sub-element. After deformation of the FE expressed by Eqs. (5.1)–(5.3), the displacement of

each DE can be traced using the shape function of the triangular sub-element with the deformation

of the FEM, as shown in Figure 5-3 (b).
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(a) Before deformation (b) After deformation

Figure 5-3: Example of elemental deformation using DEs within an FE.

5.1.3 Conversion from DEM to FEM

The conversion from DEM to FEM should be activated when the rear end of tire (indicated by “2*”

in Figure 5-1) extends beyond the right-hand boundary of the assigned zone in which the regular FE

mesh is defined.

Conversion from DEM to FEM is designed based on the regular discretization of the four-

node FE mesh applied for the disturbed DEM zone after tire travel, assuming that the region in which

the conversion from DEs to FE mesh is applied will not be affected significantly by the stress states

within the DEs.

1 4

32

4R

3R

4
R

3
R

Figure 5-4: Conversion from DEM to FEM.

Let the target DEM zone be located beside the FE meshes and let a new FE be defined with

local node numbers 1–4, as depicted in Figure 5-4. It is expected that line segments 3-4 and 4-1
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of the FE cannot be defined clearly because the border line for the FEM may not be expressed by a

straight line because of the granular nature of the DEs.

In this case, an extended search is applied using the largest radius R of the DEs such that the

two straight-line segments 3-4 and 4-1 of the FE consist of an inner zone of thickness 3R and an

outer zone of thickness R as in Figure 5-4.

The DEs within this border zone are then changed in their role from standard freely moving

DEs to attached elements on the line segments of the generated FEM because excessive overlaps

might be detected for these DEs when the contacts with the line segments of the FEM are examined.

The computational aspects of the attached DEs will be explained further in the next subsection.

It is noteworthy that the new FE should be defined with a consistent pre-stressed condition as

a result of the stress and strain states defined by the DEs under investigation for conversion. In this

study, however, we apply simple generation of a new FE with no stress delivered from the DEM is

applied because the main purpose of this study is to observe the effect of element conversion on the

reduction of computational load in FE-DEM.

5.1.4 Attached discrete elements on the border of finite element after tire
travel

Attached DEs are introduced to conserve the boundary shape after interaction with the tire in the

generated soil FE. Consequently, they have special characteristics of no elemental mass or density.

Therefore, there is no effect of gravitational load.

Attached DEs of two types are introduced in this study: (i) attached on a line segment and (ii)

attached at a node.

i
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F
DE

F
j

DE

(a) Distribution of force

DE

i

j

k
u

i

u
DE

u
j

(b) Calculation of displacement

Figure 5-5: Attached DE on a line segment of an FE.

Figure 5-5 shows the case of an attached DE on a line segment of the FEM. Reaction FDE

acting on the DE attached to the line segment (see Figure 5-5 (a)) can be distributed to a nodal
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reaction using the shape function on the line segment such that the following relationships hold:

Fi = NiFDE, (5.4)

Fj = NjFDE. (5.5)

In these equations, Ni = lkj/lij , Nj = lik/lij , and lij, lik, lkj are the lengths on the line segment,

where i and j are FE nodes whereas point k is the attached point of the DE on the line segment, and

the symbol lik implies the length of the line segment between i and k.

Similarly, in the case of displacement as in Figure 5-5 (b), the displacement of the attached

DE can be specified using two nodal displacements of ui and uj using the same shape function

defined at the attached point k shown above:

uDE = Niui +Njuj. (5.6)

(a) Distribution of force (b) Calculation of displacement

Figure 5-6: Attached DE on FE node j.

For the attached DE to a node, the reaction on the attached DE acts directly on the attached

node j of the FEM as in Figure 5-6 (a), such that

Fj = FDE. (5.7)

By substituting Ni = 0 and Nj = 1 into Eq. (5.6), the displacement of the attached DE shown in

Figure 5-6 (b) can be expressed as

uDE = uj. (5.8)
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5.1.5 Preparation of discrete elements for conversion from FEM to DEM

(a) Initial config-

uration

(b) After consoli-

dation

(c) After cut-off

of assigned

height of a finite

element

(d) End of prepa-

ration of DEs

within a finite

element

Figure 5-7: Preparation of DEs

Data for an assembly of DEs in an FE should be prepared beforehand. The procedures used in this

study were, first, that the same length of soil box as that in the target FEM should be prepared.

