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Abstract
Terramechanics is an interdisciplinary field of study concerned with the in-
teractions of off-road vehicles and machines with terrain . Its scope covers
all types of off-road vehicles, including four-wheel drive (4WD) vehicles, con-
struction machinery, agricultural machinery, and special vehicles. In recent
years, it has also come to include lunar and planetary exploration equip-
ment and disaster-response robots. However, a practical terramechanics-
based analysis requires the development of a versatile method for modeling
a wide variety of terrain surfaces, independently of the sophistication of the
terramechanics model itself . The present work first discusses the usefulness
and limitations of such methods . This is done by analyzing the multibody
dynamics of mining dump trucks based on an existing terramechanics model
and by examining the shape of rover-wheel grousers. Next, based on existing
studies, a new method is proposed for creating a road-surface model. An ex-
tended terramechanics model is also presented that considers terrain surface
deformations.

The eight chapters of this paper are outlined as follows.
Chapter 1 introduces the background of the present study and reviews

relevant research, focusing on the terramechanics model and numerical anal-
ysis related to wheel locomotion. The purpose and contribution of this paper
are also formulated.



Chapter 2 describes the terramechanics interaction model used in conven-
tional wheel locomotion analysis. In particular, two typical terramechanics
models, the Bekker-Wong-Reece (BWR) model and Resistive Force Theory
(RFT), are introduced, and their application to wheel locomotion is outlined.

Chapter 3 describes the results of applying the terramechanics model to a
multibody-dynamics analysis of mining dump trucks. A BWR model is used
to describe the interaction between the tire and the ground, and the analysis
results of the climbing performance on soft ground are shown. Furthermore,
the effectiveness of the traction control system (a control method for avoiding
becoming immobilized ), is demonstrated based on a systematic numerical
analysis.

Chapter 4 presents the results of a locomotion analysis of wheels with
grousers, based on RFT. The appeal of RFT in recent years stems from its
ability to analyze the interaction between an object with a complicated shape
or movement and the ground at low cost . However, given the scant litera-
ture on applications of RFT to wheel locomotion, this chapter analyzes this
phenomenon using both the discrete element method and RFT. By compar-
ing the results obtained by both methods, the applicability and limitations
of RFT are clarified.

Chapter 5 proposes a grouser shape designed to improve wheel runnabil-
ity by combining model experiments, discrete element method analysis, and
terramechanics analysis using RFT. Specifically, a grouser with a trapezoidal
cross section is shown to exert a "packing effect" that is effective in avoiding
immobilization.

Chapter 6 proposes a multi-stage analysis method that exploits ground-
surface information obtained from other numerical analysis and measurement
techniques. The data are applied to the terrain surface model of the ter-
ramechanics analysis. First, the outline of the multi-stage analysis method
is explained. Then, the analysis method for generating wind ripple patterns
is described, as a concrete example of the ground surface formation analysis.

Chapter 7 proposes an extended terramechanics model that considers the
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deformations and changes in the terrain-surface properties associated with
machine-ground interactions. In addition, the effectiveness of the model is
demonstrated by comparing the model experiment results for plate drag and
for wheel locomotion.

Chapter 8 closes with a concluding summary and an outlook of future
prospects.
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1 Introduction

1.1 Background

Terramechanics is an interdisciplinary field that pertains to the interaction
between the ground and vehicles [2–5]. The target of terramechanics includes
all off-road vehicles such as automobiles, construction machinery, agricultural
machinery, and military vehicles. Recently, terramechanics has attracted re-
newed attention and is being applied for solving problems in extreme en-
vironments, e.g., the use of disaster response robots and lunar/planetary
exploration rovers [6–11]. Typical characteristics of terramechanics are as
follows:

1). Underbody design to efficiently travel through soft ground, such as
sand/mud/ice/snow, without "getting stuck";

2). Sophistication of control methods and formulation of pass plans for
unmanned and autonomous traveling;

3). Operator training and remote control support using a dynamics simu-
lator;

4). Preliminary verification of respective work processes and rescue work
at construction and disaster sites by computerized construction (known
as i-Construction).

To performed the examination above, multibody dynamics analysis [6,7,
12–14], which introduces a terramechanics model for the interaction between
the terrain surface and machine, can be an effective method. Multibody
dynamics analysis can be an effective method for various rough terrains for
not only improving the performance of off-road vehicles and robots, but also
for improving the efficiency of various tasks and creating safe working plans.
To date, work process simulations of construction machinery [15], planetary
exploration rover [6,12], and disaster response robots [7] have been performed.
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However, the following two problems must be overcome in conventional
terramechanics simulations.

1.1.1 Technical issues in terrain surface modeling

The first issue is terrain surface modeling. The target terrain field must be
prepared before performing terramechanics analysis; however, methods to
create such terrain fields have not been investigated extensively. Although
the terrain fields in conventional terramechanics analysis are prepared based
on various assumptions and experiences, most of them have homogeneous and
flat surface conditions. Furthermore, off-road conditions may have different
geometries and soil properties depending on the formation process, which
should be reflected appropriately in terrain field simulations.

In this regard, sensing data may be used to create realistic terrain fields.
For example, high-precision topographic data can be obtained via aerial laser
scanning, such as LiDAR , and a point cloud of the topographic surface layer
can be obtained by ortho mapping using satellite images or images captured
by drones. A terrain field for terramechanics analysis can be created using a
point cloud. In addition, the mechanical properties of soil in the target field
can be determined by performing the Bevameter test or various penetration
tests.

Meanwhile, many numerical simulations related to the formation process
of terrains have been conducted, e.g., the formation of wind ripples in a
desert [16–18], washboarding of dirt roads due to repeated traffic [19, 20],
and soil compaction by rollers in construction work [21, 22]. Furthermore,
in terms of disaster, numerical simulations for slope failure, landslides, and
avalanches have been reported [23–31]. Therefore, if terrain fields can be cre-
ated for terramechanics analysis using the results of these sensing techniques
and terrain formation simulations, they can be used for the trafficability
evaluation of the terrain and path planning in various situations.

In Hokkaido, the Iburi eastern earthquake that occurred in 2018 involved
41 victims, of which 36 were involved in the landslide [32, 33]. Construction
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machineries are often used for restoration work, and prior verification of their
traveling characteristics is indispensable to determine whether they can enter
safely. Meanwhile, the evaluation of terrain surface characteristics is indis-
pensable for lunar and planetary exploration. For instance, the Spirit, one
of the Mars exploration rovers of the NASA , has been getting stuck on soft
ground [34].The surface of Mars is covered with fine sand, known as regolith,
and wind ripple patterns are formed by wind generated on Mars. These
complicated terrain surfaces cause complicate the traversal of exploration
rovers [12]. Hence, virtual field modeling for terramechanics simulation by
terrain surface measurement and numerical analysis are important for terrain
surfaces with complicated shapes and properties, such as disaster sites and
outer space.

1.1.2 Technical issues of terramechanics model

The other issue is the terramechanics model used in the simulation. The
interaction between soil and machine can be evaluated using terramechanics
models, such as the Wong and Reece model (based on Bekker’s work) [2].
This type of semi-empirical approach can be applied to the behavior analysis
of an entire vehicle at a relatively low cost [6,11,35]. Furthermore, although a
rover’s wheels are typically accompanied by grousers or lugs for improving
traveling performance, this semi-empirical approach is applicable to such
cases. However, the calculable shapes are restricted, and problems such as
incompatibility to arbitrary traveling parts remain.

Meanwhile, resistive force theory (RFT) has been proposed to empirically
estimate the reaction force of a rigid body moving inside a loose granular
medium. Although RFT was originally developed for viscous drag problems,
it has received renewed attention in recent years as a method that can easily
reflect the interaction between a granular medium and a traveling part with
arbitrary shapes (including parts such as legs interacting with soil) [1,36–38].
RFT has been applied to multibody dynamics analysis for legged mobile
robots [1, 36] and wheel traveling analysis [38]; additionally, its applicability
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to terramechanics problems has been investigated. Furthermore, Slonaker et
al. (2017) [38] utilized the intrusion force evaluated using RFT to derive gen-
eral scaling relations for locomotion in granular media. It is noteworthy that
Askari and Kamrin (2016) [37] have provided the physical reasons enabling
granular media having complex behaviors locally to be expressed via RFT.
According to them, RFT may be applicable to cohesive media unless a target
soil is a velocity-dependent viscous medium. In addition, they organized a
new family of resistive-force-obeying materials and demonstrated the good
prediction accuracy of the RFT for loose granular media.

The terramechanics model proposed based on the semi-empirical method
above can be introduced into multibody dynamics and used for the design
of the underbody. However, this terramechanics model does not consider
surface deformation due to interactions. The conventional terramechanics
model allows the penetration of an object into the terrain surface, and the
magnitude of stress is evaluated based on intrusion; however, in reality, when
an object penetrates the terrain surface, a certain deformation occurs on the
terrain surface. In the Wong ‒ Reece model, although the terrain surface
change behind the wheels is expressed in a simple form, only the compression
deformation of the terrain surface is considered. Terrain surface deforma-
tion due to wheels pushing the terrain surface forward or backward is not
considered. It is noteworthy that DEM analysis [39–45] and FEM analy-
sis [39, 46–50] can be performed to consider the deformation of the terrain
surface in detail. However, these methods incur a high calculation cost and
are difficult to introduce into multibody dynamics. Hence, a model that has
a low comparative calculation cost and can appropriately expresses terrain
surface deformation is desired.

1.2 Purpose and Approach

The purpose of this study is to improve the conventional terramechanics
analysis method and perform terramechanics simulation for terrain with com-
plicated shapes and properties. The outline of the terramechanics analysis
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method proposed herein is shown in Fig. 1.1.
The terrain surface information used in the analysis method was inherited

from other analysis and measurement techniques. Terrain surface informa-
tion was captured based on terrain surface deformation analysis obtained
using the FEM and cellular automaton as well as measurement technology
obtained using three-dimensional cameras and LiDAR. Depending on the
method, not only the topology of the field, but also the soil properties and
loading history of the terrain surface can be inherited.

Subsequently, the forces generated in the vehicle underbody were evalu-
ated using the obtained field model. Typical terramechanics models, such as
the BWR and RFT, were used for force evaluation. The deformation and
changes in properties of the terrain surface due to the interaction between
the ground and machine were evaluated based on the mechanism proposed
by the authors.

Using the obtained forces, the motion dynamics of the target machine
were evaluated. Hence, the traveling performance, known as trafficability,
typified by vehicle undercarriage slip and drawbar-pull characteristics, can
be confirmed. Specifically, after the vehicle position was updated, the inter-
action with the terrain surface was re-evaluated, and the movement of the
vehicle was evaluated sequentially.
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Figure 1.1: Outline of the proposed analysis method.

1.3 Organization of thesis

This thesis comprises eight chapters. The organization of the thesis is shown
in Fig. 1.2.

Chapter 2 describes the terramechanics model used for the analysis. Herein,
two typical terramechanics models, i.e., the BWR model and the RFT, are
introduced.
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In Chapter 3, the traveling analysis of a dump truck for mining is pre-
sented as an example of multibody dynamics analysis using a terramechanics
model. The BWR model is introduced for the interaction between the tire
and ground, and the trafficability of the vehicle on soft terrain is verified.
Furthermore, a control method known as the traction control system (TCS)
implemented in an actual machine is analyzed based on simulation. In this
chapter, the effect TCS control on trafficability and its optimization is ana-
lyzed.

In Chapter 4, the traveling analysis of wheels with grousers is presented
based on RFT. RFT, which is a relatively new theory of terramechanics, is
receiving attention as a method for simulating objects with complex shapes
and movements. However, the applicability of RFT to wheel traveling phe-
nomena must be further investigated. In this chapter, the applicability of
RFT is analyzed via the simulation of wheels with grousers using the DEM
and RFT and then comparing both results.

In Chapter 5, the grouser shape for wheels is proposed based on simu-
lation using RFT. Because RFT can be applied to objects with arbitrary
shapes, it can be useful for studying wheel shapes. In this chapter, an RFT-
based terramechanics simulation that was performed while complementarily
utilizing DEM analysis and model experiments is presented. Furthermore,
based on the results, a wheel shape for the lunar/planetary exploration rover
is proposed.

In Chapter 6, a multistage analysis method is proposed that inherits
terrain surface information obtained from other simulation and measurement
techniques to a field model for terramechanics simulation. First, the outline
of the multistage analysis method is described. Subsequently, as a typical
example of the terrain surface formation simulation, a generation of wind
ripple pattern based on a cellular automaton performed as the first step in
the simulation is presented; subsequently, a single-wheel traveling simulation
that inherits the terrain surface information obtained by the first step in the
simulation is presented.

7



In Chapter 7, an extended terramechanics model for introducing terrain
surface deformation and property changes associated with the interaction
between the ground and machine is proposed. The proposed method is val-
idated by comparing the results obtained from the plate drag and wheel
traveling analyses with the results of model experiments.

Chapter 8 summarizes the results of the study as well as future prospects.
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1. Introduction

2. Terramechanics model

3. MBD analysis of mining dump

truck based on BWR model
4. Study on applicability of RFT

5. Examination of wheel shape

based on RFT

6. Proposal of multi-stage

analysis method

7. Extension of terramechanics

approach

8. Conclusion

Figure 1.2: Structure of thesis.
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2 Terramechanics models

2.1 Introduction

This chapter describes the terramechanics model used for simulation. In
this study, the Bekker–Wong–Reece (BWR) model and the Resistive Force
Theory (RFT) are used to evaluate the mechanical properties of objects
moving on a rough terrain. The outline of the BWR model for rigid wheels
and elastic wheels will be provided. Furthermore, the outline and application
range of the RFT will be provided. Moreover, a method to apply the RFT
to objects and terrain surfaces with complex shapes is described.

2.2 Bekker–Wong–Reece (BWR) model

2.2.1 Rigid wheels

The BWR model is a classical terramechanics model that has been used to
evaluate the traveling characteristics of off-road vehicles [3, 35]. The normal
stress σ(θ) changes according to the contact angle θ and is expressed by Eq.
(2.1).

σ(θ) =
(
ck

′

c + ρglk
′

φ

)(h(θ)

l

)n

(2.1)

where c is the adhesive stress [Pa], k′
c and k

′

ϕ are the soil constants [-], ρ is
the soil density [kg/m3], and l is the wheel contact length [m]. The stress
distribution on the wheel surface is expressed by h(θ) in Eq. (2.1){

h (θ) = R (cos θ − cos θf ) (θm ≤ θ ≤ θf )

h (θ) = R
[
cos
{
θf − θ−θr

θm−θr
(θf − θm)

}
− cos θf

]
(θr ≤ θ < θm)

(2.2)
Here, R is the wheel radius. Furthermore, θf and θr are the entry and exit
angles, respectively, which are calculated from the positional relationship
between the wheels and the terrain surface. Moreover, θm represents the
angle at which the normal stress σ(θ) becomes maximum, and it is expressed
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as follows:

θm = (a0 + a1s) θf (2.3)

Here, a0 and a1 are called the maximum stress angle constants and they
depend on the ground property. Furthermore, s is the slip ratio, which is
defined as follows:

s = 1− v

Rω
(2.4)

Here, ω is the angular velocity of the wheel, and v is the translational veloc-
ity. The shear stress τ generated in the tangential direction of the wheel is
expressed by the following equation using the shear strength of the soil (ad-
hesive stress c and internal friction angle ϕ) and the relative slip displacement
jx between the wheel and the soil.

τ (θ) = (c+ σ tanφ)
(
1− exp−jx/kx

)
(2.5)

Here, jx is the value obtained by integrating the relative slip velocity vsx of
the wheel surface over time and is expressed by the following equation:

jx (θ) =

∫ t

0

vsxdt

=

∫ θf

−θr

[rω {1− (1− s) cos θ}] 1
ω
dθ

= r [θf − θ − (1− s) (sin θf − sin θ)] (2.6)

The drawbar-pull Fx is obtained by integrating the x-direction (traveling
direction) components of the normal stress σ and shear stress τ acting on
the wheel over the ground contact region. That is,

Fx = rb

∫ θf

−θr

[
τ(θ) cos θ − σ(θ) sin θ

]
dθ. (2.7)

The vertical reaction force Fz received by the wheel from the ground is calcu-
lated using the following equation by integrating the z-direction components
of normal stress σ and shear stress τ over the ground contact region:

Fz = rb

∫ θf

−θr

[
τ(θ) sin θ + σ(θ) cos θ

]
dθ (2.8)
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The drive torque Ty and traveling efficiency η can be evaluated using the
following equations, respectively:

Ty = r2b

∫ θf

−θr

[
τ(θ)

]
dθ (2.9)

η =
Fx(1− s)r

Ty

(2.10)

Here, the running efficiency indicates the efficiency at which the driving
torque is converted into drawbar-pull [51].

Figure 2.1: Variables related to the traveling characteristics and the distri-
bution of normal stress beneath a rigid wheel

Figure 2.2: Distribution of shear stress beneath a rigid wheel.
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2.2.2 Elastic wheel

This section outlines the traveling dynamics considering the flexibility of a
tire based on the substitution circle theory [52]. Fig. 2.3 shows a schematic
diagram of a flexible tire model.

When a flexible tire travels, it becomes deformed due to the contact
pressure from the ground. As shown in Fig. 2.3, the deformation of the
flexible tire during traveling can be approximated as a rigid wheel having a
larger radius of curvature than that of the wheel before deformation. The
circle that depicts the deformed surface of the tire is called a substitution
circle.

