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ABSTRACT

Efficient manoeuvrability of off-road tracked vehicles such as military tanks and rovers is essential in ensuring
the success of military/extra-terrestrial operations. To achieve this, in-depth research on vehicle-terrain interaction is
crucial. This manuscript deals with reviewing the ways to study terramechanics viz. theoretical, empirical, and field
tests, and proposing the merits and demerits of each method. Under the theoretical approach, empirical, numerical,
and semi-empirical methods are discussed. Under the empirical approach, the method based onthe vehicle cone
index for tracked and wheeled vehicles is discussed. Under the numerical approach, advantages and disadvantages
of Finite Element Method (FEM) and Discrete Element Method (DEM) are discussed. Semi-empirical method, based
upon a combination of the best features of numerical and empirical approaches discusses terrain response to normal
repetitive loads and shear repetitive loads for tracked as well as wheeled vehicles. Pressure sinkage relationship for
terrains at various loading conditions and shear stress displacement relationship for different terrains obtained through
penetration and shear tests are discussed to determine the vehicle’s mobility parameters under a semi-empirical
approach. Further, the Super element model, multi-body simulation model, and ride and cornering vibration model
are discussed under computer simulation models. A detailed review of various models customized towards tracked
vehicle-terrain interaction discussed in this manuscript helps the authors set up a laboratory for terramechanics at
DIAT. Preliminary analysis along with conceptual design of the experimental setup is also discussed. In a nutshell,
this paper attempts to summarize the research that has been carried out in the field of tracked vehicle-terrain inter
action comprising of VCI, MMP, FEM, DEM, Super element model, Multibody technique, and Semi-empirical
methods helping the authors to establish a laboratory of terramechanics for their M. Tech. program on Armament
and Combat Vehicles at DIAT Pune.
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NOMENCLATURE a, : The angular relationship of the track element
C, : Cone index after remolding to the horizontal terrain
C, : Cone index before remolding w, : Width of vehicle’s belly
Cp, : Contact pressure factor a,, : The angle between the belly and the terrain
C : Cone index N, : Normal stress on the belly—terrain interface
w, : Track width S, : Shear stress at the belly—terrain interface
L. : Length of track in contact with the ground 1 : Shear displacement
L, : Length of the belly of the vehicle c.C,C, : Pressure sinkage parameters
: Weight factor Y : Sinkage
: Track load v, : Sinkage during unloading
: Total track length WES : U.S. Army Waterways Experiment Station
: Grouser factor M, : Mobility Index
o : Vehicle weight
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: Bogie factor

: Number of axles or road wheel stations
: Clearance factor

: Track link profile factor

: Track pitch

: Road wheel diameter

: Normal pressure

: Engine factor

: Transmission factor
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1. INTRODUCTION

Off-road locomotion started in those days of history when
man invented the wheel about 3500 B.C. and further the earliest
transport system. As humanity evolved, people kept on shifting
from off-road to on-road locomotion. In recent days, military,
agriculture, and space requirements prompted scientists and
engineers to design vehicles for their required performance
on off-road terrain with the help of empirical, analytical, and
computational tools.

The pioneer work in this area was done by Dr. M.
G. Bekker who published Theory of Land Locomotion in
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1956! and Introduction to Terrain-Vehicle Systems in 19692
The foundation stone laid down by Dr. Bekker in this area
established an independent discipline of “Terramechanics”
under the domain of mechanical and civil engineering. Further,
with the formation of the International Society for Terrain-
Vehicle Systems (ISTVS), new developments took place in
this area to bring Terramechanics to its present shape.

Theterrain has a significant influence over the performance
of vehicles in terms of engine power requirements, overall
dimensions, ride comfort, obstacle crossing, water-wading, and
other related aspects. The cross-country terrain in connection
with military vehicles usually depends on several factors such
as geography, meteorology, vegetation, soil type, moisture
content, the ratio of sand, stone, and clay in addition to some
personnel factors. Because of this, it is evident that the study
of terrain is a crucial factor to be considered throughout the
design and development of off-road vehicles.

