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Chapter 1

Introduction

Terramechanics is a discipline which studies the performance of a vehicle in relation to
the terrain characteristics. Terrain-Vehicle mechanics is a branch of terramechanics
and deals with the tractive performance of vehicle over unprepared terrain and various
obstacles. Over the years terrain models have evolved to include more and more
factors, which in turn has helped in modelling the vehicle terrain interaction better
and calculate the dynamic forces more accurately.

The various performance characteristics like tractive effort, motion resistance and
drawbar pull are determined by the shear and normal stresses on the vehicle at the
point where it is in contact with the terrain. The main issue in the modeling off-road
vehicles is to predict the vehicle-terrain interaction.

In case of the trailer this is the track-terrain interaction. A model of this interac-
tion leads to a better understanding of the forces on the vehicle in various situations.
This helps us diagnose and problems and suggest design changes.

There have been many track models suggested, most dealing with metal tracks.
The wheels in these models have been modeled as rigid bodies. There is no complete
Track model that can stand by itself independent of the vehicle. This report lists out
the concepts behind creating an independent track model that takes the deformation

of rubber tires into consideration.



1.1 Background

An extensive survey of literature on the field of off road vehicles has been done. Some
of the models are discussed in detail, especially with regard to the track model and
track terrain interaction. A complete description of the vehicle model being used is
also presented. The methodology of modeling the vehicle in described in detail. A
lumped mass model of the track is created and implemented in this study. A set of
tests are simulated for the vehicle under different conditions. The simulated results
are compared with results from the literature. Since there are no detailed test results
available for the actual trailer the model is run through many simulations and the
results are verified to see whether they are what would be accepted as reasonable
values for a vehicle of its kind.

The model will be used to characterize the performance of the vehicle in following

criteria:

1. Performance at different speeds
2. Soil performance
3. Rough terrain performance

The Vehicle

The vehicle that is modeled here is the M200 trailer shown in Figure 1.1. This trailer
is designed to carry a 2-ton load . The trailer is most often used to carry generators.
A particular configuration is used to carry the Miclic system. Due to the trailer facing
difficulties in the field, the trailer was modified from a single-axle 2-wheeled trailer to
a single-axle 4-wheeled trailer. A walking beam was welded at both ends of the bogey
axle, wheels were attached at the ends of the walking beam and a make shift rubber
band track was wrapped around the wheels. Since the whole operation was done in
the field there is no technical data package available for the modification. Some of
the technical data like the initial track tension and the stiffness of the track are taken

from comparable vehicles.



Figure 1.1: M200 trailer

The Miclic system is anti-mine system that consist of rocket that fires a line of
cord lined with C4 explosives that are detonated in a mine field. The trailers that
carried this configuration had problems related to vehicle sinkage in the desert; due
to this the vehicles were modified with a walking beam and band track such that the

mean maximum ground pressure was reduced.

1.2 Objectives

The objective of this thesis is to model the U.S army M200 trailer for application in
future durability /reliability studies.

1.3 Scope

1. Formulate models for the elastic track, radial spring tyre, multibody dynamics

of the vehicle



2. To implement a general trailer model for a elastic rubber track over wheels in

Matlab.

3. Verify performance on soil.

1.4 Thesis overview

Chapter 2 Presents a review of the literature. Several different track models are dis-
cussed. Formulations, track connectivity and terrain models are investigated.

Methods of modeling tires are detailed.

Chapter 3 Different kinds of soils and modeling methods are described. Various
models of terrain presentation are discussed. The principles and experiments
done to calculate the various parameters are given. Bekker’s equations and

Janosi and Hanamoto’s approximations are discussed in detail.

Chapter 4 The M200 trailer model is discussed in this chapter. The basics of recur-
sive multibody dynamics are mentioned. The analysis of body position, velocity
and acceleration are presented. The various joint formulations are detailed. The

dynamic analysis of the multibody trailer model is also presented.

Chapter 5 The lumped mass track model is presented in this chapter. The track
terrain interactions and the corresponding forces are discussed. The sinkage,
pressure distribution under the track, the normal force, shear displacement,
shear force, track tension and friction forces are analyzed. The tire force and

its effect on the track and vehicle are also described.

Chapter 6 Simulations results are run for different kinds of soils and speeds are pre-

sented. These simulations help to understand the effect of the terrain geometry,



vehicle speed and soil type. Due to lack of any test data the model cannot be

validated it can only be verified .

Chapter 7 The various advantages of the model are discusses and conclusions are

drawn.



Chapter 2

Literature review

2.1 Tire models from the literature

There are many tire models that have been proposed in the past, here a few of them

are discussed in detail. Most of these models are an extension of a previous model.