As shown in Fig. 2.3, the sinkage under the center of the flexible tire
is ho

∗, and the sinkage under the tire before deformation is ho. ho
∗ can be

expressed by the following equation:

ho
∗ = ho − δ (2.11)

Here, δ is the amount of tire deflection, and its relationship with the weight
M in the vertical direction is approximated by the polynomial of the following
equation:

δ = T1M
3 + T2M

2 + T3M (2.12)

T1，T2，and T3 are the flexible tire coefficients measured through experiments,
and these values can express the degree of tire deformation. By setting T1，

T2，and T3 to 0, a rigid wheel without deformation can also be described.
The radius r∗ of the substitution circle is derived from the following ap-

proximate expression: √
r∗

r
≈
√

1 +
δ

ho
∗ +

√
δ

ho
∗ (2.13)

For Eq. (2.13), r∗ is evaluated through the following equation using the tire
radius r before deformation, tire deflection amount δ, and sinkage ho

∗:

r∗ = r

(
1 + 2

δ

ho
∗ + 2

√
1 +

δ

ho
∗

√
δ

ho
∗

)
(2.14)
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The vertical load and traction force of a flexible tire can be obtained in a
similar manner as that for a rigid tire by evaluating the stress distribution
using r∗ and ho

∗.

Figure 2.3: Substitution circle model for flexible tire.

2.3 Resistive Force Theory (RFT)

2.3.1 Overview of RFT

The RFT is a relatively new terramechanics model proposed by Li et al., in
2013 [1]. Although it is difficult to consider the movement and shearing of
soil, the RFT can be employed to evaluate the resistive force generated in an
object with an arbitrary shape and movement at a low calculation cost.

According to the RFT, the stress σ on an object (small plate) is propor-
tional to the sinkage z and can be defined as follows:

σx = αx(β, γ) |z|
σz = αz(β, γ) |z| (2.15)

where the subscripts x and z represent the coordinate axes, as shown in Fig.
2.4. The stiffness α of the granular media depends on the orientation angle β
of the plate and the velocity vector angle (intrusion/extrusion angle) γ. The
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relationship among β, γ, and α can be obtained from the plate intrusion/ex-
trusion test of the target granular media [1]. Note that the definitions of β,
γ, and σx vary depending on whether the x component of the velocity vector
is positive or negative, as shown in Fig. 2.4. The distributions of α can be
expressed as follows:

αz(β, γ) = ζ
1∑

m=−1

1∑
n=0

[
Am,n cos 2π

(
mβ

π
+

nγ

2π

)
+Bm,n sin 2π

(
mβ

π
+

nγ

2π

)]

αx(β, γ) = ζ
1∑

m=−1

1∑
n=0

[
Cm,n cos 2π

(
mβ

π
+

nγ

2π

)
+Dm,n sin 2π

(
mβ

π
+

nγ

2π

)]
(2.16)

where the coefficients A, B, C, and D are obtained via Fourier transforma-
tion. The values of the Fourier coefficients used in this study were obtained
from the study by Li et al., (2013), as listed in Table 2.1. ζ is the scale factor,
which is used to express the stiffness of the granular media. The scale factor
is a constant that depends on the granular media, and it can be obtained
from the following equation:

ζ ≈ αz

(
0,

π

2

)
(2.17)

Eq. (2.17) corresponds to the vertical intrusion test when the plate orienta-
tion is horizontal.

�

�

�

�
�

�
�

�

�

�

�
�

�
�

��
�

(a) v
x

< 0 (b) v
x

> 0

Figure 2.4: Definitions of the orientation angle β, velocity vector angle γ,
and stresses σx and σz: (a) Definitions when the x component of the velocity
vector v is negative; (b) Definitions when the x component of the velocity
vector v is positive.
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Table 2.1: Fourier coefficients for RFT calculation [1].
A0,0 0.206
A1,0 0.169
B1,1 0.212
B0,1 0.358
B−1,1 0.055
C1,1 -0.124
C0,1 0.253
C−1,1 0.007
D1,0 0.088

(b) z-direction(a) x-direction

�
x
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m

3
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�
z
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m
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Figure 2.5: Distributions of αx and αz in the (β, γ) plane obtained using Eq.
(2.16), where ζ = 1.

2.3.2 Application method of RFT

The method of applying the RFT to terramechanics analysis can be summa-
rized as follows:
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1) The object is discretized into small sections, and the values of β and
γ for each part during forced-slip traveling are calculated. Specifically,
each part has an angular velocity ω and a translational velocity V as
shown in Fig. 2.6. Thus, γ is obtained from these combined veloc-
ity vectors, and β can be obtained considering the inclination of each
section.

2) The resistive force of each section on the wheel surface can be calculated
by substituting β and γ into Eq. (2.16).

3) The horizontal and vertical forces are calculated by performing an area
integration of the resistive force of the small piece-wise sections.

Eq. (2.16) presents a low-cost calculation of the RFT, and it can be
applied to an object with an arbitrary shape and movement; its constants are
derived based on the result of the plate intrusion/extrusion test. Therefore,
applying the RFT to a closed shape, such as a wheel, requires ingenuity. For
instance, a negative vertical stress calculated on the wheel parts (extrusion
case) corresponds to the force acting on the inside of the wheel. However,
this situation is different from the actual phenomenon because there is no
granular medium inside a closed-shaped wheel. Therefore, in this study, we
assumed that no stress is generated on the wheel surface (rear area in the
traveling direction) where the vertical stress becomes negative. In addition,
the distribution maps of αx and αz correspond to the range −π/2 ≤ β ≤ π/2,
−π/2 ≤ γ ≤ π/2 and the definitions in Fig. 2.4(a). Therefore, when the
velocity vector γ in the calculation points in the positive direction of the x-
axis, the calculation method needs to be changed to apply the RFT within the
range of the distribution map. In this study, when the horizontal component
of the velocity vector was inverted, as shown in Fig. 2.4(b), the reference
plane defining β and γ was also reversed. Thus, the sign of the resistive force
calculated using the RFT in the horizontal direction was also reversed.

In this study, a 3D terrain field was discretely modeled using a quadran-
gular prism corresponding to the cell size (dx, dy) of the 3D terrain surface,
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as shown in Fig. 2.7. Notably, it is necessary to calculate the height differ-
ence between the ground surface and each plate, which constitute the wheel
surface, to evaluate the sinkage in the RFT. Therefore, in this study, the
quadrangular column to which the center coordinate (x, y) of the small plate
belongs was determined; then, the sinkage was evaluated using the height of
the target quadrangular column.
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Figure 2.6: Application of the RFT to the wheel with grousers. The distance
from the center of the wheel to the grouser surface r is in the range of
D/2 ≤ r ≤ D/2 + hg.
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Figure 2.7: Application of the RFT to a rigid wheel, where da is the area of a
small plate. The quadrangular prisms in the background of the (x, z) plane
are the distribution of the cell height, which constitute the ripple pattern.

2.4 Review of terramechanics models

This section reviews the current terramechanics model. The advantages and
disadvantages of each terramechanics model and the future issues are de-
scribed.

2.4.1 BWR model

First, the BWR model, which is a classical terramechanics model, well ex-
presses the stress distribution in tires without grousers, particularly large
off-road vehicle undercarriages, such as dump trucks and wheel loaders. By
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adjusting parameters such as a0 and a1, the outline of the normal stress dis-
tribution can be provided, similar to the actual phenomenon. In addition,
the shear stress τ acting in the tangential direction of the wheel is based
on the Coulomb’s failure criterion, as shown in Eq. (2.5). This model well
expresses the driving force exerted by the wheel traveling on soft ground in
the steady state.

On the other hand, previous studies have indicated that the stress dis-
tribution evaluated for lightweight and small wheels is inaccurate [52], and
attempts are being made to measure the stress distribution and improve the
terramechanics model [53–55]. Furthermore, the scope of application needs
to be studied, as it is difficult to apply this model to wheels with complicated
shapes, such as those with grousers.

2.4.2 RFT

While the BWR model requires several parameters for analysis, the RFT can
evaluate the motion characteristics of an object with an arbitrary shape and
movement using a single parameter called a scale factor ζ. It is apparent that
the parameter estimation for analysis is simple, but the scale factor ζ must
be determined appropriately . Li et al. conducted a vertical penetration test
of a plate to obtain the scale factor ζ [1]. In the test by Li et al., a 3.81
cm × 2.54 cm plate was penetrated. However, the plate must be sufficiently
large compared with the particles to obtain the macro-mechanical interac-
tion between the target granular material and the object. Furthermore, the
material of the plate needs particular consideration. The resistive force is
greatly influenced by the surface texture of the plate. Therefore, as in the
study by Li et al., it is ideal that the friction coefficient of the plate is close
to that of the object to be analyzed [1].

Errors may also occur in the analysis using the scale factor ζ obtained
using the plate penetration test. In Li’s study, the movement of a C-type
leg-moving robot was performed. However, an error was confirmed in the
resistance obtained via analysis and experiment. Moreover, it was indicated
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that further parameter fitting was necessary [1]. For a more accurate simula-
tion, the author believes that a scale factor more suitable for analysis needs
to be obtained by using optimization methods, such as Bayesian estimation
and the Levenberg–Marquardt method.

In addition, when targeting complex shapes, such as wheels with grousers,
an appropriate evaluation with the RFT may be difficult, although it is pos-
sible to perform analysis. In the RFT, the relationship among the orientation
angle β, velocity vector angle γ, and stress per unit depth α obtained using
a plate intrusion/extrusion test is used to evaluate the stress generated in an
object. However, depending on the shape to be analyzed, the grousers inter-
fere with each other to affect the behavior of the sand, and the RFT, which
evaluates the stress distribution assuming the superposition of the mechani-
cal behavior of the plates, may not be able to handle it. The interference is
likely to occur in cases where sand enters the recessed part of the object. In
Chapter 5, the shape of the grouser is examined so that the sand between the
grousers is strongly compressed by this interference. However, it is difficult
to evaluate traveling phenomena including such a phenomenon accurately
using the RFT. The target shape should be considered to obtain accurate
mechanical properties using the RFT.

In addition, the motion conditions of the target object should be consid-
ered. The RFT is formulated based on the dynamics of collisions with fluids
and highly fluid granular media that form craters during collisions [56, 57].
Although there is no velocity dependence in the normal RFT, the resistive
force term proportional to the square of velocity cannot be ignored at a high
velocity [56–58]. The plate penetration test conducted by Li et al. was per-
formed at a penetration velocity (1 cm / s or lower) so low that the velocity
term was negligible. When using the RFT described in this chapter, the ve-
locity of the analysis target needs to be sufficiently low as in the penetration
test by Li et al. The property of the target granular bed should also be con-
sidered. Granular beds that are significantly different from those considered
in the formulation, such as strongly compacted sandy soils and cohesive soils
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with low fluidity, should be avoided.
Nevertheless, the only terramechanics model that can currently evaluate

qualitative mechanical properties for arbitrary shapes and movements is the
RFT. If used properly, it can be said to be an effective terramechanics model
for examining the specifications and work efficiency of machines, such as
wheels.

2.4.3 Challenges and future prospects of terramechanics models

It is believed that wheels in motion exert a driving force generated by the
complex combination of the wheel surface–sand slip and the sand–sand slip.
This phenomenon can also be confirmed by observing the periodic forma-
tion of the shear plane using Particle Image Velocimetry (PIV) and Finite
Element Method (FEM) [46, 53–55]. No model proposed so far reflects this
complicated slip. In particular, a method for evaluating the frictional force
between the wheel surface and the sand has not been established in the field
of terramechanics. As a method for expressing this friction, a friction model
based on the elasto-plastic constitutive law has been proposed [59–61]. By
using this method to evaluate the friction between wheels and sand and
combining it with the classical terramechanics model, terramechanics analy-
sis can be realized by considering complex slippage, which was not possible
until now.

The frictional force between the wheel surface and the sand increases
with relative slip, which transitions to dynamic friction. If the frictional
force does not exceed the shear strength of the sand in this process, the
dynamic frictional force exerted at the interface becomes dominant without
forming ruts. However, if it exceeds the shear strength of the sand, slippage
occurs between sands, and ruts are formed. Sand-sliding on sand relieves
the friction at the interface, and subsequently, the friction at the interface
becomes dominant again. The author believes that a process such as stick
slip is repeated under the condition that ruts are formed. By expressing
each of these phases by combining friction laws and classical terramechanics
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models, a highly accurate terramechanics model that considers the periodic
formation of shear bands may be constructed.
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3 MBD analysis using a terramechanics model:
Traveling analysis of a mining dump truck

In this chapter, as an example of terramechanics simulation, multibody dy-
namics (MBD) analysis using a terramechanics model is demonstrated. In
this study, the traveling simulation of a mining dump truck is performed,
and the control method mounted on the vehicle is examined.

3.1 Introduction

In recent years, development aimed at unmanned, automated, and remote-
controlled off-road vehicles, such as construction machinery and disaster
robots, has been undertaken, and it has begun to be applied to various
tasks [7, 62]. Furthermore, in the mining industry, the automatic operation
of mining dump trucks and bulldozers is being promoted to reduce costs and
improve safety. On a wide variety of off-roads, including soft ground such as
in mines, vehicles are extremely likely to slip and become stuck, even at rela-
tively low speeds. Therefore, efforts are being made to improve their traveling
performance by introducing slip control, such as a traction control system
(TCS) and an anti-lock braking system. However, a tool for pre-evaluating
the motion characteristics of the vehicle is indispensable to examine the ef-
fects of these control methods. Numerical analysis based on terramechanics
is effective for evaluating the traveling characteristics considering the slip and
sinkage of off-road vehicles.

Therefore, in this study, by introducing the Bekker–Wong–Reece (BWR)
model [2, 3, 35, 63, 64], which is a semi-empirical terramechanics model, to
MBD analysis, the traveling analysis of mining dump trucks is performed and
the effectiveness of TCS is examined. Specifically, a single-wheel model and
vehicle model are created, and the climbing performance under several types
of soil conditions is evaluated. Furthermore, the changes in terrain parame-
ters that accompany the passage of wheels are expressed using a multipass
model [65]. The effect of the multipass model on the traveling characteristics
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of the vehicle is also examined.

3.2 Analysis model

This section describes the model for traveling analysis. In this study, an
unmanned dump truck (Innovative Autonomous Haulage Vehicle: IAHV)
manufactured by Komatsu Ltd. [66] was targeted. Table 3.1 lists the specifi-
cations of the IAHV. The IAHV has a total weight of 416 tons and a maxi-
mum load capacity of 230 tons, which make it one of the largest dump trucks
used for mining. A major difference from general mining dump trucks is that
each wheel is equipped with a drive motor, and a four-wheel drive/four-wheel
steering system is adopted. Therefore, the drive torque of each wheel can be
controlled independently.

Table 3.1: Specifications of the IAHV
Vehicle weight [ton] 416
Maximum load capacity [ton] 230
Power source Diesel engine
Drive system All wheel motor
Rated output [kW(HP)] 2014 (2700)
Maximum speed [km/h] 64
Minimum turning radius [m] 15.9
Full length [m] 15
Full width [m] 8.5

In this study, MBD analysis was performed using the commercial software
Adams. Here, the terramechanics model was introduced by using a user
subroutine (tire model). Specifically, the six-component force of the tire was
evaluated using the terramechanics model from the sinkage at each time step
and is reflected in the vehicle behavior.
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3.2.1 Single-tire traveling analysis

In the full vehicle model (four-wheel model), traveling analysis is possible
considering not only the interaction between the ground and the tires but
also the influence of the movement of the entire vehicle and the shape of the
slope. However, a single-tire pre-analysis is also important to investigate the
effect of the interaction between the ground and the tire, which is the focus
of this study. Therefore, first, an analysis model focusing on a single-tire will
be described.

Fig. 3.1 shows a single-wheel model. The tire specifications were set to
be similar to those installed on the IAHV. The tire specifications are listed
in Table 3.2. As for the tire width, the effective width considering flexibility
was used in the terramechanics analysis. In the single-tire analysis, traveling
parameters, such as drawbar-pull and slip ratio, were evaluated by inputting
the specified translational velocity and angular velocity under a constant
vertical load.

Figure 3.1: Single-tire model.

Table 3.2: Tire specifications (Michelin 59/80R63 XDR2).
Tire size 59/80R63
Diameter [m] 4.028
Width [m] 1.503
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3.2.2 Full vehicle model

Fig. 3.2 shows the full vehicle model of the IAHV. The full vehicle model is
constructed based on the vehicle specifications of the IAHV, and the drive
system is 4WS. In addition, although the empty/loaded state can be se-
lected as needed, the empty condition was used in this analysis. To confirm
the effectiveness of TCS, a terrain surface with a slope of 15%, which has
a relatively severe slope as shown in Fig. 3.3, was adopted as the course
model. The driving conditions for the four-wheel model are four-wheel in-
dependent full throttle control based on the drive torque obtained from the
actual machine. Full throttle control refers to axle torque control that reflects
the wheel rotation velocity–wheel torque relationship measured in the actual
machine. Moreover, as shown in Fig. 2.1, compression and elastic recovery
of the terrain surface occur behind the wheels. Therefore, the height of the
reference terrain surface after the wheel has passed is lower by (1−κ)ho with
respect to the front of the wheel.

Next, the TCS introduced in this study will be described. Fig. 3.4 shows
a schematic diagram of the traction force characteristics on soft ground. As
shown in the figure, drawbar-pull shows a maximum value at a certain slip
ratio and then gradually decreases due to excessive slippage. This is because
the traveling resistance increases with sinkage. In this study, the system that
controls the drive torque so that the wheel slip ratio is at the target value st

is defined as TCS and introduced to the analysis.
Fig. 3.5 shows the TCS control flow. The vehicle velocity and the number

of revolutions are detected, and the rotational velocity difference P1 between
the front and rear wheels is calculated using the following equation:

ωf − ωr

ωf + ωr

= P1 > Pc (3.1)

Here, ωf and ωr are the tire average rotation velocities of the front and
rear wheels (average rotation velocities of the right and left wheels) [rad /
s], respectively. Pc is the TCS control value (threshold value). The TCS
is activated when P1 exceeding the threshold value continues for a certain
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period (operation judgment time tc). When the TCS is activated, the drive
torque is controlled independently for each wheel to follow the target slip
ratio st.

Figure 3.2: IAHV full-vehicle model.

15%

Figure 3.3: Road model for climbing analysis.
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Figure 3.5: Calculation flow of TCS.