Military operations are mainly off-road, in which military
vehicles have to overcome a wide variety of terrains such
as sandy terrain, snow terrain, clayey terrain, etc. Mobility,
which is the efficiency with which the vehicle can travel in an
unprepared terrain is an important aspect of military operations,
space, and underwater or deep-sea explorations®.

The study of the analysis of the overall performance of
the vehicle with consideration of the environment upon which
it is operating i.e., terrain (soft soil, muskeg, snow, etc.) is
called Terramechanics*. The primary goal is to offer guidelines
on which decisions about off-road vehicle evaluation, design,
development, and procurement are based”.

The off-road vehicle’s performance characteristics
(Trafficability, Sinkage, Tractive effort, and Drawbar pull)
are directly connected to normal and shear stress distributions
upon the interaction of the vehicle’s running gear and terrain
(For tracked vehicles it is track and terrain interaction)®. To
investigate the performance characteristics of a military vehicle,
a study of the interaction of running gear (track for tracked
vehicles) and terrain is necessary’. Theoretical modelling, soil
bin experiments, and field test scan beutilized for the study of
track and terrain interaction®. Carrying out experiments/ field
tests for the design and development of an off-road vehicle
is very expensive and time-consuming. Theoretical models
provide an easy and cost-effective solution for performance
evaluation, design, and development of off-road vehicles®. It
is important to consider characteristics of terrain and vehicle
design parameters in the theoretical models®*.

Factors affecting the vehicle’s performance are strongly
interconnected to ground pressure distribution. Traditionally
vehicle mobility was assessed using Nominal Ground Pressure
(NGP) (Eqn. 1) which does not account for other vehicle design
parameters except the length and width of the track in contact
with the terrain. Due to limitations of the NGP, new ways have
been developed which we will go through further sections’.

Normal Load
Area of contact with the ground )

NGP =

Primary concerns in terramechanics include the
measurement and characterization of terrain behavior and
modelling of vehicle-terrain interaction.

470

Methods
Theoretical Soil Bin Field
Method Experiments Tests

Empirical

Numerical

Semi-Empiricall

Figure 1. Classification of methods in terramechanics.

This paper provides a comprehensive review of various
terramechanics models tailored towards tracked vehicle-terrain
interaction. Referring to the classification shown in Fig. 1, the
study examines the theoretical methods including empirical,
numerical, and semi-empirical approaches'® along with soil-
bin experiments and field tests.

2. EMPIRICAL APPROACH

The empirical approach is based on the observations and
measurements. Empirical relations are created based on the
experiments for specific vehicle types and terrain/soil conditions
because it is challenging to understand track (running gear)
and its interaction with terrain. These relationships are applied
to assess the manoeuvrability and trafficability of the vehicles®.

The empirical method based on the cone index was
developed initially by Waterways Experiment Station (WES)
for the US Army to assess the vehicle’s ability to traverse the
off-trail track®The purpose of this technique was to equip
personnel of the US Army by providing a simple means to
assess vehicle mobility on a “Go/No-Go” basis for fineand
coarse-grained soils. The type of soil was decided by the
grain size. Accordingly, if, by weight, 50 % or more of the
soil grains are smaller than 0.074 mm (in diameter) the silt or
clays are called fine-grained whereas if this percentage is less
than 7 %, the beach and desert soils in dry condition are called
coarse-grained soils. With further improvements, this built the
basis for the NATO Reference Mobility Model (NRMM). Off-
road vehicle transverse capability is assessed using the Cone
Index (C)) i.e., soil’s resistance to being penetrated which is
analysed through a cone penetrometer devised by WES*!112.13,
Generally, a 30° circular cone with a 0.5% base area fitted at
one end of a long rod is used as a cone penetrometer. The other
components of the cone penetrometer consist of a proving ring
and a dial gauge fitted at the other end of the long rod. The dial
gauge indicates the force required to penetrate the cone into
the terrain about which one needs to know the mobility of the
vehicle. The preferred force for penetration should develop a
rate of penetration of about 1.2 in/s. This force when divided
by the base area of the cone is referred to as cone index (C).