The DEs were generated inside this box with closest packing using the largest elemental radius (see

Figure 5-7 (a)). Second, consolidation of the DEs was applied for 0.5 s with a reduced mass of 1/100

and a coefficient of friction of 0.0 with the smaller time step of 5.0 × 10−7 s. The reason for paying

special attention to reducing the mass was to avoid compacting the DEs excessively with their gravity

force to maintain the same initial conditions of no deformation by body force for external loads for

both the FEs and DEs. The shape of the assembly of DEs is shown in Figure 5-7 (b).

After consolidation, the FE height was adjusted by removing surplus generated DEs (see Fig-
ure 5-7 (c)). Because the FEM height was checked based on the DEM elemental coordinates, an

irregularly shaped boundary might have occurred at the top face of the assembly. By defining an

additional wall at the FEM elemental height, further consolidation was applied for 0.5 s to accom-

modate the assembly of DEs smoothly within the defined FE. The final shape of the assembly of DEs

within the boundary of the FE is depicted in Figure 5-7 (d). The bulk density of the DEs as defined

by the boundary lines in Figure 5-7 (d) was used as the FEM elemental density.

The DE coordinates within the target FE were stored so that the information about the gener-

ated DEs was available when the conversion from FEM to DEM was activated in iFE-DEM.
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5.1.6 Confined compression test for determining Young’s modulus of soil FEM

Figure 5-8: Comparison of FEM and DEM under uniaxial confined compression.

To ascertain the Young’s modulus for the FEM, a confined compression test was applied as described

in an earlier report [1]. For the test, we used one FE and DEs prepared in Figure 5-7 (d). A

compressive force was applied to the specimen to obtain a compressive strain of 3%. We selected a

maximum compressive strain of 3% considering that the DEM response exhibited a nonlinear curve,

and thus tended to deviate from the FEM’s straight line response if a larger compressive strain limit

was introduced. A compressive strain as small as 3% is also found in the reference [1]. In the FEM,

we neglected the volumetric force of gravity. The resulting stress-strain relationship is shown in

Figure 5-8. The FEM and DEM results show a similar response, from which the value of E = 1.7

MPa was found for the Young’s modulus of the soil FEM from the following relation [1].

E = E ′ (1 + ν)(1− 2ν)

(1− ν)
, (5.9)

where E ′ represents the Young’s modulus under confined conditions obtained as the gradient in Fig-
ure 5-8 and ν is Poisson’s ratio such that ν = 0.3.

The average stress of a DE is defined using the contact reactions as

σ̄ij =
1

V

nc∑
m=1

rmi F
m
j , (5.10)

where V is the element volume, nc is the number of contacts with the surrounding element, rmj
signifies the position vector of the contact point from the centroid of the target element, and Fm

j

denotes the vector of the contact reaction acting at the contact point [2].
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Figure 5-9: Stress distribution in confined uniaxial compression: (a) FEM and (b) DEM.

The state of vertical stress σy within the FE and the equivalent stresses of the DEs are por-

trayed in Figure 5-9, where compressive stress is negative. The FE stress is expressed approximately

at the centroid of the FE. Although the DE presents various levels of stress (see Figure 5-9 (b)), the

average value of stress σy under a vertical compression of 6 mm was found to be similar level in both

models, namely -67 kPa (FEM) and -69 kPa (DEM).

5.1.7 Tractive performance

The tractive performance of the tire can then be obtained from the torque and drawbar pull predicted

from FE-DEM with PID control models. The slip of the tire is defined as Eq. (3.8). The measures

for assessing the tractive performance is summarized in Eqs. (3.5) - (3.7), which can be obtaied from

the result of PID traveling control.