3.3 Climbing analysis of vehicles with TCS

In this section, the climbing analysis of the vehicle with TCS is performed,
and the target slip ratio required for control is determined. Then, the effect of
the presence or absence of TCS on the traveling characteristics is examined.
Furthermore, the terrain surface conditions are changed, and the effect of
the changes on the traveling characteristics and TCS is confirmed. The
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traveling characteristics under each terrain surface condition are confirmed by
acquiring the drawbar-pull–slip ratio relationship using single-tire traveling
analysis.

3.3.1 Effect of target slip ratio

First, an appropriate target slip under the assumed terrain conditions is
examined. Table 3.3 lists the terramechanics parameters set in this anal-
ysis. Note that the parameters do not assume a specific terrain surface.
We adopted a value that can express the traveling characteristics on soft
ground. Fig. 3.6 shows the drawbar-pull–slip ratio relationship obtained by
performing single-tire traveling analysis under the conditions listed in Table
3.3. The figure shows that this relationship is qualitatively consistent with
that of typical soft ground. In addition, under the terrain surface condition,
drawbar-pull becomes the maximum value near a slip ratio of 0.25 [-]. On the
other hand, the vertical load on the wheels changes depending on the pos-
ture of the vehicle. Fig. 3.7 shows the slip ratio–drawbar-pull relationship
when the vertical load is changed. The peak of the drawbar-pull increases
as the load increases, whereas it decreases at high slip rates. The results
show that, at a high load, large traction is likely to be generated, but the
sinkage increases due to the high load and the resistance from the front also
increases. However, the slip ratios at which the drawbar-pull reaches its peak
are approximately the same under all the load conditions.

A traveling analysis of the full vehicle model was performed on a terrain
surface with a slope of 15%, which has the terrain conditions listed in Table
3.3. In the analysis, the target slip ratio st during the TCS operation was
set to 0.10, 0.25, 0.40, and 0.60, and the effect of the control target value on
the traveling characteristics was confirmed. The threshold value Pc was set
to 0.10, and the operation judgment time tc was set to 1.0 s.

Fig. 3.8 shows the changes over time in the horizontal displacement and
slip ratio. Under all the conditions, the TCS operates near 8 s and finally
maintains the target slip ratio. Moreover, when the target slip ratio is set

31



to s = 0.25, which maximizes the drawbar-pull in Fig. 3.6, the migration
length becomes maximum. Therefore, this value is an appropriate target slip
ratio for this terrain surface.

Table 3.3: Parameters of the terramechanics model.
c Cohesion stress of soil [kPa] 0.100
ϕ Soil internal friction angle [deg.] 15.0
kc Pressure sinkage modulus for cohesion stress [-] 0
kϕ Pressure sinkage modulus for internal friction angle [-] 50.0
ρ Soil density [kg/m3] 1500
n Pressure-sinkage ratio [-] 1.1
kx Soil deformation modulus in the x direction [m] 0.10
κ Exit angle coefficient [-] 0.15
a0 Maximum stress angle coefficient [-] 0.210
a1 Maximum stress angle coefficient for slippage [-] 0.615

Figure 3.6: Relationship between slip ratio and drawbar-pull obtained using
the single-tire model.
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Figure 3.7: Relationship between slip ratio and drawbar-pull when the ver-
tical load is changed.

Figure 3.8: Variations of migration length and slip ratio with the elapsed
time.
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3.3.2 Effectiveness of TCS

In this section, the effectiveness of TCS is examined. The climbing analysis
of the vehicle is performed using the above conditions and terramechanics
parameters. The effect of the presence or absence of TCS (hereinafter TCS-
ON or TCS-OFF, respectively) on the traveling characteristics of the vehicle
is confirmed. The target slip ratio for TCS-ON is set to st = 0.25, which had
a considerable effect in the analysis described in the previous section.

Fig. 3.10 shows the changes over time in the migration length and slip
ratio. The figure shows that the vehicle becomes stuck under the TCS-OFF
condition. However, under the TCS-ON condition, it continues to climb the
slope within the analysis time. Thus, it can be confirmed that the TCS is
effective in improving the traveling performance of vehicles on soft ground.
In addition, driving at the lowest possible slip ratio is possible by properly
controlling the target slip ratio. Therefore, from Eq. (2.10), not only the
climbing performance but also the fuel consumption and tire consumption
can be expected to be reduced.
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Figure 3.9: Comparison of traveling performance with and without the TCS.

Figure 3.10: Variations of migration length and slip ratio with and without
the TCS.
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3.3.3 Effect of terrain condition

Next, the effect of the variation of the traveling characteristics depending on
terrain conditions on the TCS control is examined. Using the terramechanics
parameters of the three conditions (Type A, Type B, Type C) listed in Table
3.4, the same climbing analysis as in the previous section was performed.
Fig. 3.11 shows the drawbar-pull characteristics obtained by analyzing the
single-tire model. From the figure, under the conditions of Type A, Type
B, and Type C, the drawbar-pull is the maximum at s ≈ 0.1, 0.4, and 0.6,
respectively.

Fig. 3.12 (a), (b) and (c) show the analysis results of the migration length
obtained under the conditions of Type A, Type B, and Type C, respectively.
Here, all the traveling analyses are performed under the condition of TCS-
ON, and the target slip ratio st is 0.10, 0.25, 0.40, and 0.60. The figure
shows that the climbing performance differs depending on the target slip
ratio under all the terrain conditions. Moreover, when the slip ratio that
maximizes the drawbar-pull is set to st in Fig. 3.11, the migration length
becomes maximum. In general, the drawbar-pull required for climbing a slope
differs depending on the slope, but this analysis method facilitates vehicle
traveling analysis that reflects the terrain conditions and traveling conditions.
Therefore, it is considered to be effective for the preliminary examination of
TCS control methods and control values required for unmanned traveling.
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Figure 3.11: Relationship between slip ratio and drawbar-pull obtained with
the soil conditions of Type A, Type B, and Type C.

Table 3.4: Analysis parameters for Type A, Type B, and Type C.
Type A Type B Type C

c Cohesion stress of soil [kPa] 0.100 0.100 0.100
ϕ Soil internal friction angle [deg.] 14.0 25.0 35.0
kc Pressure sinkage modulus for cohesion stress [-] 0 0 0
kϕ Pressure sinkage modulus for internal friction angle [-] 45.0 25.0 80.0
ρ Soil density [kg/m3] 1500 1500 1500
n Pressure-sinkage ratio [-] 1.1 1.1 1.1
kx Soil deformation modulus in the x direction [m] 0.030 0.370 0.680
κ Exit angle coefficient [-] 0.15 0.15 0.15
a0 Maximum stress angle coefficient [-] 0.210 0.210 0.210
a1 Maximum stress angle coefficient for slippage [-] 0.615 0.615 0.615
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(a) Type A

(b) Type B

(c) Type C

Figure 3.12: Variations of migration length with the elapsed time under the
conditions of Type A, Type B, and Type C.
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3.4 Examination of multipass effect

Finally, the multipass effect is examined. The multipass effect indicates
that the terrain characteristics change when the ground is compacted by
the tires and tracks when the off-road vehicle is traveling. It is apparent
that the multipass effect has a strong influence on the traveling performance
evaluation of off-road vehicles. In this study, the behavior when the rear
wheels pass over the ruts that the front wheels have compacted is targeted.
Here, the following preconditions are set for the MBD analysis using Adams.

1. The rear wheels must pass on the ruts of the front wheels, and offset
from the ruts is not considered.

2. The compacted terrain property is not calculated automatically in the
subroutine. This phenomenon is handled by setting the terramechanics
parameters for the front and rear wheels separately. That is, it is
assumed that the front wheels compact the soil and the rear wheels are
traveling on a ground with different characteristics compared with the
front wheels.

In setting the terramechanics parameters, we refer to the studies by Holm
[67] and Senatore & Sandu [65]. Holm experimentally showed that the change
in terrain characteristics is a function of the slip ratio, and the density change
is approximated by the following equation:

ρN = ρ0[1 + (1− e−s/k1)k2 + k3N ] (3.2)

Here, k1, k2, and k3 are multipass effect coefficients. s is the slip ratio, and
N is the number of repeated runs. In addition, the cohesion stress c listed
in Table 3.3 and the parameter kx related to shear stress are approximated
by the following equations:

cN = c[1 + (1− e−s/k1)k2 + k3N ] (3.3)

kx
N = kx[1 + (1− e−s/k1)k2 + k3N ] (3.4)
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In this study, for the sake of simplicity, the same k1, k2, and k3 were used in
Eq. (3.2)–Eq. (3.4).

In the following, the effect of the multipass model on the climbing per-
formance will be examined. The set analysis conditions and terramechanics
parameters are the same as those listed in Table 3.3. However, due to the
multipass effect, the three terramechanics parameters shown in Eq. (3.2)–
Eq. (3.4) change according to the number of repeated runs N . Specifically,
the terramechanics parameters of N = 0 for the front wheels and N = 1 for
the rear wheels are applied during the first climb. When passing the same
terrain surface again, the terramechanics parameters of N = 1 for the front
wheels and N = 2 for the rear wheels are applied. Fig. 3.13 shows the
changes in density and cohesion stress due to the multipass effect used in
this analysis. Here, assuming soft ground, the parameters are set to k1 =
0.10, k2 = 0.50, and k3 = 0.05 to reproduce the situation where the ground
is largely compacted in the first run and then gradually compacted in the
subsequent runs. As this study is intended for the case where TCS operates,
this issue was dealt with by substituting the control target value st into s in
Eq. (3.2)–Eq. (3.4).

Fig. 3.14 shows the migration length when the multipass effect is ap-
plied under various conditions. Here, the solid line shows the case where the
multipass effect is not considered, the broken line shows the case where the
multipass effect is considered, and the dotted line shows the case where the
same terrain surface is climbed again considering the multipass effect. The
figure shows that the climbing performance is improved by considering the
multipass effect. This is because the traveling performance is improved by
compacting the ground, and the load sharing ratio changes due to the differ-
ence in sinkage. Fig. 3.15 shows the time-series variations in the sinkage of
the front and rear wheels during the first run. The black line in the figure
shows the sinkage of the front wheels, and the red line shows the sinkage of
the rear wheels. The solid line is the result with the multipass effect, and the
broken line is the result without the multipass effect. As the terramechanics
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parameters are the same, there is no difference in the sinkage of the front
wheels, regardless of the presence or absence of the multipass effect. The
sinkage of the rear wheels is reduced by approximately 120 [mm] when the
multipass effect is considered. It can be confirmed that the inclination of
the vehicle body changed as the sinkage of the rear wheels decreased, and
the drawbar-pull required for climbing also changed. From the time series
variations of the vehicle pitch angle shown in Fig. 3.16, it can be observed
that the inclination of the vehicle when the multipass effect is considered
is suppressed. Thus, it is important to evaluate the multipass effect in the
MBD analysis of a dump truck for mining, particularly when it is traveling
on soft ground.

Figure 3.13: Change in density and cohesion due to multipass effect.
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Figure 3.14: Multipass effect on migration length.

Figure 3.15: Multipass effect on sinkage.
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Figure 3.16: Multipass effect on vehicle pitch angle.

3.5 Conclusion

In this chapter, traveling simulations were conducted by introducing the ter-
ramechanics model for the interaction between the terrain surface and the
dump truck for mining. In particular, TCS was incorporated to study slip
control during climbing and its control target value. In addition, analyses in
which the terrain conditions were changed to several types were conducted,
and the effectiveness of TCS was confirmed for various terrain surfaces. Fur-
thermore, it was shown that it is indispensable to consider the influence of
the multipass effect in verifying the traveling performance and setting the
control target value. However, when studying slip control systems, such as
TCS, it must be considered that the traveling characteristics of the front and
rear tires change when compaction occurs. Although not considered in this
analysis, examining whether the target slip ratio of TCS should be set indi-
vidually for each wheel according to the multipass effect should be undertaken
as a future task. Furthermore, note that the terramechanics parameters used
in this study do not assume specific terrain conditions. Analysis assuming
specific terrain conditions requires on-site soil testing and parameter fitting.
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This issue should be addressed in the future.
Furthermore, the terramechanics model used in this simulation has re-

strictions on the applicable shapes. The BWR model adopted in this study
is intended for tires with a simple shape and does not assume simulations for
wheels with protrusions called lugs or grousers. It is necessary to reexamine
the terramechanics model used, to conduct traveling simulations and shape
studies for tires with complex shapes.
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4 Study on applicability of RFT to traveling
analysis of wheel with grousers

As mentioned in Chapter 3, the BWR model, which is a classic terrame-
chanics model, has restrictions on the applicable shapes. Therefore, in this
chapter, the traveling characteristics of the grouser wheel are evaluated by
utilizing RFT, which is a relatively new terramechanics. The applicability
of RFT is verified by comparing the RFT analysis results with the DEM
analysis results.

4.1 Introduction

In future moon and planetary exploration activities, various operations are
expected on soft soils, such as the landing of landers, drilling and sampling
of the ground, installation of observation equipment, and construction of
bases. To realize these tasks, rovers and robots moving on soft ground are
indispensable, and related research has been conducted.

However, it is widely known that the surface of the moon/ planet is cov-
ered with fine sand, called the "regolith", under a microgravity environment.
Therefore, vehicles can easily sink and become stuck [68–71]. In addition,
there are various sand ripples on the ground of Mars, and these are also
known to interfere with wheel traveling [6, 12]. To proceed with tasks while
avoiding getting stuck, it is effective to establish a traveling plan by simula-
tors based on the terramechanics analysis method, which can accurately and
quickly evaluate the traveling characteristics. There are various approaches
to calculating the traveling characteristics of off-the-road vehicles on soft
ground. Representative examples include numerical analysis methods, such
as discrete element method (DEM) [39–45, 72] and finite element method
(FEM) [46–48, 50, 73–75], focusing on the interaction between the traveling
part and the soil. In these methods, advanced contact models and consti-
tutive models are introduced, and thus, the soil deformation and movement
can be accurately analyzed by adopting fine discretization (fine particles or
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elements). However, it is difficult to apply DEM and FEM to the analysis of
the behavior of the entire vehicle because high calculation cost is required.

Meanwhile, it is possible to evaluate the interaction between soil and
machine within the framework of the multibody dynamics using common en-
gineering terramechanics models, such as the Wong and Reece model (based
on Bekker’s work). This type of semi-empirical approach can be applied to
the behavior analysis of the entire vehicle at a relatively low cost [6, 35, 76].
Furthermore, in general, although the rover’s wheels are accompanied by
grousers or lugs to improve the traveling performance, this semi-empirical
approach can also be applied to such cases. However, there are restrictions
on calculable shapes, and problems, such as being unsuitable for arbitrary
traveling parts, remain.

On the other hand, Resistive Force Theory (RFT) has been proposed to
empirically estimate the reaction force of a rigid body moving inside a loose
granular medium. Although the RFT was originally developed for viscous
drag problems, RFT has attracted renewed attention in recent years as a
method that can easily reflect the interaction between a granular medium
and a traveling part having arbitrary shapes (including parts, such as legs,
interacting with soil) [1, 36–38]. The RFT has been applied to multibody
dynamics analysis for legged mobile robots [1, 36] and wheel traveling anal-
ysis [38], and its applicability for terramechanics problems has been verified.
Furthermore, Slonaker et al. [38] utilizes the intrusion force evaluated by
RFT to derive general scaling relations for locomotion in granular media.
Note that Askari and Kamrin [37] have already explained the physical rea-
sons why granular media having complex behaviors locally can be expressed
by RFT. According to their research, RFT may be applicable to cohesive
media unless a target soil is a velocity-dependent viscous medium. In ad-
dition, they are organizing a new family of resistive-force-obeying material,
and it has been shown that RFT shows good prediction accuracy with loose
granular media. Therefore, if this theory can also be applied to traveling
analysis of wheels with grousers (or lugs), RFT is expected to be an effective
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method in the field of terramechanics.
In this study, we examine the effectiveness of RFT on the analysis of

wheels having grousers by comparing RFT results with DEM analysis results,
because DEM is already recognized as an effective numerical analysis method
in the field of terramechanics. The strategy of this research is as follows:

1). DEM can demonstrate high analytical accuracy if appropriate condi-
tions are set for the interaction between soil and machine [39–45,72].

2). We conducted wheel traveling analyses for a loose frictional soil as a
virtual test based on the DEM. We used rigid wheel models with several
patterns of grousers.

3). Using a DEM ground model (testbed) with the same condition of wheel
traveling analysis, we conducted a plate intrusion test to obtain param-
eters for RFT analysis.

4). Using the parameters obtained in Step 3, we conducted an RFTbased
wheel traveling analysis under the same conditions as in Step 2.

5). If the results of the DEM can be satisfactorily reproduced by RFT, it
will lead to the realization of multibody dynamics analysis with high
accuracy and low cost for complex wheel shapes. Also, if there is some
discrepancy between them, it is possible to clarify the cause and to
consider the scope of application.

In Section 4.2, we conduct plate tests using both DEM and RFT and
compare these results. We then identify the parameters for calculation of
RFT. In Section 4.3, we calculate the traveling characteristics of the wheels
with grousers using the obtained RFT parameters, and we compare them
with the calculation results using DEM. Furthermore, we also discuss the
validity of RFT and its limitations. Finally, in Section 4.4, we present our
conclusions.
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4.2 Virtual plate test using DEM

4.2.1 Analysis model

As a virtual plate intrusion/extrusion test, we conducted DEM analysis.
In this study, the discrete element function of the commercial software LS-
DYNA was used. Fig. 4.1 shows the DEM analysis model. Here, the soil
particles were filled in the testbed by free falling from the upper side, to
realize a loose deposit condition (the density is 905.4 kg/m3). We adopted
the Voigt model for the treatment of particle contact. Table 4.1 shows the
parameters used for the DEM analysis. Here, we chose DEM parameters as
that the angle of repose corresponds to typical sandy soil.

The plate was set to be a rigid body, and the prescribed forced displace-
ment was given corresponding to the specified orientation angle b and velocity
vector angle c. Here, the plate was the same size as that used for the real
test [1], and we assumed that the friction coefficient between the soil particle
and plate is the same as that between the soil particles.

7
5

 m
m

Plate (38.1 mm�25.6 mm�6 mm)

x

z

y

Figure 4.1: DEM Analysis model for plate tests.