Repeated vehicle movement on an off-trail track can alter
its characteristics and affect trafficability. To determine vehicle
mobility on such terrain is determined by the Remoulding
Index (R). The remolding process varies with the type of
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soil’®. The ratio of the cone index of soil after remolding to
that before remolding is called the Remoulding Index (Eqn. 2).
The shear strength of the terrain is altered due to the process

of remolding.
g =Cu
Cp 2

To enhance the accuracy of the procedure, the vehicle
parameters must be taken into account along with the terrain/
soil characteristics, enabling better prediction of traffic
conditions. To predict trafficability, a comparison between the
Rating Cone Index (R.,) and Vehicle Cone Index (V) is to
be made*!""12, The multiplication of the cone index (measured
before remolding) and the remolding index is called the Rating
Cone Index (R ). The terrain strength under repeated vehicular
traffic is represented by R_. Determination of R, and V
shown in Eqn. 3 to Eqn. 6 are given as follows:

Ry =R, xC, 3

WES devised an empirical equation to calculate the
mobility index (M,) for tracked vehicles. M, is a function of
the track factor, grouser factor, engine factor, transmission
factor, contact pressure factor, weight factor, bogie factor, and
clearance factor. M is used to find the vehicle cone index (V_.),
which indicates the lowest value of soil strength in the critical
layer to allow a particular vehicle to make a certain number of
passes without any problem. V, for single pass and V_, for
50 passes for tracked vehicles running on fine-grained soils can
be calculated by Eqn. 4 and Eqn. 5.

For single pass:

Ve, =7+0.2M, —[ 39:2 j

M,+5.6 4)
For 50 - passes:
Ve, =1927+0.43M, - 12579
oy =R T G 708 ®)
Where M, is the mobility index given by
CP, xW,
M,=|—L—L+B,-C, |xE, xT,
T,xG, (6)

Further, tracked vehicle performance parameters such as
maximum negotiable slope, the net maximum drawbar pull,
and towed motion resistance can be empirically determined.
In addition to the R, and V_, indices, there is another index
based on the Cone Index for rubber tracks that have been
developed by Servadio'™%, et al. Clay-rubber track numeric
can be calculated from Eqn. 7:

CR,, = CrXMrxe )

A similar Empirical approach as explained above can be
followed for predicting wheeled vehicle performance with the
help of the mobility index of an off-road wheeled vehicle'®.

Given the limitations of NGP, Rowland has proposed
Mean Maximum Pressure (MMP) - an average of the maximum
under the tracked vehicle’s road wheels'®'"® which considers
few other vehicle parameters in the determination of Ground
Pressure.

MMP of tracked vehicles is given by Eqn. 8

MM 1.26xW,,

ZXNaXp;‘XWrX\/pTXdR ®)

Pxx

In a comparative study conducted by Wong', the
predicted values of MMP obtained using Rowland’s'”!* and
NTVPM-86 were compared. While Rowland’s approach does
not consider terrain parameters when determining MMP, the
empirical approach has certain limitations, resulting in slight
variations between the predicted and experimental MMP
values'*?. Larminie® has presented modifications to the
vehicle ground pressure criterion of Mean Maximum Pressure
(MMP)for tracked and wheeled vehicles based on fine-grained
soils (clays, cohesive soils) and coarse-grained soil (sands,
frictional soils). The effect of the number of axels driven on
MMP is also considered in his publication. MMP Formula
for belt tracks with pneumatic tires, and wheels of different
sizes in fine-grained soils along with special cases for trailers,
articulated vehicles, and half-tracks is also presented®.

To overcome the problem of soil compaction caused
by vehicle traffic in agricultural soils, P. Servadio!! applied
this empirical approach in his research. However, since the
empirical approach relies on experimental tests of vehicles
in different terrains, its applicability may be limited when
extrapolating results to different vehicles and terrains.