2.1.1 Simple tire models

The first model is the simplest model for tires; point contact model[6]. Th point
contact model is possibly the most commonly used tire model, it is mathematically
represented by a spring and a damper in parallel as shown in Figure 2.1 this results
in a fairly good model to calculate the tire forces when tire runs over smooth, long

wave length bumps. Its accuracy decreases for rough terrain.

The rigid tread band tire model[6] also follows the same spring and damper model
as the point contact, but is mounted on a rigid wheel as shown in Figure 2.2, it experi-
ences a forcing function when the wheel moves. In this model the contact point is not
constrained to be vertically below the axle, it can move forward and backward due

to encounters with local geometry. This model filters out small wavelength bumps.

The fixed footprint model uses distributed springs and dampers to form the con-

tact model as shown in Figure 2.3. The footprint in the model is constant in size, and



Figure 2.1: Point contact model[4]

¥
S

Figure 2.2: Rigid tread band tire model[4]

e,

Figure 2.3: Fixed foot print model[4]



independent of the tire deflection. Drag forces for the above models are predicted by

assuming that the resultant tire force is always normal to the local ground profile.

2.1.2 Linear radial spring tire model

To overcome the deficiencies of the point contact model the radial spring model was
suggested. It uses angularly distributed, independent, linear spring elements as shown
in Figure 2.4 [6]. This model has the capability of accurately simulating the tire en-
velopment of small surface irregularities. It accurately predicts the tire forces over
long wave length ground profiles. This tire model suits are needs for the simulation

and was used in this research.

The mathematical formulation for this model is as follows,

fli—_)z = 050, (2.1)
X;c0s0; = R(cos®; — 1)+ Z — Z, (2.2)
F,j = KX,cos0, (2.3)
Fy; = F, + tan®, (2.4)

Fv:ZFv_j (25)

Where 7, is the vertical displacement of the wheel, X is the linear displacement of
the element, F,;, F}j,; are the vertical and horizontal forces due to element j and 7 is

the height of the bump.



Figure 2.4: Radial spring tire model [4]

2.1.3 Quadratic radial spring tire model

Quadratic radial spring tire model was suggested by Phillips and Cook [4]. This uses
radial quadratic spring elements to better approximate the non-linear load deflection
curve for a given tire. This model assumes that springs can deflect independent of
each other. Only elements in contact with the obstacles are affected; the elements

that are not in contact are fully extended to the radius of the tire.

The vertical component of force on flat ground in the element j is

Fv]’ = Ferin@i (27)

Where D; is the linear spring constant, D, is the quadratic spring constant, F,;
radial force on tire element j F,; is the vertical force component due to tire element
J

The total vertical force is calculated by summing the vertical force due to each

tire element, is equal to

Fv:ZFv_j (28)



Figure 2.5: Radial-interradial tire radial model[4]

The total drag force can be calculated using the relation

N
Fd = ZFm/tan@j (29)

J=1

2.1.4 Radial-interradial spring tire model

In this model shown in Figure 2.5 there are interradial springs that connect adjacent
radial springs, thereby making the deflection of a particular element dependent on
the deflection of its neighboring elements. This predicts more accurately the vertical
and drag forces when the tire is not completely supported by the ground or is in con-
tact with an obstacle. Two types of radial models were proposed, linear radial-linear

interradial model and the quadratic radial -linear interradial spring model[4].

The mathematical models for both the models are as follows

Linear radial-Linear interradial spring tire model

The radial force on element j is as follows

Fj=CiEy+k(2E,; — Erjor — Epj)i=2,3,..,n— 1 (2.10)

10



Frl = OlErl + k(Erl - ETQ) (211)

Frn = ClErn + k(Ern - Ern—l) (212)

[\

n—

F, = [Fl.;51nO;] + F,15in0; + F,,,sin0O,, (2.13)

<.
I
¥

Where C is the linear spring constant,F}; radial force on tire element j F; is
the vertical force component due to tire element j.E,; is the radial displacement of
the tire element.c; and k& must be determined from a tire deflection curve and two

simultaneous equations.

Quadratic Radial-Linear Interradial tire model

The radial force in element j is

Frj = ClErj -+ CQE?“j2 + k(QET] - Eijl - Eerrl)i = 2, 3, ey, U — 1 (214)
Frl = ClErl + CQETlQ + k(Erl - ETQ) (215)
Frn == ClErn + CQEfn + k(ETn - Ernfl) (216)
n—2
F, = Z[Frjsm@j] + F,15in©, + F,,s1nO,, (2.17)
j=2

Where C is the linear spring constant, Cs is the quadratic spring constant, and F,;
is the radial force on tire element j. F,; is the vertical force component due to tire
element j. C7,C5 and k must be determined from a tire force deflection curve and 3

simultaneous equations.