5.2 Numerical experiment

5.2.1 FE-DEM parameters

The nominal size of the tire modeled was 165/60R13, with a diameter of 535 mm and a width 170

mm, which is the same as the tire used by Shinone et al. [7] in a previous experiment. The tire

was driven with a constant circumferential velocity of 97.6 mm/s and a vertical contact load of 980

N, with an inflation pressure of 140 kPa. The tire was found to be in rigid contact under the given

loading conditions.

The tire model is an FEM with 155 nodes and 140 elements. Figure 5-10 shows the tire

mesh configuration in three parts: the wheel rim, the intermediate layer which represents air, and the

surface layer for the tread.
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Wheel Rim (WR)

Intermediate Layer (IL)

Surface Layer (SL)

Figure 5-10: FEM tire model.

Table 5-1: Tire FEM Model Parameters

WR IL SL

Young’s modulus [MPa] 200.0 0.3 1.5

Poisson’s ratio [-] 0.3 0.49 0.49

Element density [kg/m3] 3000.0 1000.0 1000.0

Width [m] 0.01 0.17 0.17

Damping coeff. [N·s/(m·kg)] 1.0 1.0 10.0

NB) WR, wheel rim; IL, intermediate layer; SL, surface Layer

Table 5-2: Parameters for the soil FEM model

Number of FEs 32

Number of FEM nodes 51

Young’s modulus [MPa] 1.7

Poisson’s ratio [-] 0.3

Length of unit FE [m] 0.15

Height of unit FE [m] 0.2

Elemental density [kg/m3] 2200

Friction coefficient between FE-DE 0.6

Length of soil bin [m] 2.4

Travel distance [m] 0.7

Averaging distance [m] last 0.3
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Table 5-3: Parameters for DEM and FE-DEM

DE-DE DE-Wall DE-FE

Normal spring const. [N/m] 5.0 × 105 5.0 × 105 5.0 × 105

Tangential spring const. [N/m] 1.25 × 105 1.25 × 105 1.25 × 105

Friction coeff. [-] 0.6 0.4 0.5

Friction coeff. at consol. [-] 0.0 0.0 NA

Table 5-4: Parameters for the PID model in FE-DEM

PID Term Proportional Integral Derivative

Drawbar pull 1.0 × 106 [N/m] 1.0 × 104 [N/(ms)] 1.0 × 104 [N s/m]

Torque 1.0 × 105 [Nm/rad] 1.0 × 103 [Nm/(rad s)] 1.0 × 103 [Nm s/rad]

Other parameters are listed in Table 5-1–5-4. Eight slip levels were selected in the computa-

tion of the tractive performance of the tire from 0%–70% with an increment of 10%. The DEs used

in the model were a mixture of three circular elements with radii of 2 mm, 2.5 mm, and 3 mm with

the ratio of 3:2:1 by number.

The contact model parameters in Table 5-3 were the same as those used for FE-DEM traction

analysis for the target tire [6], where tire deformation is assumed to not occur by the increase of

spring constants from the previous FE-DEM for an elastic wheel in Chapter 3. We determined the

PID parameters, which are listed in Table 5-4 by considering a larger contact load in the current

analysis than was considered in the previous elastic wheel analysis [6].

The total numbers of DEs in the initial setup of the tire-travel mode are listed in Table 5-5.

In case of the small DEM region, the target soil ranging from a block just beneath the left edge of

the tire to the one just beneath the right edge are assigned as DEM elements. For the middle DEM

region, two more DEM blocks are added to the small DEM region model from the FEM elements,

one in the forward and another in the rearward direction of the tire. Similarly, one more outside soil

DEM block from the FEM elements is added to the large DEM region. The DEM only soil model

was the case in which only the DEM was used without introducing the FEM. The height of each FE

for the soil model was set as 0.2 m, which was slightly less than the tire radius. The number of DEs

and corresponding FEs may be changed depending on the tire’s rolling center location in the model

region.