3. NUMERICAL APPROACH

It is difficult to solve the tracked vehicle-terrain
interaction problems analytically where the shape of running
gear and terrain characteristics change with the traffic**2!. So,
the Numerical Approach can be used to solve such interaction
problems. For modelling vehicle-terrain interaction, Finite
Element Method (FEM) & Discrete Element Method (DEM)
can be very promising for obtaining accurate results. The
effectiveness of such methods depends on the accurate
modelling of terrain behaviour and vehicle running gear?.
Compared to experimental or field test results, numerical
simulations can provide a good degree of accuracy along with
cost and time savings in the vehicle design and development
process®.

3.1 Finite Element Method

Finite Element Method (FEM) is a numerical technique
that sub divides a large and complex system into smaller and
manageable parts called finite elements that are analyzed more
effectively through a high-powered computer. The complex
problems of terramechanics such as the deformation of terrain,
having different grain sizes, moisture content, the interaction of
wheel/ track with terrain, etc. can be modelled and simulated
using this technique. Several factors, including grain shape,
moisture content, vegetation, etc. impact the mechanical
characteristics of the terrain®. This approach enables us to
investigate the effect of various terrain parameters on vehicle
performance, such as soil compaction and sinkage. Moreover,
FEM has become increasingly practical as computational
power has improved and material models have become more
sophisticated.

Three crucial sections of FEM analysis of vehicle-
terrain interaction are Vehicle Running Gear Modelling, Soil
Modelling, and Interaction Modelling®.

The Vehicle Running Gear Modelling section deals with
how load or pressure is applied to the terrain. It is essential
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to accurately model the running gear shape and apply initial
and boundary conditions. This modelling can be done in 2D
or 3D using any CAD or modelling software, which then can
be imported into the simulation software. Hall*, et al. have
used Hyper Mesh to model tires and LS-DYNA to solve the
interaction problem. However, for analysis of tracked vehicle’s
interaction with terrain, the pressure distribution pattern must
be known in advance to use the FEM approach accurately?’.

Soilmodelling is the most critical aspect of FEM simulation
in terramechanics. It is necessary to model the soil accurately
to reflect its actual behaviour under pressure or load applied.
The soil models available are Elastic, Nonlinear-elastic, Visco-
elastic, Elastic-Viscoplastic, Drucker-Prager model, Cam-clay
model, etc.”. It is essential to select appropriate mathematical
parameters to get the closest soil model representing the actual
soil in the approach. One can choose these parameters from
literature or experimental tests such as the cone index, triaxial
compression test, etc.?®. To get a reasonable FEM solution,
the mathematical model of the vehicle running gear and soil
has to be accurate, and the results should be validated by
experimental tests?'. Once the modelling of soil and running
gear is done, their interaction can be modelled by specifying
initial and boundary conditions such as load being applied to
the soil, speed of travel of track or tire, etc.

Various researchers in the field of Finite Element Method
(FEM) have presented their studies with detailed soil models.
For instance, Yong®, et al. modelled a rigid wheel, and a
nonlinear elastic terrain model to simulate the soil behaviour.
The study revealed that the FEM results were in close
agreement with experimental findings. Similarly, Karafiath?®,
et al. utilized the Ramberg-Osgood model, typically used
for describing the stress-strain relationships in metals, to
incorporate the plastic behavior of soil in their study on soil
deformation under a moving track. In another study, Omar®,
et al. employed the Extended Drucker Prager soil model to
simulate soil compaction in agricultural soil, which exhibits
elastoplastic behaviour. Additionally, Liu?', et al. updated the
critical state soil model by introducing a new nonlinear elastic
relation, which resulted in findings that closely align with
experimental results.