2.2 Track models

There are many individuals and groups of people doing research on tracked vehicles.
A large collection of papers on the subject of tracks and track-terrain interaction

exists. In this section some of those papers will be investigated.

11



2.2.1 Approaches to modeling

J.Y . Wong[8] wrote a paper about terramechanics, in which he discusses the measure-
ment of various parameters of the soil using the cone penetrometer and bevameter
techniques. The paper also discusses the various methods of approach to terrame-

chanics. These methods are:

1. Empirical approach
This method came into being to circumvent the difficulty in modeling the inter-
action between an off-road machine and the terrain. Vehicles are tested in on
various different types of soils, the soil parameters are also calculated using sim-
ple measurements. The values are then empirically correlated. This gives us a
scale between the two parameters. Nowadays this method is used to empirically
correlate some performance parameters of tires with mobility numbers based on
the cone index. This method has had some success but cannot work for certain
type of sands, the empirical relationship is valid only within a specific range for

which it was tested. Thereby extrapolation of the relationship need not be valid.

2. Theoretical approach
The theory of plastic equilibrium is applied to the soil, this generally provides
a good insight into the physical nature of the machine-terrain interaction and
can establish a theoretical reference with which performance of off-road vehicles
can be compared under ideal conditions. There are some limitations to the
application of the theoretical method for prediction of performance of vehicles.
The theory of plastic equilibrium is based on the assumption that the terrain
behaves like a rigid plastic material, the terrain does not deform much till
the stress it reaches a point where failure occurs, beyond this point the strain
increase rapidly while the stress remains constant. Most terrains do not display
this property. The theory of plastic equilibrium is mainly concerned with the
prediction of the load that will cause failure of soil, it does not really deal with

deformation of soil under load.

12



Figure 2.6: The chassis subsystem [12]

3. Semi-empirical approach
Many different semi-empirical methods for predicting off-road performance have
been proposed, the most commonly used of them is based on the bevameter tech-
nique. In this model terrain characteristics like pressure-sinkage relationship,
shear strength and response to repetitive loading obtained using the bevameter
technique, are used as inputs. Vehicle parameters like weight, track dimension,
track tension, and road wheel arrangement and dimension, are taken into ac-
count. The normal and shear stress distributions, normal pressure and motion
resistance are the outputs from this model. This is the approach followed for

calculation of the parameters in this particular model.

2.2.2 Mettalic tracks

Nakanishi and Shabana[l12] modeled a hydraulic excavator tracked vehicle as shown
in Figure 2.6. The vehicle is modeled as two kinematically decoupled systems, having
a total of fifty five degrees of freedom. The track is modeled as a closed kinematic

chain that consist of fifty four rigid links connected by revolute joints as shown in

13



Figure 2.7: Track subsystem [12]

Figure 2.7. The track has forty two degrees of freedom. To define the track con-
figuration in global coordinate system, the author choose two translation cartesian
coordinates, the other forty coordinates are chosen as rotational angles. Dependent
coordinates are expressed in terms of the independent angles using the described loop
closure equations. The dependent velocities and accelerations are calculated in terms
of the independent variables by the differentiating the loop equation, these in turn

has been used to calculate the velocity and acceleration equations for the track links.

The solution for the nonlinear dynamics for the multi-body equations are obtained

by the authors, using two different methods. The methods are described below

The first method is based on the principle of formulating nonlinear algebraic
equations are adjoined to the differential equations using the technique of legrange
multipliers. The independent coordinates of the tracked vehicle are identified and the
associated state equations are integrated for the independent joints and velocities.

Iterative Newton-Raphson algorithm is used to solve the constraint equations.

14



{a) Triple lugs track link fbY Finite element model

Figure 2.8: Finite element analysis [10]

In the second method in order to avoid the use of Newton-Raphson algorithm in
solving the mixed system of differential and algebraic equations of motion, a velocity
transformation method is used. The dependent coordinates, velocities are obtained

in terms of the independent coordinates.

Both the results agree quiet well, but the second method only uses 54 percent of

the cpu time than the first method.

Sarwar, Nakanishi, and Shabana [10] investigated the chain link deformation in the
nonlinear dynamics of tracked vehicles. The purpose of the study is to demonstrate
the errors that may result from the use of static-force analysis. The track model
presented in this paper is the used. In the analysis presented in this paper assumes
that the deformation of the steel track links does not have a significant effect on the
rigid-body motion of the tracked vehicle. The results of this analysis as shown in
Figure 2.8 proves that the dynamic stresses can be significantly different from the
static stresses. This is due to the fact that dynamic stress analysis takes into effect

the time history of forces.