48



Table 4.1: Analysis condition of DEM model.
Particle diameter [mm] 3.00
Static friction coefficient [-] 0.750
Dynamic friction coefficient [-] 0.750
Density of particle [kg/m3] 1550
Young’s modulus [MPa] 100
Poisson ratio [-] 0.400

4.2.2 Determination of scale factor ζ

First, the scale factor was determined using the results of the virtual plate test
by DEM. Because the scale factor is obtained from Eq. (2.17), we analyzed
the condition in which the horizontal plate intrudes vertically downward.
Fig. 4.2 shows the stress ‒ sinkage relationship obtained by DEM and RFT.
Here, the solid line is the result of DEM, while the dashed line is the result of
RFT. Because α is defined as the stiffness of the stress ‒ sinkage relationship,
the scale factor can be determined by the inclination. In general, although
the stress ‒ sinkage relationship shows nonlinearity, the RFT result shown
in Fig. 4.2 was approximated to a straight line passing through the origin
by the least-squares method. Thus, the scale factor of the soil model shown
in Fig. 4.1 was determined to be 0.191.

Next, to confirm the validity of the obtained scale factor, we compared
the stress ‒ sinkage relationships between DEM and RFT under several ori-
entation angles β and velocity vector angle γ. The scale factor of RFT used
was ζ = 0.191, which was already determined. Fig. 4.3 shows the stress
‒ sinkage relations under two conditions of intrusion and two conditions of
extrusion. The solid line is the result of DEM, while the dashed line is the
result of RFT. It is confirmed from Fig. 4.3 that the stress ‒ sinkage rela-
tions in the horizontal and vertical directions obtained by the RFT are in
good agreement with those obtained by DEM. The abovementioned results
show that the virtual plate test using DEM can be reproduced by RFT.
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Figure 4.2: Comparison of the vertical stress vs. sinkage relation between
DEM and RFT. Here, β = 0and γ = π/2. The scale factor is determined as
ζ = 0.191 by the linear approximation.
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Figure 4.3: Comparison of the stress vs. sinkage relation between DEM and
RFT under various orientation angles and velocity vector (intrusion/extru-
sion) angles: (a) β = 0, γ = π/4; (b) β = π/4, γ = π/2; (c) β = 0, γ = −π/4;
and (d) β = π/4, γ = −π/2.

4.3 Traveling analysis of wheel with grousers

Because the consistency of DEM and RFT was confirmed in the plate test,
in this section, we confirm the applicability of RFT to the wheel traveling
analysis with more-complex shapes and movements.

4.3.1 Analysis model and boundary condition

Fig. 4.4 shows the DEM analysis model for the single-wheel traveling anal-
ysis, which is used as the virtual test. We adopted three types of wheel, as
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shown in Table 4.2, while the condition of the testbed was the same as in
Fig. 4.1. The width of the wheel and that of the testbed were the same;
thus, the plane strain condition was assumed.

In the DEM and RFT analyses, the slippage of the wheel was controlled by
independently setting the prescribed traveling velocity v and rotation velocity
ω. For verification of RFT, we focused on the variation of the coefficient of
traction, which is defined by the ratio of the drawbar-pull and wheel load.
The slippage s is defined as follows:

s = 1− v

Dω/2
(4.1)

where D is the diameter of wheel. In the analyses, the rotation velocity
ω of the wheel was fixed at 0.5 rad/s, while the traveling velocity v was
adjusted. In addition, a lightweight and compact vehicle was assumed for
these analyses, and the wheel load was set to be 20 N.

In this study, the wheel surface part was discretized by a 0.5 mm length
of plates. The grouser part was discretized by 30 plates, while wheel part was
discretized by 0.01 rad intervals. We also conducted the RFT analysis under
the condition that the discretization was further refined, and we confirmed
that the influence was small enough.
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Figure 4.4: DEM analysis model for the single wheel traveling test. The
ground condition is the same as the model shown in Fig. 4.1.

Table 4.2: Specifications of wheels.
Wheel A Wheel B Wheel C

Number of grouser Ng [-] 20 20 15
Height of grouser hg [mm] 6 9 9
Thickness of grouser tg [mm] 4
Wheel diameter D [mm] 100
Wheel width B [mm] 127

4.3.2 Comparison of results obtained by DEM and RFT

Because the virtual test bed of the DEM analysis model shown in Fig. 4.4 was
the same as that of the plate tests, the same scale factor f already determined
was used for comparison of results between by DEM and RFT.

Figs. 4.5(a), 4.6(a), and 4.7(a) show variations in the coefficient of trac-
tion as a function of elapsed time under each slippage obtained by DEM
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analysis using wheels A, B, and C. Here, a low-pass filter was used (cut-
off frequency is 3 Hz) for the results of DEM, as the fluctuation was large.
As can be seen from the figure, the drawbar-pull fluctuates owing to the
influence of grousers. Furthermore, the drawbar-pull in steady traveling con-
ditions increases with slippage and height of grousers in the range of the
examined conditions. Figs. 4.5(b), 4.6(b), and 4.7(b) show variations in the
drawbar-pull as a function of elapsed time under each slippage obtained by
RFT analysis using three types of wheel. As with DEM analysis results, the
drawbar-pull in steady traveling conditions increases with slippage and the
height of grousers in the range of examined conditions. In the RFT, the
effect of slippage is reflected by the change in the velocity vector angle γ. In
addition, the periodic fluctuation of the drawbar-pull by grouser is also re-
flected owing to the change in γ and β during traveling. Comparing the state
of fluctuation between three types of wheel, it can be seen that the ampli-
tude of the drawbar-pull at the same slippage becomes higher together with
grouser height. Furthermore, it is also seen from the figures that the period
of fluctuation is influenced by the number of grousers. From this fact, it can
be confirmed that the RFT makes analysis reflecting the shape of the wheel
possible. Furthermore, as has been observed in experiments (e.g., Shikanai
et al., 2000 [77]), after the starting of traveling under a constant slippage,
drawbar-pull increases gradually and then converges to a steady value.

To examine the applicability of RFT in more detail, we created the stress
distribution on the wheel surface during steady traveling, as shown in Fig.
4.8. Here, the stress distribution is the result of Wheel A. The red lines
indicate stress generated in the horizontal direction, while the blue lines
indicate stress generated in the vertical direction. The length of the lines
corresponds to the magnitude of the stresses, and the direction of the lines
extending from the wheel surface corresponds to the direction of the stresses
applied to the wheel. Compared with the stress in the horizontal direction,
the area where the stress acts on the opposite side in the traveling direction
(left direction in the figure) at 0.1 slippage is wider than that at 0.5 slippage.
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Furthermore, the distribution area of stress in the vertical direction becomes
large with the increase in slippage. This is because the translational velocity
per unit length increases with low slippage, and the region where the velocity
vector angle γ is inclined forward increases. Thus, the phenomenon that
the drawbar-pull increases with slippage is naturally expressed by RFT. A
similar tendency was also confirmed in Wheels B and C. However, it should be
noted that the relationship between sinkage and slippage cannot be properly
expressed by RFT, as will be explained in a later discussion.

Fig. 4.9(a) and (b) show the relationship between the steadystate co-
efficient of traction and slippage obtained by DEM and RFT, respectively.
The DEM results show a similar tendency to that reported in Sutoh et al.
(2012) [76]. However, there is no quantitative agreement between the DEM
and RFT analyses, and the consistency of the influence of grousers (height
and number) is not found. The cause of this will be discussed in the next
section.
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Figure 4.5: Variation of drawbar-pull with elapsed time under each slippage,
where the wheel A is used for calculations: (a) DEM; and (b) RFT. The co-
efficient of traction is computed by dividing the drawbar-pull by the constant
wheel load.
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Figure 4.6: Variation of drawbar-pull with elapsed time under each slippage,
where the wheel B is used for calculations: (a) DEM; and (b) RFT. The co-
efficient of traction is computed by dividing the drawbar-pull by the constant
wheel load.
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where the wheel C is used for calculations: (a) DEM; and (b) RFT. The co-
efficient of traction is computed by dividing the drawbar-pull by the constant
wheel load.
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Figure 4.9: The relationship between average coefficient of traction in steady
state and slippage: (a) DEM; and (b) RFT.
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4.4 Discussion

In this section, we discuss the reason why the relationships between the
steady-state drawbar-pull and slippage are different in DEM and RFT. The
first reason is that shearing of soil is not considered sufficiently in the cal-
culation of RFT. In general, when the wheel with grousers travels on soft
ground, particles are packed between grousers. Hence, an additive driving
force is generated by forming a shear plane between soil particles during
traveling.

Fig. 4.10 is a contour map of the absolute value of the particle veloc-
ity during wheel traveling obtained by DEM analysis using Wheel B. Here,
the slippage is 0.5. As is confirmed from the figure, the particles between
the grousers have large velocity, and the shearing between the particles is
expressed in the DEM analysis. In addition, as RFT is targeted for the
movement (like a swim) of the plate in granular media, the moving behavior
of soil toward the rear of wheel in a high-slippage regime is not considered.
Therefore, as can be seen from Fig. 4.8, the relationship between sinkage
and slippage in RFT is not properly evaluated. (Note that this shortcoming
is the same for the conventional terramechanics model.)

The second reason is that, to fully demonstrate the resistive force, it is
necessary for the plate to move independently. That is, when considering
the movement of multiple plates, it is necessary that the distance between
the plates is sufficiently secured, whereby the wheel with grousers examined
in this study is not necessarily guaranteed this condition. To examine the
two above-mentioned reasons in more detail, DEM and RFT analyses of two
types of plate test was carried out. Here, the soil condition is the same as in
Fig. 4.1.

Fig. 4.11 shows a schematic diagram of the first analysis condition and
obtained results. Fig. 4.11(a) shows a case where one independent plate
rotates in the soil. On the other hand, the model, as shown in Fig. 4.11(b),
consists of two plates, in which the second plate follows the first plate, mov-
ing in the same manner as in Fig. 4.11(a). Note that two plates maintain
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the parallel relationship and the distance between the normal lines with each
other. Fig. 4.11(c) and (d) show the analysis results of variations of resistive-
forces in the horizontal direction and vertical direction obtained by DEM and
RFT, respectively. The scale factor of RFT is obtained from Fig. 4.1 (i.e.,
ζ = 0.191). The solid line is the result of DEM, while the dashed line is the
result of RFT. As can be seen from the figure, when one plate independently
rotates in the soil̶Fig. 4.11(a) and (c)̶results obtained by DEM and RFT
are in good agreement. However, in case of two plates̶Fig. 4.11(b) and (d)
̶the result of DEM analysis is smaller than that of RFT. In RFT, if the
plate has the same β and γ, the same resistive force is generated. Hence,
the force of the two-plate model is simply twice that of the one-plate model,
based on the superposition principle. However, in DEM analysis, when the
distance of the plate is short, the number of particles between plates de-
creases, and the resistive force generated in the rear plate is correspondingly
reduced. When the distance between plates becomes sufficiently large, the
analysis results obtained by DEM and RFT almost agree with each other,
even in the case of multiple plates.

Fig. 4.12(a) shows a schematic diagram of the second analysis condition.
In the analysis, a model with a lid attached to two plates penetrated soil
by a fixed amount (16 mm), and then it moved at a constant velocity in
the horizontal direction. Here, the two vertical plates have a distance such
that they do not affect each other, and the sum of the resistive forces almost
agrees with the analysis of RFT. Fig. 4.12(b) shows the variation of the
resistive force obtained by DEM and RFT. The fluctuation of the result of
DEM analysis occurs when getting over the particle. As can be seen from
the figure, the value of the resistive force in the steady state is larger in
DEM than the value calculated in RFT, because the packed soil particles
between two vertical plates are subjected to vertical pressure by the lid and
then generate additive driving force by forming a shear plane.

Based on the above two types of analysis results and the result of the
particle velocity, shown in Fig. 4.10, when RFT is applied to the analysis of
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the wheel with grousers, the plate interval and shearing of particles cannot
be ignored. RFT can predict the reaction force with sufficient accuracy for
cases where the interaction between the object (plate) and granular media is
dominant, such as a legged mobile robot. Meanwhile, to apply RFT to cases
where the interaction between particles cannot be ignored, some extension
of the model is necessary. Even so, we believe that the low calculation cost
and high-precision performance of RFT is quite attractive, and we can use
it for various terramechanics problems.

Traveling direction

Figure 4.10: Snapshots of the wheel-soil interaction in the DEM analysis,
where the wheel B is used and the slippage is 0.5. The colors in the contour
map represent the magnitude of particle velocity.
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Figure 4.11: Schematic diagram of analysis condition for plate rotation test
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tion with elapsed time: (a) condition of single plate rotation; (b) condition
of two plates rotation; (c) results of single plate rotation; and (d) results of
two plates rotation.
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Figure 4.12: Schematic diagram of analysis condition for bulldozing test of
lidded plates and variation of resistive force in the horizontal direction with
elapsed time: (a) condition of bulldozing test; and (b) results of DEM and
RFT analyses.
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4.5 Conclusion

In this study, we examined the applicability of RFT for the analysis of a
traveling wheel having a grouser by comparing it with the DEM analysis
results. Specifically, we conducted plate intrusion/ extrusion and a wheel
traveling analysis for a loose frictional soil as a virtual test based on the
DEM. In plate tests, the results were revealed to be roughly consistent be-
tween DEM and RFT, but quantitative agreement was not confirmed in the
wheel traveling analyses. To examine the discrepancy between DEM and
RFT for the wheel traveling behavior, we conducted two additional analy-
ses. We found that the discrepancy is because interaction between particles
cannot be taken into consideration in RFT. In addition, we found that the
distance between grousers also affects the resistive force. Based on the re-
sults and discussion, we believe that RFT might be a promising approach in
terramechanics, although it is necessary to expand RFT to apply it to the
analysis of the traveling behavior of a wheel with grousers. Note that RFT
can easily be extended to three-dimensional problems. Therefore, RFT can
also be applied to the problem of turning ability that is indispensable for
multibody dynamics analysis of vehicles.

In this study, few kinds of numerical conditions were examined using
the plane strain condition of DEM. Thus, the range of examined conditions
is limited. To shows the robustness of RFT, various conditions should be
considered. In addition, RFT should be verified by comparing it with a real
test.
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5 Examination of wheel shape based on ter-
ramechanics analysis

Although RFT has some drawbacks, it enables mechanical analysis consid-
ering the complicated shape of an object. Therefore, in this chapter, the
traveling characteristics of the grouser wheel are evaluated 　 by utilizing
RFT, which is a relatively new terramechanics model proposed　 in recent
years, DEM, which is one of the numerical analysis methods, and　model
experiments. In addition, through these studies, a grouser shape suitable for
lunar / planetary exploration rover wheels will be proposed.

5.1 Introduction

As mentioned in the section 4, surfaces of moon and planet are covered with
fine sand called regolith [68], and vehicles can easily sink and get stuck in
the ground [78]. To avoid such accidents, the traveling performance of rover
wheels has been improved by attaching protrusions called grousers or lugs on
the surface of rover wheels. However, the cross-sectional shape of the grousers
used is usually rectangular, and other shapes have not been investigated in
sufficient detail.

The study of the interaction between soil and machinery is called ter-
ramechanics. Traveling performances have been investigated on a wide scale
from exploration rovers to mining dump trucks considering terramechan-
ics principles [3]. The evaluation approaches for the traveling performance
can be primarily divided into three categories. The first approach involves
experimental methods. It is possible to directly obtain the traveling char-
acteristics by conducting physical experiments, for example using targeted
vehicles or their undercarriage. The second approach involves performing
numerical analysis using the discrete element method (DEM) [39–45,72]and
the finite element method [46–50, 73–75]. In numerical analyses, the trav-
eling performance can be evaluated in detail if appropriate modeling and
discretization are carried out as it is possible to track the interaction of the
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traveling part and deformable soil with high accuracy. The third approach is
based on a semi-empirical theoretical formula known as the terramechanics
theory [3, 6, 35, 55, 71, 76]. The terramechanics theory predicts the traveling
performance of off-road vehicles using plate intrusion tests and direct shear
tests, and is also used in multibody dynamics analysis [6, 12,15,35].

Terramechanics-based studies on grousers have been conducted focusing
mainly on crawler vehicles [76, 79, 80]. Yong et al. (2012) investigated the
influence of grouser height and interval on the driving force. They found
that the grouser interval contributes significantly to the generation of the
driving force, and a certain ratio of the grouser interval to the grouser height
corresponds to the highest thrust. In addition, Muro (1993) measured the
driving force under various grouser interval to grouser height ratios and found
that the maximum thrust is generated when the ratio is in the range of 3 ‒
4. Several studies have also been conducted on wheel vehicles. For example,
Yang et al. [81] measured lug ‒ soil interaction forces of actively actuated lug.
In addition, Yang et al., [82] developed a new form of wheel equipped with
actively actuated lug (ALW). They showed that ALW can improve drawbar
performance in the traveling experiment of the wheel. However, most pre-
vious studies simply considered the cross-sectional shape of the grouser to
be rectangular, and only a few studies focused on the evaluation of different
grouser shapes.

In this study, we examined the grouser shape of rigid wheels based on all
the three approaches mentioned above, namely using a simple DEM anal-
ysis, single-wheel experiments, and terramechanics theory. Specifically, we
compared the traveling performance of wheels employing rectangular-shaped
and trapezoidal-shaped grousers. We verified the effectiveness of the packing
effect demonstrated by trapezoidal-shaped grousers, in which soil is strongly
compacted between grousers during traveling, as a new concept for wheel de-
sign. In terms of terramechanics theory, we adopted the resistive force theory
(RFT) [1, 37, 38], which has attracted attention in recent years. The RFT
can be employed to evaluate the resistive stress generated in an arbitrarily-
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shaped object moving in granular media at low calculation cost. Therefore,
the existence of packing effect and its effectiveness can be logically verified
using the difference between the drawbar-pulls obtained from single-wheel
experiments and RFT.