Despite the advantages of the FEM approach in accurately
predicting sinkage and soil compaction, the limitations of the
FEM approach are the boundary conditions such as interfacial
stresses and loading conditions have to be experimentally
determined® and fed into FEM simulations. FEM is based on
continuum mechanics, and shear and soil flow characteristics
are ineffectively modelled for moving vehicles?'. In FEM, the
soil is modelled as a continuous medium, which is not the
actual case. The movement of interface sand particles during
vehicle movement over the sandy terrain also influences
mobility, which cannot be studied by FEM?3!33, Most of the
research in this approach is in the field of tire-soil interaction
and compaction of soil and vehicle sinkage in the terrain of
agriculture®®**, Where the central problem of soil compaction
and ruts formation is due to heavy load vehicles®. Modelling
a tracked vehicle and its interaction with soil is complex as the
pressure distribution pattern under the track has to be known
before FEM simulation. If pressure distribution is known, the
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determination of other performance parameters can be easily
solved.

3.2 Discrete Element Method (DEM)

The discrete or Lagrangian approach models the soil as an
assembly of idealized granular particles, where each particle is
assumed to be a distinct entity in the computational domain.
The interaction between these discrete granular particles
produces bulk deformation in the soil (assembly of particles)
when subjected to an external force”?35-3¢, Using this approach,
one can investigate the shear deformation, frictional resistance,
and dilatancy of the soil?. These three parameters are used to
study the stability of the vehicle, the ability of soil to support
the vehicle, and the relative movement of soil particles due to
applied load.

In contrast to DEM, the limitations of the FEM approach
in analyzing the vehicle-terrain interactions are due to the
consideration of the soil as a continuous medium which is
discontinuous in nature’. FEM assumes soil as a homogenous
and continuous medium as that of metals, which leads to
inaccurate prediction of vehicle-soil interaction.

In DEM modelling, similar steps to those used in FEM
are followed, including vehicle running gear modelling, soil
modelling, and interaction modelling. To model the soil in
DEM, the main parameters that are required are the mechanical
parameters of the soil and interaction coefficients which are
given as input to the interaction model. The interaction model
is the one that defines the interaction of the vehicle running
gear element considering the track that interacts with the soil
particle and this particle’s interaction with another particle.
EDEM software offers several pre-programmed interaction
models, including Hertz Mindlin (no slip), Hertz Mindlin
with RVD Rolling Friction, Hertz-Mindlin with JKR, Hertz-
Mindlin with bonding and Linear Cohesion. These models
vary in their ability to simulate different types of interactions
between particles, such as adhesive or cohesive forces’. Table 1
shows the tests that are required to obtain different parameters
used in the modelling of soil in DEM. These parameters are
summarized in Table 1.

Table 1. Parameters required to model soil in DEM?7

Parameters Tests

Density of soil

Moisture content

Avg. size of soil particles
Young’s modulus

Proctor test

Screening test

Poisson’s ratio

— Triaxial compression test
Internal friction angle

Internal friction cohesion

Coefficient of restitution

Coefficient of static friction
Coefficient of rolling friction

Repose angle test

Under DEM, the soil in the system is incorporated virtually
and replicates the actual behaviour of the soil in the system and
then simulates the interaction. The virtual creation of the soil
has various advantages in the field of development of rovers
which are sent to extra-terrestrial terrain for exploration where
the vehicles shouldn’t fail to move because of not producing
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adequate traction. Thus, the development of a virtual soil
model for the study of the interaction of vehicles and terrain to
obtain adequate mobility is necessary*’.

The study of the applicability of the DEM to vehicle—
terrain interaction was initially started by Odia*, et al. where
his research focused on how the track shoe interacted with
cohesive soil. The work by Zhang®!, et al. has revealed that
simulation results using DEM accurately replicate the results
by experimental tests. In their study, a non-linear mechanical
interaction model for soil particles has been implemented in
DEM for the dynamic behaviour of the soil particles during
bulldozing by plate. The work of high computations by DEM
for vehicle terrain interaction to achieve a high degree of
accuracy has been described by Nakashima®, et. al. Linxuan,
Zhou’, et al. has proposed a method using DEM that can be
used to accurately model the interaction between sand and
track element and obtain results very close to that of the
experimental results.

Besides the advantages of the DEM approach, the
limitations are large computing time. For accurate results, the
input soil parameters should be accurate. To get accurate soil
parameters, simultaneous tests and simulations for triaxial
compression and repose angle are necessary’. To address these
challenges, Nakashima®, et al. have created a fast and efficient
program that combines both the discrete element approach and
finite element approach to examine how a vehicle interacts
with the terrain. DEM is used in the top section of the terrain
and FEM for the later part of the terrain.