In their paper about modeling of agricultural vehicles Gianni and Roberto [5], look

at the steerability, ride characteristics and prediction of ground pressure distribution

15



sprocket

PS <

Figure 2.9: Forces acting on track
[5]

an tractive forces. A three dimensional model of the agricultural tracked vehicle is
developed which has 8 degrees of freedom and two independently applied sprocket
torques as applied input. While looking at steerability the track is assumed to behave
as though it were sliding on the ground, the terrain is assumed to be non deformable
in the analysis of the vehicle ride characteristics. A two dimensional static model
of track-terrain interaction has been developed, as shown in Figure 2.9, the track is
divided into four parts an upper run supported by rollers a lower run in contact with
the ground and the sections in contact with the idler and the sprocket. The interac-
tion along the track is averaged and the internal forces acting at the pins are ignored,
to gain computational efficiency in the numerical solution of the overall model. While
calculating the shear stress the track is assumed to be infinitely stiff horizontally, so
the track cannot expand, the speed of slip of the track with reference to the ground
is is the same for every point of the track in contact with the terrain. The shear
displacement under the track is as shown in Figure 2.10. The parameter analysis is
based on the bevameter technique proposed by Bekker [9]. The dynamic model gives

satisfactory results, however the model to simplified to provide a realistic description

16
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Figure 2.10: Shear displacement in forward motion [5]
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of the dynamics of the overall tracked vehicle system.

Dhir and Sankar[2] created a computer simulation model for predicting the dynam-
ics of off-road tracked vehicles. A two-dimensional tracked vehicle model is developed
as shown in Figure 2.11, with detailed analytical representation of the trailing arm
suspension and dynamic wheel-track-terrain interaction. The wheel-track-terrain in-
teraction is modeled via an improved adaptive footprint formulation. The track is
made of steel tracks interconnected with rubber pads of both the inner and outer
surfaces. The terrain is assumed to be a non-deformable. The terrain profile is mod-
eled like a set of linear segments adjoining the coordinates of successive points. It
is represented by a table containing horizontal and vertical coordinates of successive
points, the values of the intermediate points are calculated by linear interpolation.
The kinematics of the vehicle model is described by 2+N generalized coordinates.
The track sag is calculated by using a quadratic polynomial approach, which per-
mits a direct visualization of track sag as shown in Figure 2.12 as a function of track
tension. The track connectivity for the track is modeled as shown in Figure 2.13.

The horizontal and vertical forces due to the dynamic vehicle-terrain interaction

17
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Figure 2.13: Track connectivity [2]

are computed. The suspension forces and moments are computed based on the road
arm orientation. The equations of motion are integrated based on hammings modified

predictor-corrector method.

2.2.3 Elastic band tracks

The model that the present research is primarily derived from is based on the thesis
by Corina Sandu [3]. In this study the track is modeled as a continuous flexible belt.
The band has only longitudinal elasticity and therefore one degree of freedom. This
model is used for straight line testing. This model takes into account the moment of
inertia of the road wheel and it adds friction force model at the at the road wheel-
track interface. It is a scalar model. The assumptions that are made are that the
track doesn’t slip on the sprocket, or the idler, the track is quasi static and the track
tension acts along the tangent to the wheel at the wheel track separation point. The
suspension of each road wheel is modeled using rotational spring dampers. The way
the track is modeled there is no shear between the road wheels. The track is modeled

as a single force element. The track terrain interaction is modeled in detail, the

19



First wheel-track Last wheel-track Last wheel-track

contact point (0) contact point (1) contact point (1)
. & N
First wheel-track
contact point (0)
Last First
wheel-track wheel-track
n(:?)ntact point contact point
: Last wheel-track
First whee_l-tra[c):k ------------- contact point (1)
contact point (0) [ agt wheel-track First wheel-track
contact point (1) contact point (0)

Figure 2.14: Trackpost|[3]

vehicle-terrain interaction is modeled using relationships developed by Bekker [9] and
Wong [7]. A detailed connectivity algorithm is written, which divides the track into
segments as shown in Figure 2.14. The forces on each of the track segments are shown
in Figure 2.15.
Connectivity Algorithm

1. Track segment wrapped around the idler

2. Track segment along the common tangent between the first road wheel and idler

3. Track segment around the sprocket

4. Lower portion of the track, in contact with the road wheel and ground.

5. Upper portion of the track segment between the sprocket and the idler

After calculating the track-terrain interaction forces and wheel-track forces the

tensions for the whole model are calculated.
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Chapter 3

Terrain

3.1 Soils

There are various forms of soil. Soils are classified in many different ways to suit
different purposes, these are used by different fields like engineering, agricultural
ventures and military. The basic classification from a geological perspective is as

follows

1. Alluvial soils :- Deep deposits of homogenous soil particles like clay so