5.2 Packing effect

5.2.1 Basic concept of packing effect

In this study, we focused on the effectiveness of the trapezoidal-shaped grouser,
which has not yet been investigated in existing studies. It is considered that
trapezoidal-shaped grousers exhibit packing effect owing to soil compaction
between the grousers during motion, which serves to improve the traveling
performance. A direct effect of this approach is that the normal stress σ

under the rigid wheel becomes large, and sinkage of the wheel is also sup-
pressed.

In the conventional terramechanics theory, the Coulomb’s failure criterion
defined in Eq. (5.1) is widely used, and traction force is mainly exerted by
the shear stress τ generated under the wheel, that is,

τ = c+ σ tanϕ (5.1)

where c and ϕ denote the cohesion and internal friction angle, respectively.
The distribution of normal stress σ is evaluated according to the vertical load
and slippage of the wheel, and subsequently, the distribution of shear stress
τ can be evaluated using Eq. (5.1). Further, the driving force of grouser
wheel is generated not only by the shear stress but also by the resistive force
generated by the paddling of grousers. Assuming a simple superposition, the
drawbar-pull Fx can be defined as follows:

Fx = Fs + Fg −Rc (5.2)

Fs =

∫
τ cos θsdA (5.3)
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Fg =

Ng∑
i=1

fxi (5.4)

Rc is the traveling resistance, Fs is the force exerted by the shear stress, and
Fg is the sum of the resistive forces of Ng grousers in the x direction (see Fig.
5.1).

A rectangular-shaped grouser has been traditionally adopted to maximize
the second term in Eq. (5.2) because conventional terramechanics theory
does not take into account the change in the soil density between grousers.
However, in trapezoidal-shaped grousers, the presence of packing effect can
increase the normal stress σ between the grousers and suppress sinkage of the
wheel. As a result, the traveling resistance Rc is also considered to decrease.
Furthermore, from Eqs. (5.1) and 5.3, it is expected that the first term of
Eq. (5.2) increases, and optimization of the tradeoff relationship between Fs,
Fg, and Rc can result in a high traveling performance.

Figure 5.1: Schematic of driving force of grouser wheels: (a) rectangular and
(b) trapezoidal grousers.

5.2.2 DEM analysis

A simple intrusion analysis was performed using DEM to confirm the presence
of packing effect when trapezoidal-shaped grousers are used. In this study,
the commercial software package Rocky DEM was used.
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Fig. 5.2 shows the analysis models corresponding to one period of trapezoidal-
and rectangular-shaped grousers. Here, to clearly extract the packing effect,
the horizontal movement of particles was suppressed on the four side surfaces
of the soil boundaries.

The dimensions of rigid intruding objects reflected to the wheel grousers,
as described later, and the diameter of the particles was set according to the
cumulative probability as shown in the Table 5.1. After configuring the soil
particles, objects were set to vertically penetrate at a rate of 10 mm/s. In
this study, the loose deposition condition was realized by incorporating free
falling of particles from above. The density of particle media was 1581 kg/m3.
Table 5.2 lists the parameters used in the DEM analysis.

Fig. 5.3 shows the relationship between the vertical reaction force and
intrusion, where the intrusion is the length of the grouser tip penetrating from
the initial soil surface. The figure also shows the variations in the volume
fraction, obtained by dividing the particle volume filled between grousers
by the space volume between grousers. The vertical reaction force of the
trapezoidal grouser is larger than that of the rectangular groove for the same
intrusion. This occurs as the increase in the volume fraction of the filling
particles for the trapezoidal shape is quicker than that for the rectangular
shape and causes a larger compaction with a smaller intrusion. The beginning
of compaction corresponds to the inflection point of the volume fraction.

Notably, in Fig. 5.3, the intrusion volumes (volume of the grouser that
penetrated the initial soil surface) of the objects are different, while the intru-
sions are equal.Therefore, as shown in Fig. 5.4, we arranged the relationship
between the vertical reaction force and intrusion volume. Here, the intrusion
volume was evaluated based on the surface of particle media before deforma-
tion. It is confirmed from figure that a higher penetration resistance occurs
in the trapezoidal shape even in the same intrusion volume. That is, despite
the low intrusion volume, the trapezoidal-shaped grouser exhibits a higher
reaction force compared to that the rectangular type, indicating that high
compaction of particle media is generated.
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Thus, it can be hypothesized that the trapezoidal-shaped grouser exhibits
packing effect during motion based on the above DEM analysis results.

Figure 5.2: DEM analysis model corresponding to one period of the grousers.
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Table 5.1: Particle size distribution of DEM analysis model
Particle diameter [m] Cumulative probability [%]

2758 100.0
2449 99.9
2174 99.3
1930 96.2
1714 87.9
1521 76.0
1351 60.1
1199 43.5
1065 29.5
945.0 17.9
839.0 9.50
745.0 4.00
661.0 1.30
587.0 0.30
521.0 0.00
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Table 5.2: Parameters for DEM analysis.
Materials

Grousers
Density [kg/cm3] 7850
Young’s modulus [GPa] 100
Poisson’s modulus [-] 0.3

Particles
Particle density [kg/cm3] 2600
Young’s modulus [GPa] 0.1
Poisson’s modulus [-] 0.3
Rolling resistance [-] 0.5

Materials interactions
Particle – Particle

Static friction [-] 0.3
Dynamic friction [-] 0.3
Restitution coefficient [-] 0.3
Particle – Geometry (Grouser, Boundary)
Static friction [-] 0.0
Dynamic friction [-] 0.0
Restitution coefficient [-] 0.3
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Figure 5.3: Variation in the vertical reaction force and volume fraction with
the vertical displacement.
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Figure 5.4: Variation in the vertical reaction force with intrusion volume.
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5.3 Single-wheel experiment

A single-wheel traveling experiment was conducted using grouser wheels to
obtain the traveling performance corresponding to each considered grouser
shape.

5.3.1 Experimental setup

Fig. 7.4 shows an overview of the experimental rig. A soil vessel made
of acrylic resin, with length, width, and height of 1500 mm, 400 mm, and
400 mm, respectively, was filled with the prescribed amount of sand, and a
single-wheel traveled on it. The test bed comprised both a conveyance unit
and a wheel-driving unit, and each can be driven by an independent motor.
The translational velocity and angular velocity of the wheel were calculated
based on data obtained using encoders mounted on the conveyance motor
and wheel-driving motor. Thus, by controlling the translation velocity and
the angular velocity of the wheel, an arbitrary slippage can be defined.

In this study, slippage is defined by the following equation:

s = 1− V

(D/2 + hg)ω
(5.5)

where the radius pertaining to the angular velocity is obtained by adding
the radius, D/2 of the wheel and the grouser height, hg. In this study, we
conducted forced-slip experiments for four different grouser wheel types, and
the slippage was controlled by fixing the angular velocity, ω as 0.2 rad/s and
varying the translational velocity, V . Further, the vertical load condition
examined in this study is large enough to prevent a walking phenomenon of
the grouser wheel.

The forces and torques generated by the wheel locomotion were measured
using a six-axis force/torque sensor. Further, the wheel sinkage and traveling
distance were measured using magnetic scales. The specifications of the
sensors are listed in Table 7.1. The rated load of the force sensor is 200
N, while its detection sensitivity is 28 ‒ 36 LSB/N. The accuracy of the
magnetic scale is ±(80 + 15 µm/m×Ls) using the scale length Ls.
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In the experiment, the vessel of the single-wheel test bed was filled with
Toyoura sand. The soil density was maintained at approximately 1,488 kg/m3

in each traveling test. Fig. 5.6 shows images of the four types of grouser
wheel. The grousers attached to the wheels were fabricated using a 3D
printer. The resin material was Accura SL7870.

The dimensions of the wheels are listed in Table 5.4. The numbers of
grousers were 12 and 18. The wheel specifications were determined according
to previous studies [6, 41,46]. The same thickness was used at the tip of the
grousers, tg for the four types of wheels. Note that the evaluation of the
effect of grouser thickness is beyond the scope of this study.

F/T sensor
Motor A

Magnetic scale

Toyoura

sand

Motor B

Ball screw

Figure 5.5: Experimental setup of single-wheel traveling apparatus. In the
experiment, the translation and angular velocities were controlled under con-
stant wheel load.
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Table 5.3: Specifications of sensors.
Motor A Maxon motor RE-25 10 W
Motor B Maxon motor RE-40 150 W
Magnetic scale HIWIN PS-A
F/T sensor Wacoh-tech DynPick [WEF-6A200-4]

Rectangle A Rectangle B

Trapezoid A Trapezoid B

Figure 5.6: Grouser wheels utilized in this study.
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Table 5.4: Specifications of wheels.
Rectangle Trapezoid
A B A B

Diameter D [mm] 150
Width b [mm] 100
Grouser height hg [mm] 25
Thickness of grouser tip tg [mm] 10
Number of grousers Ng [-] 12 18 12 18
Vertical load W [N] 150 150 158 159

5.3.2 Experimental results

In this study, we conducted experiments at slippage values of 0.0, 0.1, 0.3,
0.5, and 0.7. Measurements were conducted three times at each slippage
condition. Figs. 5.7 (a) and 5.8 (a) show the variations in the drawbar-pull as
a function of the traveling distance, whereas the results for sinkage are shown
in Figs. 5.7 (b) and 5.8 (b). In all the conditions examined, the drawbar-pull
in the steady rolling state tends to increase as the slippage increased, and
then tends to saturate at larger slippage values. Further, it was confirmed
that the trend of increase in sinkage corresponding to slippage is the same in
all conditions because the shearing action of the sand by grousers per unit
traveling distance increased with slippage, whereas the traveling resistance
and contact area increased with sinkage. The trends obtained in the present
experiment agree with those reported in the study by Sutoh et al. (2012) [76].
Fig. 5.9 shows an image of the terrain surface after the passage of a wheel. As
the wheel travels, sand becomes packed between the grousers and is carried
rearward. Moreover, the rut width is almost the same as that of the wheels,
and the flow of sand to the sides cannot be confirmed. Thus, it is appropriate
to restrain the movement of the sand in the lateral direction in the DEM
penetration test.

Figs. 5.10 (a) and 5.10 (b) show the steady-state values of the coeffi-
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cient of traction and sinkage against slippage, respectively. The coefficient
of traction was computed by dividing the drawbar-pull by a constant wheel
load. From the figures, it can be confirmed that the steady-state coefficient
of traction is slightly lower for trapezoidal-shaped grousers, but the differ-
ence between the two cases is insignificant. On the other hand, it can be
confirmed that on average, the sinkage of trapezoidal-shaped grousers is sup-
pressed by 30% in wheels with 12 grousers and by 35% in wheels with 18
grousers compared to those of rectangular grousers.

These results indicate that a trapezoidal-shaped grouser can exhibit trac-
tion similar to or slightly lower than that of rectangular grousers, while sup-
pressing sinkage. This implies that a trapezoidal-shaped grouser can travel
while preventing sinking̶which is the factor responsible for making wheels
become stuck̶thereby enhancing the traveling performance.
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Figure 5.7: Variations in drawbar-pull and sinkage with traveling distance for
wheels with 12 grousers (Rectangle A and Trapezoid A): (a) Drawbar-pull,
(b) Sinkage.
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Figure 5.8: Variations in drawbar-pull and sinkage with traveling distance for
wheels with 18 grousers (Rectangle B and Trapezoid B): (a) Drawbar-pull,
(b) Sinkage.

Figure 5.9: Terrain surface after the passage of a wheel.
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Figure 5.10: Relationship between traveling performance and slippage ob-
tained through experiment: (a) Coefficient of traction, (b) Sinkage. Each
plot is evaluated by the average value of steady rolling state.

5.4 Trafficability analysis based on terramechanics the-
ory

We performed trafficability analysis using terramechanics theory to verify the
hypothesized effectiveness of the packing effect demonstrated by trapezoidal-
shaped grouser. In this section, application of RFT to traveling analyses of
the four types of grouser wheels is subsequently described.

5.4.1 Analysis results and discussion

Traveling analysis was performed based on the RFT under the conditions
assumed for the single-wheel traveling experiment described in Section 3
(that is, under a constant wheel load and forced-slip condition). As presented
in Table 5.4, the dimensions of the wheels were the same as those in the
experiment (see Fig. 5.6). The scale factor ζ was set as 1.5 N/cm3 based on
linear approximation of the plate intrusion test using the same soil condition
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as the single-wheel experiment. The grouser part was discretized using 30
plates, whereas the wheel part was discretized considering intervals of 0.01
rad.

Fig. 5.11 shows the variations in drawbar-pull with the traveling distance
obtained from RFT analysis. It can be observed from the figure that the
drawbar-pull fluctuates owing to the influence of the grousers. Fig. 5.12 also
shows the results obtained using RFT analysis, in which the lines correspond
to the average coefficient of traction in steady state for each slippage. From
the figure, it can be confirmed that the coefficient of traction increases with
increase in the slippage under all conditions. The RFT is based on the
principle of superposition and does not take into account the influence of
the grouser interval. Therefore, a higher number of grousers increases the
drawbar-pull. Meanwhile, a comparison of the coefficient of traction for each
wheel shape indicates that there is no significant difference in the values
for rectangular-shaped grousers. However, the values for trapezoidal-shaped
grousers were lower than those of rectangular-shaped grousers, particularly
at higher slippage because the shape of the grousers affects the resistive stress
distribution.

In this study, the scale factor was fixed at 1.5 N/cm3. However, variations
and errors in the scale factor are assumed to exist in reality. According to
Li et al., error occurs in the analysis result even when using the scale factor
obtained from a plate test [1]. Therefore, this study confirmed the effect
of changes in the scale factors on the analysis results. Fig. 5.13 shows the
relationship between the slip ratio-coefficient of traction relationship for a
wheel with 12 grousers as the scale factor varies from 1.0 N/cm3to 2.5 N/cm3.
The weak dependence of the results on the scale factor does not affect the
above discussion.

To carry out a more detailed investigation, we created trajectories of αx

for the motion of a wheel on the stiffness distribution map. Figs. 5.14 and
5.15 show the trajectory made by two grouser wheels at slippage values of
0.1 and 0.5, respectively. In this case, we adopted rectangular wheel A and
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trapezoidal wheel A (see Fig. 5.6), and the values of αx correspond to the
midpoint of the grousers as indicated by the black dots in the figure. The
trajectory of αx is plotted with β and γ using solid circles when β and γ

follow the definition in Fig. 2.4 (a), whereas hollow circles are used when
the parameters follow the definition in Fig. 2.4 (b). Note that when β and γ

exhibit discontinuous behavior, the order of their transitions is indicated in
the figure by numbers (1) and (2).

As shown in Fig. 5.14, when the slippage is 0.1, β and γ follow the
definition in Fig. 2.4 (b) for any considered wheel. The trajectory of the
rectangular-shaped grouser seems to shift from (1) to (2) after β reaches
−π/2 (i.e., the plate is vertical). In contrast, in the case of the trapezoidal-
shaped grouser, the grouser is lifted from the ground before β inverts, and the
trajectories are continuous. This is because the inclination of the trapezoidal
grouser offsets β in the positive direction.

Furthermore, as shown in Fig. 5.15, the behavior is the same as the
previous one (i.e., the trajectory shifts from (1) to (2)) in which β reverses
only in the case of the rectangular-shaped grouser, even for a slippage of 0.5.
However, it can be observed that β and γ follow the definition in Fig. 2.4
(a) in both wheels (rectangular A and trapezoidal A) because the transla-
tional velocity decreases with increase in the slippage, such that the velocity
vector, γ faces the rear side. Notably, the integration of αx over the trajec-
tory in the case of the rectangular-shaped grouser is larger than that of the
trapezoidal-shaped grouser. Therefore, the drawbar-pull of the rectangular-
shaped grouser is high in the high slippage regime.

It should be noted that compaction and movement (shearing) of soil are
not taken into consideration in the RFT. Therefore, the results shown in
Fig. 5.12 reflect only the resistive force of the grouser in the soil; details
of these are shown in Figs. 5.14 and 5.15. In the analysis results obtained
using RFT, it was predicted that the drawbar-pull drastically reduces in
trapezoidal-shaped grousers than in rectangular-shaped grousers. Therefore,
if there is no packing effect, the drawbar-pull in the experimental results
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shown in Fig. 5.10 should also be considerably lower when trapezoidal-shaped
grousers are used. However, the fact that a decrease in the drawbar-pull of the
trapezoidal-shaped grouser is smaller and the sinkage is suppressed demon-
strates, paradoxically, the existence of the packing effect. Thus, the hypothe-
sized effectiveness of the packing effect owing to the use of trapezoidal-shaped
grousers is verified using the three terramechanics approaches, namely, the
DEM analysis, wheel experiment, and terramechanics theory.

Finally, we believe that a novel design taking the packing effect of a
grouser wheel into consideration can be realized by rationally optimizing the
shape and number of trapezoidal-shaped grousers based on several terrame-
chanics approaches.
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(a) Ng = 12 (b) Ng = 18

Figure 5.11: Variation of drawbar-pull with traveling distance under different
slippage conditions:(a)Ng = 12,(b)Ng = 18.
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Figure 5.12: Relationship between coefficient of traction and slippage ob-
tained through RFT analysis.

Figure 5.13: Relationship between coefficient of traction and slippage as the
scale factor is changed.
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Figure 5.14: Trajectories of αx during traveling on stiffness distribution map
shown in Fig. 5.11 (s = 0.1).
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Figure 5.15: Trajectories of αx during traveling on stiffness distribution map
shown in Fig. 5.11 (s = 0.5).
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5.4.2 Effect of equivalent radius

The analyses in this study were performed using a constant grouser height
and wheel diameter. However, differences in wheel cross-sectional areas and
circumferences do not allow a fair comparison in terms of the ground pres-
sure. Therefore, this study confirmed the effect of varying the grouser height
and the wheel diameter on the locomotion performance, in the grouser height
hg and wheel diameter D such a way that the cross-sectional area and cir-
cumference are equivalent. Tables 5.5 and 5.6 show the wheel dimensions
when the cross-sectional area and circumference are aligned. A locomotion
test was conducted using a wheel with the shape shown in Table . Fig.
5.16 shows the obtained relationship between slippage and the coefficient of
traction relationship. The qualitative behavior appears to be independent
of the conditions and does not affect the above consideration. On the other
hand, as the grouser height decreases, the coefficient of traction also tends
to decrease. This is due to the decrease in the resistive force that occurs in
the grouser. By changing the wheel dimensions, the ground-contact area and
the penetration volume can be made uniform, but the grouser height cannot
be set fairly . Arguably, the wheel shape must be examined from various
viewpoints while understanding the above relationship.