4. SEMI-EMPIRICAL APPROACH

The semi-empirical approach is a hybrid technique
to evaluate vehicle performance that combines both the
empirical and numerical methods. Empirical relations based
on experimental data on soil behaviour are used to derive a
rational basis for assessing vehicle performance’. However,
it is important to note that these empirical relations have
limitations and may not hold beyond the range of conditions
for which they were derived.

Numerical methods, on the other hand, offer their
advantages and limitations. While they provide a more detailed
and accurate analysis of vehicle performance, they can be
computationally expensive and time-consuming. The semi-
empirical approach combines the advantages of both methods
to create a comprehensive and efficient method to evaluate
vehicle performance.

By using empirical relations to provide a basic
understanding of soil behaviour and numerical methods to
refine and validate the analysis, the semi-empirical approach
can provide a more accurate and reliable assessment of vehicle
performance under a variety of conditions.

The path followed in this approach is to understand
the behavior of the terrain at first then modeling the terrain
behavior and further modeling of interaction between terrain
and vehicle*. The parameter that is to be determined for the
evaluation of the performance of the vehicle is*!>#! resistance
to motion which can be due to external factors such as
obstacles or due to internal friction upon the interaction with
the terrain. Resistance to motion can be due to the vehicle load

where if pressure applied by the vehicle on the terrain is not in
permissible limit of terrain, the vehicle sinks, and traversing
over such terrain is difficult.

Relation to determine resistance offered by normal
pressure is given by Eqn. 9:

LIG .

R, =2w; jo N, sina,dl, ©)

In some cases, the belly of the vehicle interacts with
terrain and offers furthermore resistance which is given by
Eqn. 10:

Ly, . Ly
R, =w, UO N, sine,,dl, + _[0 S, cos a,mdl,} (10)
Tractive effort — the effort that a vehicle needs to put to
move through the terrain is determined by the shear strength of
the soil/terrain given by Eqn. 11.

LIG
T, = ZWT'[O Sgcosa,dl, (an
Eqn. 12 defines the Drawbar pull which is the net load that

the vehicle can pull through terrain.

DPZYZ{f+2FS_Rnp_Rbt (12)
where, shearing force is given by Eqn. 13

F,= J.O,{ S sina,dl, (13)

Figure 2. Schematic diagram of the shape of track on a flat
and hard surface.

It can be seen that all the parameters are directly
dependent on normal & shear loads, which depend upon the
area of contact of the vehicle running gear with the terrain. In
the determination of the area of contact, the length of the track
varies with the type of terrain it is traversing. If the terrain is
flat and hard surface (Fig. 2) for example, concrete or asphalt,
the length of contact of the track with the terrain is less and
the contact length of the track at sprocket, support rollers, and
idler is more. Figure 3 shows the movement of the vehicle on
soft terrain e.g., sandy, clayey, etc. where the length of the
track in contact with the terrain is more and on the top run,
it is less’. The 2D finite element model is employed by Doyle
and Workman*? to study the variation of track tension when
the vehicle transverses through the obstacle and analyzes the
parameters that influence the track tension.

S (= ©

Figure 3. Schematic diagram of the shape of track on soft/
deformable terrain.

The study of the comprehensive behavior of the terrain is
crucial to analyzing the vehicle-terrain interaction. Different
soils have different behaviours based on the vehicular loads
there for e-developed model should incorporate such variations
to give accurate outputs. The terrain response against the
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normal and shear loads that a moving vehicle exerts* are
described in the following sections.

4.1 Terrain Response to Normal Repetitive Loads

Consider the tracked vehicle moving on an unprepared
terrain as shown in Fig. 4. A terrain element is considered where
it is subjected to loading by the track under the roadwheel.
When this roadwheel is passed the terrain element is now not
loaded and as the second roadwheel approaches the respective
terrain element the terrain element is being subjected to loading
again. This procedure is repeated until all of the tracked
vehicle’s roadwheels have crossed the terrain element. For the
analytical study to anticipate the distribution of normal & shear
stresses, the reaction of the terrain to repeated loading has to
be considered. The pressure sinkage relation for the repetitive
loading has to be considered and all the types of soils have to
be measured.