Table 5-5: Total number of DEs at the start of tire-travel analysis

Small DEM region Middle DEM region Large DEM region DEM only

7255 10157 13059 46280
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5.2.2 Program flow for iFE-DEM
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Figure 5-11: Schematic flow of iFE-DEM program for tire travel analysis.

Our in-house computer program for the 2D FE-DEM with PID-controller models was updated to

include interchangeable modeling between DEM and FEM for the soil model.

The program flow for the tire travel analysis is shown schematically in Figure 5-11. The

algorithm for interchangeable modeling is implemented after the coordinate update procedure.

The conversion is activated after every 500 time steps of numerical integration of the equations

of motion. In the current program, the switch to start conversion is based on the travel distance of the

left-hand and right-hand outermost vertical edge lines of the tire (Figure 5-1). As shown in Section
5.1, the right-hand edge of the small region of the DEM is set as the basis of the conversion from

FEM to DEM. Similarly, the switch to start changing from DEM to FEM at the DEM region behind

the tire turns on whenever the left-hand outermost edge line of the tire travels the length of the FE

that can be generated on the DEM elements.
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5.3 Results and discussion

5.3.1 Soil deformation under tire travel

(a) Small DEM region

(b) Middle DEM region

(c) Large DEM region

(d) DEM only soil model

Figure 5-12: Examples of soil deformation at the end of tire travel with a slip of 70% in iFE-DEM.
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Figure 5-12 presents the results from iFE-DEM for a slip of 70% with different sizes of DEM for

(a) the small DEM region, (b) the middle DEM region, (c) the large DEM region, and (d) the DEM

only soil model. Soil upheaval in front of the tire in the surface profile of the DEM region can be

observed similarly in cases of Figure 5-12 (a), (b), and (c). However, such clear upheaval cannot be

seen in the DEM only soil model in Figure 5-12 (d).

The soil upheaval, shown in Figure 5-12(a)-(c), was caused by the insufficient space against

the preceding soil FE depending on the FEM-to-DEM conversion timing, where the approaching tire

will intensify the forward flow of soil DEs within the short length against the soil FE boundary.

In Figure 5-12, the soil surface profile as traced after the tire travel in all cases can be regarded

as similar, which implies that the idea of an attached DEM in the iFE-DEM is an effective one.

5.3.2 Tractive performance

The iFE-DEM results for tractive performance are shown in Figure 5-13 for (a) the small DEM

region, (b) the middle DEM region, and (c) the large DEM region. The results from the DEM only

soil model are shown for comparison in Figure 5-13 (d).

(a) iFE-DEM (Small DEM region) (b) iFE-DEM (Middle DEM region)

(c) iFE-DEM (Large DEM region) (d) DEM only soil model

Figure 5-13: Comparison of tractive performance.
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As the initial size of the DEM region in the iFE-DEM increases, the results for tractive per-

formance clearly approach those of the DEM only analysis. Clear differences are evident at small

slips of 0% and 10%.

Compared to the previous experimental results [7], the gross tractive effort becomes slightly

small at a slip of 0% in all cases of DEM regions in Figure 5-13. Zero net traction can be expected

at a slip of roughly 7%, which also corresponds to the previous experimental results [7]. The net

traction shows similar values for all slip condition, although slight fluctuations can be seen in the

results for the small and middle regions.

The iFE-DEM results for tire sinkage are shown in Figure 5-14 for (a) the small DEM region,

(b) the middle DEM region, and (c) the large DEM region. Moreover, the results from the DEM only

soil model are presented for comparison in Figure 5-14 (d).
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(b) iFE-DEM (Middle DEM region)
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(c) iFE-DEM (Large DEM region)
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(d) DEM only soil model

Figure 5-14: Comparison of tire sinkage.

We calculated the tire sinkage as the difference between the height of the tire rotation center

during tire travel and momentarily before the tire was contacted to the soil surface. Using this defini-

tion of sinkage, we could include not only the tire model deflection, but also the deformation of soil

FEs and DEs.