Table 5.5: Wheel specifications (Wheel A).
Rectangle A Trapezoid A

Normal Equivalent length Equivalent area Normal
D [mm] 150 162 169 150
hg [mm] 25.0 12.6 15.7 25.0
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Table 5.6: Wheel specifications (Wheel B).
Rectangle B Trapezoid B

Normal Equivalent length Equivalent area Normal
D [mm] 150 157 170 150
hg [mm] 25.0 17.5 14.9 25.0

(a) Wheel A (b) Wheel B

Figure 5.16: Relationship between coefficient of traction and slippage, as a
function of the grouser height and wheel diameter, for (a) Wheel A and (b)
Wheel B.

5.5 Conclusion

In this study, we investigated the effect of grouser shape on the traveling
performance of a rigid wheel. First, an intrusion test corresponding to part
of the wheel was conducted using DEM to verify the existence of packing
effect when trapezoidal-shaped grousers are used. It was confirmed that
the particles between trapezoidal grousers were strongly compressed. Next,
single-wheel traveling experiments were conducted to determine the traveling
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performance of four types of grouser wheel. The results show that sinkage was
suppressed when the trapezoidal-shaped grouser was used although rectan-
gular grouser exerts slightly greater traction. In addition, traveling analysis
was performed using the RFT to verify that improvement in the traveling
performance is as a result of packing effect owing to the use of the trapezoidal-
shaped grouser. A comparative analysis of the two grouser shapes indicate
that the drawbar-pull exerted by the trapezoidal-shaped grouser was consid-
erably lower than that of the rectangular-shaped grouser. The difference in
the results obtained from experiments and RFT analysis, paradoxically, sug-
gests that the drawbar-pull is improved owing to packing effect as packing
effect is not considered in the RFT.

This study confirmed that a trapezoidal grouser improves the locomotion
performance as a result of the packing effect. However, depending on the de-
sign goal, a trapezoidal grouser is not always optimal. The experimental and
terramechanics analysis results demonstrated that a rectangular grouser pro-
duces a large resistive force and that the traction coefficient is slightly large.
Arguably, the choice and combination of shapes must be tailored as required,
e.g., to suppress sinkage or to increase traction . Moreover, the trapezoidal
grouser had a much larger cross-sectional area than the rectangular grouser.
This suggests that the high packing density results from the larger intrusion
volume. Therefore, additional experiments must be conducted, where the
intrusion volume is the same for each wheel, to verify the effectiveness of a
trapezoidal grouser. Nonetheless, a trapezoidal-shaped grouser, for which the
strong packing effect has not been considered to date, can be one of effective
approaches to improve the locomotion performance of a rigid wheel.

We plan to optimize the grouser shape for a variety of purposes in the
future. In subsequent optimization, we will focus not only on the shape but
also the height and interval of the grousers using several terramechanics ap-
proaches. In addition, we plan to investigate when packing effect effectively
occurs, because it is also important for optimization. Furthermore, we be-
lieve that the tradeoff relationship between straight trafficability and turning
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performance should be further investigated.
In addition, although vehicle traveling analysis and wheel shape studies

were conducted by single-wheel traveling analysis, many of the terrain sur-
face models used for this are simple. The slope targeted in the climbing
analysis performed in Chapter 3 was a plane, and the flat terrain surface was
targeted in the terramechanics analysis performed in this chapter. However,
the terrain surface in the extreme environment represented by actual lunar /
planetary exploration and disaster sites has complicated shapes and proper-
ties. In the future, terramechanics analysis using a field model that inherits
these complicated terrain surface information is ideal.
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6 Proposal of multi-stage analysis method

6.1 Introduction

As mentioned in Chapter 1 and Chapter 5, it is indispensable to create
a field model that inherits the information of the target terrain surface in
detail.Therefore, in this section, using the simulation of wind-blown ripple
formation as an example, a modeling method of a terrain field, which uses the
soil surface geometry, is proposed for terramechanics analysis. In addition,
in order to propose a method for multi-stage analysis for achieving seam-
lessness with terramechanics analysis, we demonstrated the systematic anal-
ysis of single wheel locomotion using numerically created sand ripple fields.
For single wheel locomotion analysis, we adopted the resistive force theory
(RFT), which has attracted attention in recent years [1,37,38,83]. RFT can
be employed to evaluate the resistive stress generated in an arbitrarily shaped
object moving in granular media. It has been demonstrated that RFT is suit-
able for the traveling analysis of a legged mobile robot [1]], and this method
has been employed to evaluate the force generated in wheels [37,38,83]. We
adopted the programming language MATLAB and its numerical computing
environment to perform the simulations of wind ripple formation and wheel
locomotion. The multi-stage analysis method proposed in this study can
be used for simulations in extreme environments such as planetary surfaces,
deserts, and disaster sites, where sensing is difficult.

6.2 Simulation of ripple formation by wind-blown sand

This section presents the simulation of the formation of ripple patterns by
wind-blown sand based on the cellular automaton model proposed by Nishi-
mori and Ouchi [17] as the first stage of seamless analysis. The model is a
discrete model in space and time with a continuous field variable represent-
ing the averaged surface height at each cell. The simulation corresponds to a
small-scale model, and a ripple pattern is spontaneously formed by the jump-
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ing process of sand grains, known as saltation, when the wind force exceeds
a critical value.

6.2.1 Model

It is assumed that the wind ripple pattern is created by two processes, namely,
saltation and creep of sand grains [17]. When sand grains on the surface are
released into the air under strong wind, the grains are accelerated by the
wind. Further, the grains impact on the surrounding grains, releasing them
into the air. As a result, sand in a certain area jumps and moves to another
area. The dynamics of the saltation process is expressed as follows:

h
′

i,j = hi,j − q

h
′

i+∆i,j = hi+∆i,j + q (6.1)

where h is the height of the sand surface at each area (cell of the ith row
and the jth column), and q is the transferred height. Eq. (6.1) indicates that
when wind blows in the ith direction, sand with a height of q in cell position
(xi,j, yi,j) is released, and is added to another cell position (xi+∆i,j, yi+∆i,j).
The subscript ∆i is the flight length at one saltation, and is expressed using
parameters l0 and b. Using the floor function, ∆i is given as follows:

∆i = floor

(
l0 + bhi,j

dx

)
(6.2)

where l0 is a control parameter proportional to the wind force, b is a constant
related to the average wind velocity a grain experiences in flight, and dx is
the lattice length in the ith direction (x direction) of a single cell.

Meanwhile, moving (rolling) to a nearby region when grains cannot main-
tain their position due to a steep surface gradient is called creep. The dy-
namics of creep is described by the following equation.

h
′

i,j = hi,j − rhi,j +
r

6
Hcross +

r

12
Hdiag (6.3)

Eq. (6.4) has the following meanings:
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• The sand hill in a certain cell is relaxed by gravity at a speed pro-
portional to the convexity of the sand surface and receives inflow from
adjacent cells at the same time. Here, r is the rate of relaxation.

• The distribution of inflow is rh/6 from perpendicular crossing cells and
rh/12 from diagonally adjacent cells.

The inflow term from the perpendicular directions, Hcross, and the inflow
term from the diagonal directions, Hdiag, are given as follows:

Hcross = hi+1,j + hi−1,j + hi,j+1 + hi,j−1,

Hdiag = hi+1,j+1 + hi+1,j−1 + hi−1,j−1 + hi−1,j+1. (6.4)

It was assumed that creeping action occurred when the height difference
between adjacent cells exceeds the angle of repose.

6.2.2 Analysis results

In the numerical simulation, the dynamics of saltation and creep are evalu-
ated at each time step, and a ripple pattern is formed by repeated calculation.
In this study, analysis was performed under five conditions labeled A ‒ E,
as listed in Table 6.1. Here, dy is the lattice length of a single cell in the
jth direction and was set to be the same as dx. The number of repeated
calculation steps is 30000 for each condition. The length of the analyzed soil
surface is 1500 mm (row i direction), and the width is 400 mm (column j

direction).
Fig. 6.1 shows the variation of the soil surface geometry with the number

of repeated steps k, where condition C in Table 6.1 was used. The soil surface
shape is irregular at k = 1 as the initial configuration of the height of the
cells was set using random numbers. At k = 1000, the soil surface is close
to being flat due to creeping action, and the formation of wind ripples is
initiated due to saltation. Then, the wind ripple pattern starts becoming
clear (k = 5000), and eventually steady state is reached (k = 30000). In this
study, the wind ripple pattern at k = 30000 was used as the steady state and
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was reflected in the terrain field modeling for terramechanics analysis, which
will be presented later.

Next, the effect of each parameter on wind ripple formation is verified.
As presented in Table 6.1, we examined the effects of l0 and q, which affect
the dynamics of saltation. Fig. 6.2 shows the wind ripple patterns under
conditions A ‒ E in steady state. As shown in conditions A, B, and C of
Fig. 6.2, l0 affects the wind ripple interval because the distance of saltation
changes. Meanwhile, it was verified that variations in q affect the height of
the ripples. In the case of condition D with a small q, the ripple pattern is
unclear, whereas it becomes quite clear in condition E, which has a large q.
It should be noted that the distributions of the initial height using random
numbers were the same for conditions A ‒ E.

Table 6.1: Simulation conditions of wind ripple formation. The angle of
repose is 30 deg.

A B C D E
l0 [mm] 1.0 100 10
q [mm] 0.10 0.025 0.40
b [-] 0.20
r [-] 0.20

dx, dy [mm] 5.0
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(a) k = 1 (b) k = 1000

(c) k = 5000 (d) k = 30000
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Figure 6.1: Variation of soil surface geometry with number of repetition steps
k, where the condition C in Table 6.1 was adopted. The directions of row i

and column j correspond to the x and y coordinates, respectively. The unit
of each axis is in m.
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Figure 6.2: Wind ripple patterns under conditions A ‒ E in steady state
(k = 30000). The unit of each axis is in m.
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6.3 Analysis of single wheel locomotion on wind ripples

Single-wheel traveling analysis is performed using the created terrain surface
model.In the wheel locomotion analysis, the wheel radius, width, and load
were set to R = 100 mm, B = 100 mm, and W = 120 N, respectively, unless
stated otherwise. Further, the rotational angular velocity, ω, which is a source
of driving for the wheel, was set to 0.5 rad/s. The kinetic characteristics of
the wheels are sequentially evaluated based on the equation of motion. A
traction load P is applied to the wheels, which is fixed at P = 15 N.In
addition, an important indicator of off-road trafficability is the slip ratio, s,
which is defined as follows:

s = 1− v

Rω
(6.5)

Here, s = 1.0 corresponds to the wheel being stuck. This slip ratio is used
to evaluate the external force by RFT.

In terms of the terrain field modeling, it is necessary to set the soil pa-
rameters in addition to the surface topography. In RFT, the scale factor is
the only soil parameter, and thus we set ζ = 1.0, assuming soft sandy soil.
Fig. 6.3 shows the relationship between the drawbar-pull and the slip ratio
when the wheel specifications already described and ζ = 1.0 were used. Here,
to determine the characteristics of the analysis conditions, we performed the
wheel traveling analysis on a flat road surface in advance. It can be confirmed
that the drawbar-pull of the wheel increases as the slip ratio increases, which
is consistent with results in existing reports [35,51].
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Figure 6.3: Relationship between drawbar-pull and slip ratio, where R = 100

mm, B = 100 mm, and W = 120 N.

6.3.1 Trafficability characteristics of flat road surface

First, analysis results of wheel locomotion on a flat road surface are presented.
Here, the wheel travels straight in the x direction, which is achieved by using
a constant rotational angular velocity, ω. Fig. 6.4 (a) shows the trajectory
of the wheel center, whereas Fig. 6.4 (b) shows the variation of the slip ratio
and the travel distance with the elapsed time. It can be observed from the
relationship shown in Fig. 6.3 that the slip ratio corresponding to a towing
load of P = 15 N is approximately 0.38, indicating that the wheel shows
steady traveling while balancing. In addition, after the drawbar-pull, Fx

exerted by the wheel balances with the towing load, P , a constant velocity
linear motion is achieved.
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Figure 6.4: Terramechanics analysis results for a flat road surface: (a) tra-
jectory of the wheel center; (b) variation of the slip ratio (dashed line) and
the x-coordinate of the wheel centre (solid line) with the elapsed time.
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6.3.2 Trafficability characteristics of wind ripples

Next, the wheel behavior when traveling in the x direction on terrain fields
obtained by wind ripple simulation is presented. Here, the traveling position
of the wheel in the y direction is the center of the field.

Fig. 6.5 (a) shows the trajectory of the wheel center obtained by ter-
ramechanics analysis using field C (Fig. 6.2 (c)). Fig. 6.5 (b) shows the
variation of the slip ratio and the traveling distance with the elapsed time.
It can be observed from the figures that the wheel repeatedly moves up and
down according to the undulation of the terrain field. In addition, the slip
ratio and the traveling speed of the wheels also vary according to the surface
undulations. Fig. 6.6 shows the stress distributions at t1 and t2 depicted in
Fig. 6.5. The lines represent the stress vector on the wheel surface. The
vertical blue lines represent σz; the red and orange lines represent σx acting
in the traveling direction and its opposite direction, respectively. At time t1

when the slip ratio reaches its maximum value, the traveling resistance due
to the front slope is large, and the slip ratio increases to produce drawbar-
pull to overcome this (Fig. 6.6 (a)). On the other hand, time t2 is when the
slip ratio reaches its minimum value. At this time, there is minimal traveling
resistance, as the descent along the slope of the ripple is initiated, and the
horizontal stress required for driving is small (Fig. 6.6 (b)). Therefore, it is
possible to move forward even at a low slip ratio.

In addition, we will examine the trafficability characteristics of terrain
fields A, B, D, and E using different parameters in the wind ripple simulation.
Figs. 6.7 (a) and 6.7 (b) show variations of the slip ratio and the traveling
distance with the elapsed time for each terrain field condition. It can be
observed from the figure that the characteristics of the slip ratio and the
traveling distance vary according to the terrain fields. In particular, as shown
by the blue and black lines in Fig. 6.7 (a) and (b), the traveling characteristics
(X- displacement and slip ratio) are not periodic on the irregular fields with
undeveloped wind ripples such as the conditions A and D. On the other hand,
the wheel becomes stuck in terrain field B (Fig. 6.7 (c)). The reason is that
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the traveling resistance due to ripples in front of the wheels is quite large,
and it was difficult to produce drawbar-pull to drive forward under the wheel
specification used in the analysis.

0 10 20 30 40

Time [s]

0

0.2

0.4

0.6

0.8

1

0

500

1000

1500

 t
1

 t
2

x

z

y

(b)

(a)

x-coordinate

Slip ratio

Figure 6.5: Terramechanics analysis results for Ground C: (a) trajectory of
the wheel center; (b) variation of the slip ratio (dashed line) and the x-
coordinate of the wheel centre (solid line) with the elapsed time.
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Figure 6.6: Stress distribution on the wheel surface for field C: (a) t = t1;
(b) t = t2.
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6.3.3 Effects of wheel specification and traveling direction

As described in Section 6.3.2, trafficability characterization of the wheel can
be performed by reflecting the terrain geometry through terramechanics anal-
ysis of wind ripples formed under various conditions. The representative ap-
plications of terramechanics analysis are in wheel design and path planning.
Therefore, this section presents a case study of trafficability characterization
when the wheel specifications and motion conditions are changed for wind
ripples formed under the specified conditions (condition C). Here, the wheel
load, W and the towing load, P were fixed at 120 N and 15 N, respectively.
First, the effect of the wheel radius, R was examined. In the analysis, the
wheel radius was set to R = 50 mm, 100 mm, and 200 mm, and the traffi-
cability data were evaluated. Here, ω = 1.0 rad/s, 0.5 rad/s. and 0.25 rad/s
were set for each radius to obtain the same theoretical vehicle speed (corre-
sponding to s = 0.0). Fig. 6.8 shows the trajectory of the wheel center. Figs.
6.9 (a) and 6.9 (b) show variations of the slip ratio and the traveling distance
with the elapsed time. It can be observed from the figures that the larger
the wheel radius, the higher the traveling performance. In general, the larger
the wheel radius, the smaller the contact pressure and the lower the traveling
resistance. Moreover, relative wheel radius with respect to the ripple height
increases, producing low traveling resistance during climbing. As a result,
the slip ratio required for traveling decreased and the wheel speed increased.
On the other hand, when the wheel radius is small, the slip is required to
exert the traction necessary for traveling, and the wheel speed is reduced. It
should be noted that increasing the wheel radius increases the weight of the
vehicle; thus, there is a trade-off relationship between energy consumption
and payload during transportation.

Next, the effect of the wheel load, W is examined. In the analysis, the
wheel load was set to W = 60 N, 120 N, and 240 N, and the trafficability
data were evaluated. Figs. 6.10 (a) and 6.10 (b) show variations in the slip
ratio and the traveling distance with the elapsed time. It can be observed
from the figures that the lower the wheel load, W , the lower the traveling
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performance; at W = 60 N, the wheel becomes stuck. This is because the
maximum drawbar-pull that can be exerted at low wheel loads is reduced.
Thus, the drawbar-pull required to overcome the slope cannot be exerted.
On the other hand, a comparison of results obtained at W = 120 N and
those of 240 N shows that there is minimal difference in the traveling speed,
although there is a difference in the slip ratio under field condition C.