Ground surface leveal

Figure 4. Schematic diagram of moving tank with deflected
track in deformable terrain.

[}

Shear Stress

Slip "

Figure 5. Response of a dry sand terrain to repetitive shear load*'.

4.2 Terrain Response to Shear Repetitive Loads

When a vehicle transverses through the terrain the terrain
not only experiences the normal pressure due to normal load
by the vehicle but also experiences repetitive shear load due
to the non-uniform distribution of normal pressure over the
terrain. Figure 5 depicts how the terrain reacts to a shear load.
When the next roadwheel causes re-shearing, the shear stress
doesn’t reach its maximum value at the instant.

Table 2 shows the pressure sinkage relationship for
different terrains (sandy, snowy, and muskeg) at different
loading conditions which are continuously increasing,
unloading, reloading, and continuously increasing before and
after breaking crust.

Table 3 shows the shear stress displacement relationship
for different terrains which are sand, peat, rubber-muskeg,
muskeg-mat, loam, and snow.

4.3 Measurement and Characterization

Terrain response is different for different soil conditions,
so measurement and characterization to normal and shear
loads for terrain is a must which can be done by Bevameter.
Bevameter is an equipment developed by Bekker' that is
used to measure the mechanical properties of soil to assess
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Table 2. Pressure sinkage relation for different terrain at
various loading conditions*!

Type.of Loading condition Press_ure sinkage
terrain relation
C
) ) ) N, =|—£+C, |y
Continuously increasing load wy
=cz
Sandy
N , = Cy!
Unloading and reloading -C,(y.-»)
C,=Co+4y,
. . . =y, (1-
Continuously increasing load =2
before and after breaking the -N,
crust exp N
pw
Snow -
N .= Cy!
Unloading and reloading —-C,(v,-)
Cu = CO + Auyu
oM,y
Continuously increasing load N,=Cy+ TR
WT
Muskeg N,=Cy,
Unloading and reloading -C,(».-»)
C =Co+ 4y,

Table 3. Shear stress displacement relationship for different

terrain*

Terrain Relation

Sand, peat and rubber-muskeg S, :1_6’?"
S.vmax

Musk t SS —Lex 1- L

uskeg mat s C. p C

N
N

smax

Loam and snow

1
C"[H—[C,‘ [lfexp(fl)] 1]

exp{l-(ﬁw]{l—e"p[_éﬂ

a vehicle’s mobility. To measure the mechanical properties,
penetration and shear tests are performed®.

4.3.1 Penetration Test

The track/tire sinkage is measured in this test for the
application of vertical load by the track/tire on the ground.
Penetration test is performed by applying normal load through
a hydraulic ram on a circular plate (sinkage plate) of adequate
size which simulates the contact area of the vehicle running
gear. For this purpose, a Bevameter is generally mounted
in front of the vehicle. This test yields the pressure-sinkage
relationship for a given terrain. The general trend of the
relationship considering repetitive loading is shown in Fig. 6.

4.3.2 Shear Test
In this test, the shear stress and displacement relation
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[

Pressure

e
W

Sinkage
Figure 6. Pressure-sinkage relation of sandy terrain®'.

Shear Stress

o

Displacement " j"
Figure 7. Shear stress versus displacement of different types*.

is obtained by determining the angular displacement of the
annular shear ring for torque applied while the terrain surface
is subjected to normal stress. Different terrains exhibit different
shear stress—displacement relationships which are summarised
in Table 3 and Fig. 7.

The experimental parameters that are utilized in further
procedures in determining the performance of tracked vehicles
have to perfectly replicate the terrain®.