The tire sinkage differs among the cases, but the results can be regarded as similar as seen in
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Figure 5-14.

5.3.3 Computational load in iFE-DEM

We measured the elapsed times for the four cases of the DEM regions listed in Table 5-5. All

computations were executed by a PC-based Linux computer (Core i7 5960X, 3 GHz; Intel Corp.)

with a main memory of 32 GB. Parallel processing such as OpenMP was not applied in the current

iFE–DEM. The initial configuration of the FE-DEM was prepared beforehand. The computational

time was measured only for the travel analysis of the tire on the soil model. The results for the middle

slip condition of 40% are depicted in Figure 5-15.
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Figure 5-15: Computational loads of iFE-DEM: (a) small DEM region, (b) middle DEM region, (c)

large DEM region, and (d) DEM only

To evaluate the reduction of computational time with the iFE-DEM, we calculated the ratio

of the iFE-DEM computational time to that of the FE-DEM with the DEM only soil model for three

region sizes. The small DEM region shows the greatest reduction of computational time, with a ratio

of 0.23; the middle DEM region yields 0.28 and the large DEM region yields 0.33. It is noteworthy

that although the elapsed time of computation depended on the distance traveled in each slip, the ratio

of computational time did not show significant variation with slip in the preliminary observation.

Consequently, from Figure 5-15, we confirm that the introducing the iFE-DEM is effective

and that it helps to reduce the computational time to as little as 23% in the case of the small DEM

region for a slip of 40% against the FE-DEM analysis with the DEM only soil model.
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5.3.4 Stress distribution within soil model in iFE-DEM

(a) Small DEM region

(b) DEM only soil model

Figure 5-16: Examples of shear stress distribution at the end of tire travel with a slip of 40%.

Because the traction performance depends on the shear stress within the soil, the distribution of shear

stress is calculated based on Eq. (5.10) for the DEM and on elemental averaging in the FEM. Re-

garding the tire, shear stress is calculated everywhere except at the wheel rim. Figure 5-16 presents

examples of the shear stress distribution within the model for the cases of the small DEM region with

the FEM (Figure 5-16 (a)) and the DEM only soil model (Figure 5-16 (b)) with a slip of 40%.

Figure 5-16 also shows the direction of the positive shear stress.

The shear stress distributions under the tire in the soil DEM model in Figure 5-16 (a) and (b)

become similar, where large negative shear stress is distributed backward from the contact surface in

advance of the rotation center of the tire. After passage of the tire center of rotation, the shear stress

becomes much smaller in both cases. Moreover, concentration of positive shear stress is apparent in

Figure 5-16 (a).

However, from Figure 5-13 (a) and Figure 5-13 (d), the difference in travel performance at

a slip of 40% is apparently not so large. Thus, the effect of no succession of stress at the time of

element conversion may be neglected coincidentally as the first approximation in the analysis of tire
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traction performance as in this study. However, further investigation of stress succession in iFE-DEM

should be conducted for detailed stress analysis within the soil model.

5.4 Conclusion

This study assessed a new FE-DEM for soil-tire interaction with interchangeable modeling between

FEM and DEM (iFE-DEM) for tire traction performance analysis. The iFE-DEM method models the

soil initially in a soil bin using an FEM, except for the region under or near the tire, which is modeled

using a DEM.

The results of the iFE-DEM analysis revealed that faster computation could be realized by

reducing the extent of the initial soil DEM. Moreover, when the smallest region of soil DEM was

used, the computational time was as little as 23% of that using FE-DEM with the DEM only soil

model for a slip of 40%. All the results of iFE-DEM traction analysis using small, middle, and large

soil DEM models resembled those obtained using FE-DEM with the DEM only soil model.