Finally, analysis results when the direction of travel is changed are pre-
sented. In the above analysis, although the wheel traveled perpendicular to
the wind ripples (x direction), it traveled straight at an angle, θtr around the
z axis. Fig. 6.11 shows the trajectory of the wheel center. Figs. 6.12 (a) and
6.12 (b) show variations of the slip ratio and the traveling distance with the
elapsed time, respectively. Here, the transverse angle, θtrl was set to 0 deg,
5 deg, and 10 deg. As shown in the figures, the periods of fluctuation of the
slip ratio are different because the time to reach the slope and the contact
angle are different. In addition, the effect of the transverse angle gradually
increases with the traveling distance. Further, the traveling speed is also
affected due to variation in the slip ratio.

From the above, it can be concluded that terramechanics analysis using
the wind ripple formation process under various conditions is effective for
the robust design of vehicles [10,11] and mobile robots [1] and optimal path
planning [6,8,12]. The multi-stage analysis method, from terrain formation to
vehicle locomotion, presented in this thesis can be employed for simulations
in extreme environments such as planetary surfaces, deserts, and disaster
sites, where sensing is difficult.
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Figure 6.8: Trajectory of the wheel center for field C while varying the wheel
radius.
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Figure 6.9: Terramechanics analysis results for field C while varying the wheel
radius: (a) variation of the slip ratio with the elapsed time; (b) variation of
the x-coordinate of the wheel center with the elapsed time.
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Figure 6.11: Trajectory of the wheel centre for field C while varying the
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Figure 6.12: Terramechanics analysis results for field C while varying the
transverse angle: (a) variation of the slip ratio with the elapsed time; (b)
variation of the x-coordinate of the wheel center with the elapsed time.
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6.3.4 Effect of scale factor distribution

Although the scale factor was fixed at 1.0 in this study, parameters are ex-
pected to vary on an actual terrain surface. In this section, the scale factor
distribution is given for each cell, and the effect on the locomotion perfor-
mance is confirmed. First, for each cell, random numbers were sampled from
a normal distribution with the mean µζ and standard deviation σζ set to
(µζ , σζ) = (0.500, 0.125), (1.000, 0.250), (1.500, 0.375). A histogram of the
scale factors is presented in Fig. 6.13 (c), and the contour map showing
their distribution is shown in Fig. 6.13 (d). The expected variation is con-
firmed. The locomotion characteristics of this terrain surface are shown in
Fig. 6.13. Figs. 6.13 (a) and (b) plot the slip ratio and x-coordinate, re-
spectively. The wheel travels three times under conditions with variations.
Comparing under the same conditions, it seems that there is not much dif-
ference , although there is some variation in the locomotion data. Moreover,
there is almost no difference between the results for (µζ , σζ) = (1.000, 0.250)

and (µζ , σζ) = (1.000, 0.000). Under these conditions , the mean value and
terrain-surface shape have more influence on the locomotion characteristics
than the distribution characteristics of the scale factor.

A scale factor distribution can also be provided, depending on the surface
height. In this study, we created a terrain-surface pattern Ⅰ in which the
scale factor increases as the terrain surface rises, and a road-surface pattern
Ⅱ in which the scale factor decreases. Wheel locomotion was analyzed on
these surfaces (Fig. 6.14 (c)), giving the characteristics shown in Fig. 6.14.
On the terrain surface of Pattern Ⅰ, the wheels tend to sink in the surface
valleys, and the resistance from the front increases. Therefore, the wheels
are slippery and the traveling time is effectively longer than on a uniform
terrain surface . In contrast, in Pattern Ⅱ, the valley region is compacted
and the resistance is reduced, which in turn shortens the traveling time.

As described above, the variation and distribution characteristics of terrain-
surface parameters that can be obtained by measurement and numerical anal-
ysis can also be reflected in the analyses. This underlies the benefits of the
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multi-stage analysis method proposed in this study.
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Figure 6.13: Terramechanics analysis results for Ground C, as the scale factor
is varied: (a) variation in the slip ratio; (b) variation in the x-coordinate; (c)
histogram of the scale factor; (d) scale factor distribution.
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Figure 6.14: erramechanics analysis results for Ground C with a scale factor
distribution that depends on the terrain surface height: (a) variation in the
slip ratio; (b) variation in the x-coordinate; (c) scale factor distribution.
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6.4 Conclusion

The conclusion of this study are summarized below.

• In this study, we proposed a multi-stage analysis method that seam-
lessly performs the process of ground surface formation and traffica-
bility evaluation. In particular, we used wind ripple simulation for
rough terrain modeling as an example and performed the simulation
of single wheel locomotion on virtually created ground surfaces using
RFT. Then, we performed terramechanics analysis of wheels on terrain
fields created under various conditions. The proposed analysis method
can be employed for advanced off-road vehicle traveling analysis in the
future because various terrain fields can be considered.

• The proposed method of multi-stage terramechanics simulation can be
used with other numerical analyses and measurement technologies. For
example, information on ground surface deformation can be analyzed
in detail for the finite element method or smoothed particle hydrody-
namics, and the strain (density) information obtained from the analysis
can be used for terrain field modeling and subsequent terramechanics
analysis.

• It should be noted that the extension of terramechanics theory for
rough terrain needs to be continued, because it is difficult to consider
the movement and shearing of soil in conventional theories.
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7 Extension of semi-empirical terramechanics
approach

7.1 Introduction

A cellular automaton is a method of expressing the overall terrain surface
deformation by dividing a field into cells and defining the extent of movement
in each cell. The rolling [17, 84], which is a variation mechanism of the cell
height can express the action of the soil existing at a high position flowing to
a lower position, thereby promoting the stabilization of the terrain surface
shape. This method is effective in expressing the interaction between terrain
surfaces, but it is difficult to consider the interaction between the object and
the terrain surface using only the conventional model. Therefore, in this
study, a movement mechanism based on the contact state between the ob-
ject and terrain surface was introduced in the proposed model. Based on the
stress distribution obtained by an interaction model, such as conventional
terramechanics models, the amount and direction of movement of the ter-
rain surface were defined. Furthermore, changes in the soil density owing to
deformation were considered. In classical terramechanics theory, the normal
stress that occurs on the surface of objects depends on soil density [3, 35],
which changes with ground deformation. In this study, the change in density
is evaluated from the strain on the ground, and this is linked to the change
in the analysis parameters.

First, a plate drag analysis based on the proposed model was performed.
The horizontal resistive force generated when a vertical plate was displaced
horizontally was evaluated. Moreover, experiments were conducted under the
same conditions, and the analysis parameters were validated by comparing
the results. Second, a single-wheel traveling analysis was performed using
the obtained parameters. The proposed model was validated by comparing
the experimental results such as those of sinkage and drawbar-pull with the
model-based results. Notably, the traveling experiments and analyses were
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performed not only on flat terrain surface, but also on sinusoidal-shaped
surfaces, in which the terrain surface deformation considerably affects the
traveling characteristics.

7.2 Terrain surface deformation and change in terrame-
chanics parameter

This section describes the extended model that can express the deforma-
tion and property variations of the terrain surface caused by the interaction
between the object and terrain surface. The model derivation is based on
the flow shown in Fig. 7.1, and the details are presented in the subsequent
subsections.

7.2.1 Terrain surface deformation

The terrain surface deformation is expressed based on a cellular automaton.
In this study, in addition to the rolling action used by Nishimori and Ouchi
[17], the moving action (bulldozing and removal of soil) is incorporated.

Fig. 7.2 shows the schematic of the moving action, which can be expressed
as follows:

dhmov
i,j = −Si,j

dhmov
i+di,j+dj = R1Si,j (7.1)

Here, dhmovl
i,j represents the amount of change in the terrain surface height

in a certain cell by the moving reaction. Subscripts i and j indicate the cell
numbers corresponding to the x and y directions, respectively. According to
Eq. (7.1), the soil height in a certain cell, Si,j, moves to an adjacent cell in a
certain direction. Because the soil is expected to be compressed or expanded,
it moves with a height multiplied by the ratio R1 to the destination. Sub-
scripts di and dj are determined considering the stress distribution for each
cell, as evaluated using conventional terramechanics models (such as BWR
and RFT). As shown in Fig. 7.2, if the x-stress generated on the wheel is
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in the negative direction, di is 1, because the soil is pushed in the positive
direction of the x-axis. In contrast, in the region behind the wheel, di is -1,
because the wheel shifts the soil rearward.

The amount of movement Si,j is determined considering the penetration
of the object into the terrain surface, δi,j. To stabilize the terrain surface
deformation, Si,j is controlled by the penetration amount δi,j multiplied by
the ratio, i.e.,

Si,j = R2δi,j (7.2)

In this manner, the proposed model can represent the terrain surface defor-
mation caused by the interaction between the object and soil.

Fig. 7.3 shows the schematic of the rolling action, which reflects the
deformation that occurs when a steep slope is difficult to maintain. This
action can be expressed as follows:

dhroll
i,j = −rhi,j +

r

6
Hcross +

r

12
Hdiag (7.3)

Here, dhroll
i,j is the amount of change in the terrain surface height in a certain

cell. According to the abovementioned equation, the soil present in a certain
cell rolls to the adjacent cell because of gravity and receives an inflow from
the outside, as shown in Fig. 7.3. The outflow rate is multiplied by the ratio
r to the height hi,j of the cell. Moreover, rh/6 flows in from the vertical
and horizontal directions, and rh/12 flows from the diagonal direction. The
vertical and horizontal inflow terms and diagonal terms can be defined as
Hcross and Hdiag, respectively:

Hcross = hi+1,j + hi−1,j + hi,j+1 + hi,j−1,

Hdiag = hi+1,j+1 + hi+1,j−1 + hi−1,j−1 + hi−1,j+1. (7.4)

The rolling action is assumed to occur only when the gradient of the adjacent
cells exceeds the angle of repose ϕr.

The amount of change in the height evaluated from the two actions is
simultaneously applied to all cells, and the terrain surface shape for the next
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step, h′
i,j, is determined as follows:

h
′

i,j = hi,j + dhroll
i,j + dhmov

i,j (7.5)

The calculation of the terrain surface deformation is repeated within one
time step of the terramechanics analysis to ensure that the terrain surface is
stably deformed.

7.2.2 Changes in parameters owing to the terrain surface defor-
mation

In practice, the property of the terrain surface might change with deforma-
tion. In this study, the change in density is estimated based on the strain of
the ground and incorporated in the terramechanics model. The volumetric
strain on the terrain surface can be defined as follows:

(1 + εv)V0 = V (7.6)

where V0 is the initial volume corresponding to one cell, and V is the volume
after deformation. Because the mass m must be conserved in the ground, it
can be expressed as follows in terms of the initial density ρ0 and density ρ

after deformation.

m = ρ0V0 = ρV (7.7)

Substituting Eq. (7.6) into Eq. (7.7) yields the following relation.

ρ =
ρ0

1 + εv
(7.8)

By substituting Eq. (7.8) into Eq. (2.1) of the BWR model, the property
change owing to the terrain surface deformation can be reflected.
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Figure 7.1: Terramechanics analysis flow considering the terrain surface de-
formation.
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Figure 7.2: Schematic of moving action.
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Figure 7.3: Schematic of rolling action.

7.3 Experimental apparatus

This section describes the experimental apparatus used in the verification
tests. Fig. 7.4 shows an overview of the experimental rig. A soil vessel made
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of acrylic resin, with a length, width, and height of 1500 mm, 400 mm, and
400 mm, respectively, was filled with the prescribed amount of sand, here,
Toyoura sand, the bulk density of which was maintained at approximately
1,488 kg/m3 in the plate and traveling tests . A single-wheel ran over the
sand. The test bed involved a conveyance unit and wheel-driving unit, each
of which was driven by an independent motor. The translational velocity
and angular velocity of the wheel were calculated based on the data obtained
using encoders mounted on the conveyance motor and wheel-driving motor.
Thus, by controlling the translation and angular velocities of the wheel, an
arbitrary slip ratio could be set. In the traveling experiments, forced-slip
experiments were conducted, and the slip ratio was controlled by fixing the
angular velocity, ω as 0.2 rad/s and varying the translational velocity v. In
addition, the plate drag test could be implemented by replacing the wheel
part of the apparatus with the plate, as shown in Fig. 7.8.

The forces and torques generated by the wheel locomotion were measured
using a six-axis force/torque sensor. Furthermore, the wheel sinkage and
traveling distance were measured using magnetic scales. The specifications
of the sensors are listed in Table 7.1.

The sinusoidal terrain surface was created using a rake, as shown in Fig.
7.5. By sliding this in the transverse direction against the wheel locomotion,
a terrain surface according to the rake shape could be generated.
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Figure 7.4: Experimental setup of single-wheel traveling apparatus. The
translation and angular velocities were controlled under a constant wheel
load.

Table 7.1: Specifications of sensors.
Motor A Maxon motor RE-25 10 W
Motor B Maxon motor RE-40 150 W
Magnetic scale HIWIN PS-A
F/T sensor Wacoh-tech DynPick [WEF-6A200-4]
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Rake to create a 

sinusoidal terrain surface

Figure 7.5: Rake to create a terrain surface with a sinusoidal shape.

7.4 Plate drag analysis

A plate drag test was conducted, in which a vertical plate with a width of
137 mm was displaced horizontally at a constant velocity vp = 10 mm/s
and depth (initial sinkage) of 10 mm. The horizontal force applied to the
plate was measured. The test was performed three times to confirm the
reproducibility. Next, the numerical analysis was performed under the same
conditions as in the experiment, and the terrain surface deformation owing
to the the translation of the plate was evaluated using the proposed model
coupled with the RFT. The scale factor ζ required for the RFT was set as
ζ = 0.180 [N/cm3].

The testbed in the analysis had dimensions of 1.5×0.40× 0.25 m and was
discretized into cells with lengths of di× dj=5.0 mm×5.0 mm. In general, a
finer discretization corresponds to a higher accuracy and less noise, albeit at
a higher calculation cost. The cell size was determined considering this trade-
off. The analysis parameters for the moving and rolling reactions are listed
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in Table 7.2. These values were determined by observing the terrain surface
deformation and comparing the resistive forces obtained in the experiments
and numerical analysis.

Fig. 7.6 shows the experimentally and analytically obtained change in the
resistive force over time. The resistive force gradually increases and eventu-
ally attains a steady state in experiments. This phenomenon likely occurs
because the carried sand accumulates in front of the plate, and its volume
is reflected in the resistive force. According to the results obtained based
on the proposed model, the resistive force increases with the displacement
of the plate, which is in agreement with the experimental results. Fig. 7.7
shows the state of the terrain surface deformation. A carried lump is formed
in front of the plate, and the lump flows sideways through the rolling action
of sand, such that embankments are formed on the side of the plate. This
phenomenon can also be observed in the experimental results, as shown in
Fig. 7.8. Thus, the proposed model can quantitatively express the terrain
surface deformation of sand.

Fig. 7.7 shows the stress distribution on the plate, evaluated using the
RFT. According to the side viewpoint, the horizontal stress (indicated by red
lines) increases as the depth increases. The overhead viewpoint illustrates the
stress distribution in the width direction. Specifically, because of the rolling
action, the height of the terrain surface decreases, and the stress decreases
toward the side. This phenomenon is a notable result obtained by introducing
the terrain surface deformation model.

It should be noted that in the conventional terramechanics analysis that
does not consider the terrain surface deformation, the resistive force evaluated
using the RFT does not change because the orientation angle β, velocity
vector angle γ, and sinkage z are constant (see the dotted line in Fig. 7.6).
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Table 7.2: Analysis parameters for the cellular automata
ϕr [deg.] 34.0
r [-] 0.20
R1 [-] 0.99
R2 [-] 0.20

Figure 7.6: Variations in the resistive force with the elapsed time.
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Figure 7.7: Terrain surface shape and stress distribution generated on the
plate, obtained in the simulation based on the proposed model: (a) Terrain
surface shape after passage through the plate; (b) Stress distribution.

Figure 7.8: Terrain surface shape after the plate drag test.
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7.5 Wheel traveling analysis

Single-wheel traveling analyses were performed using the same terrain surface
deformation parameters as those in the plate drag test. The angular velocity
ω was set as 0.2 rad/s and the translational velocity v was varied to realize
the forced-slip condition. The slip ratio was set as s=0.0, 0.1, 0.3, 0.5, and
0.7, and the traveling characteristics under each condition were evaluated.
Furthermore, a traveling analysis was performed on not only a flat terrain
surface but also a terrain surface with a sinusoidal shape. This analysis
condition was considered to verify the proposed model for the case in which
the terrain surface deformation in front of the wheels considerably influences
the traveling.

The specifications for the rigid wheel are listed in Table 7.3. The pa-
rameters used in the terramechanics model (BWR model) are listed in Table
7.4. The parameters for the moving and rolling actions were the same as
those in the plate test. The wheel loads for the traveling tests on a flat ter-
rain surface and sinusoidal surface were different. The analysis results were
compared with the experimental results and discussed.

Table 7.3: Specifications of the rigid wheel.
Wheel diameter [mm] 200
Wheel width [mm] 100
Vertical load [N] 154 (Flat), 66.7 (Sinusoidal)
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Table 7.4: Analysis parameters of BWR model used for stress evaluation.
c [Pa] 0.0
ϕi [deg.] 34.0
ρ0 [kg/m3] 1488
g [m/s2] 9.81
n [-] 1.0
kc [-] 0.0
kϕ [-] 34.3
a0 [-] 0.20
a1 [-] 0.30
kx [m] 0.035

7.5.1 Flat terrain surface

First, we examine the single-wheel traveling phenomena on a flat terrain
surface. Fig. 7.9 shows the variation in the drawbar-pull and sinkage as a
function of the traveling distance at each slip ratio, as obtained experimen-
tally. Fig. 7.10 shows the corresponding values obtained using the proposed
model. According to both the experiment and analysis results, the drawbar-
pull and sinkage decrease and increase gradually, respectively, and converge
to a steady value. This phenomenon occurs because the initial sinkage of the
wheel increases the traveling resistance in the initial stage. Furthermore, in
the steady rolling conditions, the drawbar-pull and sinkage increase with the
slip ratio in the range of the examined conditions.

Fig. 7.11 shows the traveling characteristics in the steady state plotted
against the slip ratio. The figure shows the results for the three experiments
as well as those obtained using the conventional model that does not incor-
porate the terrain surface deformation. The parameters for the BWR model
were the same as those for the proposed model.

According to the conventional model, the change in the sinkage with
respect to the slip ratio is small because the conventional model does not
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consider the removal of sand owing to the wheel shearing and forward extru-
sion (bulldozing). In contrast, the results obtained using the proposed model
coupled with the BWR model are based on the moving and rolling actions,
and a reasonable change in the sinkage can be confirmed. The trend of the
sinkage against the slip ratio is similar to that obtained experimentally. In
addition, the results of the drawbar-pull obtained using the proposed model
are in agreement with the experimental results.

Fig. 7.12(a) and 7.12(b) show the residual deformation of the terrain
surface after wheel traveling under the slip ratios of 0.3 and 0.7, respectively.
The longitudinal length of the terrain is 1.5 m. The colors in the contour
map represent the deformation of the terrain surface in the vertical direction
(unit: m). In addition, the figure shows the results of the stress distribution
on the wheel surface during the steady state. At the relatively low slip ratio
of 0.3, the area in which the horizontal stress acts positively (red area in
the figure) is not significant. Thus, the drawbar-pull is low. In contrast, at
a high slip ratio of 0.7, the area in which the horizontal stress acts in the
positive direction is large, and the sand moves rearward of the wheel. This
phenomenon indicates that the lump of sand in front of the wheel is smaller,
and the rut surface behind the wheel is higher than that under the low-slip
condition.

Moreover, in the case of the high slip ratio, the shearing action because
of the rotation and translation of the wheel per unit distance traveled lon-
gitudinally is large. Therefore, the sinkage increases owing to the rearward
movement of the soil. Overall, this type of terrain surface deformation and
the accompanying changes in the contact state, which affect the traveling
characteristics, can be reasonably evaluated using the proposed model.

128



(a) Drawbar-pull (b) Sinkage

Figure 7.9: Variations in the (a) drawbar-pull and (b) sinkage with the trav-
eling distance, as obtained experimentally. The results correspond to seven
levels of the slip ratio s.

(a) Drawbar-pull (b) Sinkage

Figure 7.10: Variations in the (a) drawbar-pull and (b) sinkage with the
elapsed time, as obtained using the proposed model.
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(a) Drawbar-pull (b) Sinkage

Figure 7.11: Relationship between the steady-state traveling characteristics
and slip ratio: (a) drawbar-pull; (b) sinkage.
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Figure 7.12: Residual deformation of the terrain surface and stress distribu-
tion on the wheel surface in the steady state: (a)s=0.3; (b)s=0.7. The black
line in the figure shows the trajectory of the wheel center.
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7.5.2 Sinusoidal terrain surface

This section describes the analysis of the traveling characteristics of the
wheels on the sinusoidal terrain surface. The traveling characteristics were
obtained at a slip ratio of 0.3. The target terrain surface was a sinusoidal
surface with an amplitude of 3.0 cm and wavelength of 22.5 cm (Fig. 7.5).
In the proposed model, the interaction with the slope, such as those in the
form of the contact angles θf and θr, automatically changed depending on the
contact state, as shown in Fig. 7.13; therefore, the model and the parameters
used for traveling on a flat terrain surface could be adopted.

Fig. 7.14 shows the changes in the drawbar-pull and vertical translation of
the wheel center over time. The calculated values fluctuate according to the
shape of the terrain surface under all the conditions. However, in the anal-
ysis based on the conventional model, the period of the sinkage variation is
different from that observed in the experiment, and the amplitude increases.
In the actual phenomenon, when the wheel pushes the sand forward, and the
sinusoidal-shaped surface deforms, the amplitude of the vertical translation
of the wheel decreases, and its peak position shifts. The conventional model
does not consider such terrain surface deformations.

In contrast, according to the proposed model, the traveling resistance
is generated in the front of the wheel owing to the bulldozing effect. This
phenomenon can be confirmed from the stress distribution shown in Fig. 7.15.
The terrain surface deformation, which similar to the actual phenomenon, as
shown in Fig. ??, can be qualitatively expressed. In particular, the sinkage
behavior approaches the amplitude of the experimental results, as observed
from the terrain surface deformation and stress distribution shown in Fig.
7.15.

Fig. 7.15 shows the stress distribution at time t = t1 and t = t2, when
the drawbar-pull is the minimum and maximum, respectively. At t = t1, a
sand lump exists in front of the wheel, and the area in which a negative σx is
generated on the wheel surface is large. This stress distribution deforms the
terrain surface, and the abovementioned phenomenon is reproduced. At t =
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t2, the wheel goes down the slope. In this situation, the shearing area is large,
and the sand is moved rearward. The results of the drawbar-pull obtained
using the proposed model are in agreement with the experiment. This finding
could be attributed to the fact that the contact state, similar to the actual
phenomenon, was evaluated using the terrain surface deformation, and the
traveling resistance was suitably reflected, which could not be accomplished
using the conventional model. These results demonstrate that the proposed
model is effective to realize terramechanics analyses under non-flat terrain
surface conditions.
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(b) Climbing

(a) Descending

Figure 7.13: Determination of θf and θr in the proposed model for uneven
terrain surface: (a) Descending; (b) Ascending.
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(a) Drawbar-pull (b) Vertical displacement

Figure 7.14: Variations in a)drawbar-pull and (b) vertical displacement with
the elapsed time on the sinusoidal surface.
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Figure 7.15: Terrain surface deformation after traveling on sinusoidal surface
and stress distribution on the wheel surface: (a)t = t1; (b)t = t2. The black
line indicates the trajectory of the wheel center.
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7.6 Conclusion

We developed an extended terramechanics model, which incorporated the
terrain surface deformation mechanism based on cellular automata.

First, a plate drag test was conducted, and the results were compared
with those of the proposed model. The analysis results obtained using the
proposed model were in agreement with those obtained experimentally. In
particular, the same terrain surface deformation as that confirmed in the
actual phenomenon was represented. Next, a single-wheel traveling analysis
was conducted considering the terrain surface deformation parameters ob-
tained in the plate drag test. The experimentally obtained drawbar-pull and
sinkage could be reasonably simulated, which is difficult to realize conven-
tional methods. The proposed model could help realize high-precision simu-
lations taking into account the terrain surface deformation. In addition, the
proposed model could be applied to not only a flat terrain surface, but also
a rough terrain surface such as that with a sinusoidal shape. The proposed
model is expected to effective in solving various terramechanics problems be-
cause arbitrary interaction models can be used for the stress evaluation for
the moving action. Moreover, the proposed method can likely be applied to
not only wheel traveling problems but also excavation problems.

In addition, because the numerical simulation associated with the pro-
posed model has a relatively low computational cost, it can likely be im-
plemented in multibody dynamics analysis. Future work will be aimed at
implementing the proposed model in multibody dynamics analysis and real-
izing a full-vehicle simulation considering the terrain surface deformation.
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8 Summary and future work

8.1 Summary

In this study, several traveling analyses have been conducted with the aim of
proposing a new terramechanics analysis method that compensates for the
limitations of the conventional method.

In Chapter 3, the traveling analysis of a dump truck for mining has been
performed as an example of multibody dynamics analysis using a terrame-
chanics model. A BWR model has been introduced for the interaction be-
tween tire and ground, and the traveling characteristics of the vehicle on
rough terrain have been verified. Furthermore, a control method called the
traction control system (TCS) installed in the actual machine has been in-
troduced in this simulation. In this chapter, the influence of this control on
the traveling performance and control method has been examined. This sim-
ulation made it possible to evaluate the traveling characteristics of vehicles
under various terrain surface conditions and to examine the effects of control
methods on traveling characteristics.

In Chapter 4, the traveling analysis of wheels with grousers has been per-
formed using the RFT. The applicability of the RFT has been examined by
simulating wheels with grousers using DEM and RFT and comparing both
results. It was confirmed that the use of the RFT is effective in terramechan-
ics analysis, although it has the drawback that sand shear and movement are
not considered.

In Chapter 5, a grouser shape for wheels has been proposed based on
a simulation using the RFT. In this chapter, an RFT-based terramechanics
simulation has been performed while complementarily utilizing DEM analysis
and model experiments. Accordingly, a wheel with a trapezoidal grouser
has been proposed. The proposed shape has a packing effect in which the
particles between the grousers are strongly compressed. It was confirmed
that, by applying this shape to the wheels, the decrease in drawbar-pull due
to the grouser shape was suppressed more than expected, and the sinking
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of the wheels was significantly suppressed. Although it will be necessary to
optimize the detailed specifications of the proposed shape in the future, it
was suggested that the trapezoidal grouser is an effective shape for a wheel
for a lunar/planetary exploration rover.

In Chapter 6, a multi-stage analysis method has been proposed that uses
the terrain surface information obtained from other simulation and mea-
surement techniques in a field model for terramechanics simulation. As an
example of the terrain surface formation simulation, a wind pattern gener-
ation simulation based on a cellular automaton has been performed, and a
single-wheel traveling simulation that utilizes the terrain surface informa-
tion obtained thus has been performed. The proposed method is expected
to be linked with other numerical analyses, such as FEM and DEM, and
measurement technologies, such as drones and LiDAR.

In Chapter 7, analysis methods for evaluating terrain surface deformation
and property changes associated with the interaction between the ground and
the machine have been proposed. The validity of the proposed method has
been verified by comparing the results obtained from the plate drag analysis
and wheel traveling analysis based on the proposed method with the results of
model experiments. The proposed method expresses the deformation of the
terrain surface due to the interaction between the object and the ground and
facilitates a simulation that accurately reproduces the phenomenon confirmed
in the experiment.

8.2 Future work

This research has several possible directions to be addressed as future works.

8.2.1 Implementation of the proposed model to MBD analysis

In this thesis, proposals for new analysis methods have been made in Chap-
ter 6 and Chapter 7. Further studies will be possible by introducing these
models to MBD analysis such as that performed in Chapter 3. Performing
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simulations that consider the posture and mechanism of the vehicle can be
useful for various purposes, such as the optimization of work processes and
route planning. In addition, the method proposed in this thesis is effective
not only for the traveling phenomenon but also for the examination of other
works. The plate drag analysis performed in Chapter 7 can be applied to the
excavation phenomenon of bulldozers. Performing a vehicle simulation that
introduces this method can be useful for examining the optimum excavation
process at the site.

8.2.2 Traveling analysis considering turning

In this thesis, we have conducted a simulation focusing on the straight-ahead
traveling of a vehicle. However, the vehicle turns in actual phenomena, and
hence, a simulation that expresses the traveling phenomenon when the vehicle
turns is required. In addition, the ground surface on the side of the tire is
deformed even when turning. More accurate simulation becomes possible by
applying the model proposed in Chapter 7 to the turning phenomenon.

8.2.3 Cooperation with actual machine control

In this thesis, studies focusing on numerical analysis have been conducted.
However, this analysis method should be used to control the actual machine.
In recent years, a method called a digital twin, in which the control of an
actual machine and simulation in a virtual space are performed in parallel,
has attracted attention. More advanced control can be realized by apply-
ing the method proposed in this thesis as a simulation for controlling the
actual machine. In addition, by combining machine learning and other opti-
mization methods, control and simulation can be performed while optimizing
parameters simultaneously. It is expected that the prediction accuracy will
be improved by performing the simulation while optimizing, and the control
performed based on this method will also be advanced.
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A Code for terramechanics analysis

An example of the MATLAB function for the terramechanics simulation
introduced in this study is shown below. This chapter presents the terrame-
chanics model used in the single-wheel locomotion analysis.

A.1 Terramechanics model

Listing 1: Terramechanics model (BWR model) used for single-wheel travel-
ing analysis

1 function [Fx,Fz,Ty,Fz_Damp,Delta_ij,M_ij,sigmaX,sigmaZ] =
TerraModel(x,y,z,vz,s_dyn,Z_field,rho_field,Para_Terra,
Wheel_mat)

2
3 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
4 i_Terra=1;
5 %Terramechanics model

6 R=Para_Terra(i_Terra);
7 i_Terra=i_Terra+1;
8 B=Para_Terra(i_Terra);
9 i_Terra=i_Terra+1;

10
11 c=Para_Terra(i_Terra);
12 i_Terra=i_Terra+1;
13 phi=Para_Terra(i_Terra);
14 i_Terra=i_Terra+1;
15 kc=Para_Terra(i_Terra);
16 i_Terra=i_Terra+1;
17 kphi=Para_Terra(i_Terra);
18 i_Terra=i_Terra+1;
19 n=Para_Terra(i_Terra);
20 i_Terra=i_Terra+1;
21 kx=Para_Terra(i_Terra);
22 i_Terra=i_Terra+1;
23 a0=Para_Terra(i_Terra);
24 i_Terra=i_Terra+1;
25 a1=Para_Terra(i_Terra);
26 i_Terra=i_Terra+1;
27 g=Para_Terra(i_Terra);
28 i_Terra=i_Terra+1;
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29
30 dtheta=Para_Terra(i_Terra);
31 i_Terra=i_Terra+1;
32 dw=Para_Terra(i_Terra);
33 i_Terra=i_Terra+1;
34
35 Xmin=Para_Terra(i_Terra);
36 i_Terra=i_Terra+1;
37 Ymin=Para_Terra(i_Terra);
38 i_Terra=i_Terra+1;
39 dx=Para_Terra(i_Terra);
40 i_Terra=i_Terra+1;
41 dy=Para_Terra(i_Terra);
42 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
43
44 Fx=0;
45 Fz=0;
46 Ty=0;
47
48 Field_size=size(Z_field);
49
50 imax=Field_size(1,1);
51 jmax=Field_size(1,2);
52
53 M_ij=zeros(imax,jmax);
54 Delta_ij=zeros(imax,jmax);
55
56 Wheel_size=size(Wheel_mat);
57 i_terra_max=Wheel_size(1,1);
58 j_terra_max=Wheel_size(1,2);
59
60 sigmaX=zeros(i_terra_max,j_terra_max);
61 sigmaZ=zeros(i_terra_max,j_terra_max);
62
63 w=dw/2;
64 j_terra=1;
65 while j_terra<=j_terra_max
66
67 %
68 thetar=10^-100;
69 thetaf=10^-100;
70 thetac=-pi;
71 StateRear=1;
72 StateInside=0;
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73 i_find_theta=1;
74 while thetac<=pi
75 xc=x+R*sin(thetac);
76 yc=y-B/2-dw/2+dw*j_terra;
77 zc=z-R*cos(thetac);
78
79 %
80 i_field=ceil( (xc-Xmin)/dx );
81 j_field=ceil( (yc-Ymin)/dy );
82
83 %
84 Delta = zc - Z_field(i_field,j_field);
85
86 if StateRear==1&&Delta<=0&&thetac<=0
87 StateRear=0;
88 StateInside=1;
89 thetar=-thetac;
90 if thetar>=pi/2
91 thetar=pi/2;
92 end

93 elseif StateInside==1&&Delta>=0&&thetac>=0
94 StateInside=0;
95 thetaf=thetac;
96 if thetaf>=pi/2
97 thetaf=pi/2;
98 end

99 elseif StateInside==1&&thetac>=pi/2
100 StateInside=0;
101 thetaf=pi/2;
102 end

103
104 i_find_theta=i_find_theta+1;
105 thetac=thetac+dtheta;
106 end

107 thetam=(a0+a1*s_dyn)*thetaf;
108
109
110 theta=-pi;
111 i_terra=1;
112 while i_terra<i_terra_max
113
114 l=R*(thetaf+thetar);
115 jx=R*(thetaf-theta-(1-s_dyn)*(sin(thetaf)-sin(theta))

);
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116 if thetam<=theta&&theta<=thetaf
117 Sinkage_Bekker=R*(cos(theta)-cos(thetaf));
118 elseif -thetar<=theta&&theta<=thetam
119 Sinkage_Bekker=R*(cos(thetaf-(theta+thetar)/(

thetam+thetar)*(thetaf-thetam))-cos(thetaf));
120 else

121 Sinkage_Bekker=0;
122 jx=0;
123 end

124
125 %
126 xc=x+R*sin(theta);
127 yc=y-B/2-dw/2+dw*j_terra;
128 zc=z-R*cos(theta);
129
130 %
131 i_field=ceil( (xc-Xmin)/dx );
132 j_field=ceil( (yc-Ymin)/dy );
133
134 %
135 if l>=B
136 sigma=(c*kc+rho_field(i_field,j_field)*g*B*kphi)

*(Sinkage_Bekker/B).^n;
137 elseif l<B
138 sigma=(c*kc+rho_field(i_field,j_field)*g*l*kphi)

*(Sinkage_Bekker/l).^n;
139 else

140 sigma=0;
141 end

142 tau_B =(c+sigma*tan(phi))* (1-exp(-jx/kx));
143
144 %
145 sigmaX(i_terra,j_terra)=-sigma*sin(theta)+tau_B*cos(

theta);
146 sigmaZ(i_terra,j_terra)= sigma*cos(theta)+tau_B*sin(

theta);
147
148 if sigmaZ(i_terra,j_terra)<=0
149 sigmaX(i_terra,j_terra)= 0;
150 sigmaZ(i_terra,j_terra)= 0;
151 end

152
153 %
154 Delta_ij(i_field,j_field)=max(Delta_ij(i_field,j_field
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),Z_field(i_field,j_field)-zc);
155
156 if Delta_ij(i_field,j_field)>0
157 if sigmaX(i_terra,j_terra)<0
158 M_ij(i_field,j_field)=1;
159 elseif sigmaX(i_terra,j_terra)>0
160 M_ij(i_field,j_field)=2;
161 end

162 end

163
164 %
165 dA=R*dtheta*dw;
166 Fx=Fx+sigmaX(i_terra,j_terra)*dA;
167 Fz=Fz+sigmaZ(i_terra,j_terra)*dA;
168 Ty=Ty+R*tau_B*dA;
169
170 theta=theta+dtheta;
171 i_terra=i_terra+1;
172 end

173
174 w=w+dw;
175 j_terra=j_terra+1;
176 end

177 Damp_z=Fz/(R*1.5);
178 Fz_Damp=Fz-Damp_z*vz;
179 if Fz_Damp<=0
180 Fz_Damp=0;
181 end

182
183 end
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