The effectiveness of iFE-DEM analysis was demonstrated in this study, but the optimum sizes

of the unit FE and the initial DEM region should be investigated further based on the parametric

analysis. Although the numerical analysis was conducted in two dimensions, the iFE-DEM could

be applied to a lugged tire in three dimensions by extending the FEM and DEM to more degrees

of freedom. Moreover, it is necessary to use cohesive soil in the DEM because of the possibility of

different stress distributions in soil as shown numerically in an earlier report [3], which might affect

the applicability of the proposed iFE-DEM. We also recommend conducting a detailed investigation

of an equivalent stress state and succession of stress within the soil model before and after element

conversion to refine the proposed iFE-DEM further and make it applicable to various interaction

problems of terramechanics.
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Appendix

As for iFE–DEM, to better understand the relationship between soil FEs and DEs in a defined region

listed in Table 5-5, we depict an example of tire travel from beginning to end in Figure 5-A.1. The

figure summarizes the case of large DEM region with a 40% slip. As shown in Figure 5-A.1, with

the conversion from FEM to DEM or vice versa, the designed model DEM region expands or shrinks

accordingly.

(a) Beginning of tire travel with tire rotation

(b) At one-third distance of tire travel

(c) At two-thirds distance of tire travel

(d) End of tire travel

Figure 5-A.1: Example of tire travel for a case of large DEM region with a slip of 40% in iFE-DEM.
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Chapter 6

Conclusions

The purpose of this study was to develop a new framework of FE–DEM for evaluating the

tractive performance of a tire on dry sand with a high accuracy, while reducing the computational

cost of DEM. From the studies described in Chapters 3–5, the following three points were clarified.

In Chapter 3, the 2D FE–DEM code was updated by introducing a PID controller model that

allowed achieving the same evaluation procedure as that of the equivalent experiments. The trac-

tive performance of elastic iron wheels with different rigidities developed for the Mars rover of the

European Space Agency as a prototype was analyzed, and it was confirmed that the accuracy of the

simulation, especially the relationship between slip and motion resistance, can be improved. More-

over, the tractive performance of these wheels under Mars’s gravity was predicted. It was estimated

that two prototype wheels with different rigidities would result in a similar tractive performance on

the surface of Mars.

In order to expand the application scope of the developed 2D FE–DEM, it was demonstrated

in Chapter 4 that the normal and tangential contact stresses can be calculated using a simple averag-

ing method, assuming stationary travel of a tire and the rigid contact mode. Moreover, the tractive

performance can be obtained using a semi-empirical (or parametric) method that integrates stress dis-

tributions over the contact surface of a tire with soil. The obtained tractive performance using such a

parametric analysis was confirmed to be similar to that obtained from the 2D FE–DEM with a PID

controller model and the previous experimental results.

In Chapter 5, a new FE–DEM with interchangeable modeling (iFE–DEM) for tire traction

analysis was proposed to reduce the computational cost. In essence, iFE–DEM applies elemental

conversion from FE to DE or from DE to FE to reduce the influential region of soil under a traveling

tire to a small DEM region, while keeping the remaining region of the soil model in FEM. The

tractive performance of a tire predicted using iFE–DEM was found to be similar to that of the already

existing FE–DEM with a PID controller model using the DEM-only soil model. Furthermore, it was

clear that a reduction of 77% in the elapsed time of iFE-DEM computation could be achieved when

a small DEM region was applied.
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Therefore, it can be concluded that a more accurate, faster simulation tool for wheel–soil

interaction problems was realized in this study. The developed 2D FE–DEM with a PID controller

model and iFE–DEM can surely contribute to visualizing the complicated phenomena encountered

during soil-tire interactions. They can also help tire researchers and/or engineers predict and optimize

the tractive performance of off-road tires.

While adequately precise results can be obtained using the current 2D analysis as shown in

this dissertation, introducing a 3D method for FE-DEM and investigating the effect of the third di-

mension can be performed as part of future work. When realizing 3D FE–DEM, parallel processing

utilizing the General-Purpose computing on Graphics Processing Units (GPGPU) should be taken

into consideration. Once both 2D and 3D FE–DEM are developed, a further discussion can be ini-

tiated on which dimensions of analysis should be included in a numerical tool to provide fast and

accurate predictions of the soil-tire interaction from the engineers’ viewpoint.