4.4 Procedure for Determining the Normal Pressure
and Shear Stress Distribution
The procedure to determine the normal pressure and shear
stress distribution considering all the factors such as terrain
behavior, and vehicle behavior to different terrains by Wong?*!,
et al. The steps in this process are as follows:

4.4.1 Step-1: Shape of the Track

The track is modeled as a flexible belt for numerical
simulations. This seems appropriate for the tracks with rubber
belts and link tracks having smaller track pitches. When
the vehicle stays on a plane’s rigid surface, the tracks take
a flat shape on the ground. Figure 8 shows track-roadwheel
arrangement on a deformable terrain operating under steady-
state conditions. When a tracked vehicle rests on a hard surface,
the track lies flat on that surface however it gets deformed
taking a curved shape on soft terrain.

To determine track shape for a moving vehicle, consider it
is moving on a deformable terrain (such as sandy) and the track
is flexible and inextensible®!*. Figure 8 shows four sections of
the full track: Section 1 is the track in the top run, Section 2 is
between the sprocket and road wheel, Section 3 lies between
the idler and road wheel, and Section 4 is the one in contact
with the terrain***°. Section 4 has two subsections, first in
contact with both terrain and road-wheel Fig. 9(A) and second
in contact with the terrain only Fig. 9(B). Determination of
the shape of the track becomes easy by dividing the track into
sections under equilibrium conditions. The complete procedure
for determining the shape of the track that has been deflected
due to a vehicle moving in the deformable terrain for the no-
slip condition is explained by Garber®, et. al. and Wong*, et. al.

Section 1

Section 2 Ground surface lavel

Section 3

.SIEC‘Ei(.:).n 4

Figure 8. Moving tank with the deflected track in deformable
terrain and sections of track to be considered in
determining the shape of the track.

Figure 9. Schematic diagram of track element between two
road wheels and under road wheels (Section-4) (A)
in contact with road wheel and terrain (B) in contact
with terrain only.

4.4.2 Step 2: Determining the Normal Pressure Distribution
for No-Slip
Equations for various sections of the track for the
track’s shape and tension, along with vertical, horizontal, and
momentum equilibrium and conservation of the track’s length
& normal pressure distribution are found utilising the terrain
response to repetitive loading equations.

4.4.3 Step 3: Determining the Shear Stress Distribution
for the Given Slip
By utilising the Mohr-Coulomb formulae as given by
Equation**° i.e.

S =€ T N, (x)tan g,

(14)
along with shear stress and displacement relation of the
terrain for a given slip, shear stress is determined.

4.4.5 Step 4: Calculate Tractive Effort and Average
Tension
From the above-determined Eqn., the tractive effort and
average tension between adjacent roadwheels in each track
segment can be calculated.
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4.4.6 Step-5: Determination of Normal Pressure Distribution

From the above-determined tractive effort and average
tension, normal pressure distribution is recalculated at the
given slip. The recalculated normal pressure is now verified
with the vertical, horizontal, and momentum equilibrium of
the track along with length conservation. This step is repeated
till the error between the assigned and determined value is
minimized below a certain threshold.

With the above procedure, Wong®#!!, et al. has developed
the computer models by which the performance evaluation
can be determined. The comparison of the developed model
with experimental results shows a good degree of accuracy*'.
The initial works of Wong'®, et al. in the development of the
computer model based on the semi-empirical approach were
with assumptions of the impact of belly drag and suspension,
both of which significantly affect a vehicle’s performance.
This has been considered again and an advanced version of
the previous model in terms of algorithm in programming,
suspension, and belly drag is developed. The model developed
is employed to examine how the vehicle’s performance is
influenced by its suspension parameters. In this analysis, five
sets of suspension configurations in snowy and clayey terrain
were considered®'.

For Tracks with rigid links, Gao®?, et al. used a semi-
empirical approach, and above procedure, a computer
simulation model is developed. The tracks with rigid links are
mainly used in agriculture and construction vehicles.

The semi-empirical approach has combined advantages
of Empirical and Numerical Approaches such as less
computational time, and can be used to study various types of
vehicles and terrains.

5. COMPUTER SIMULATION MODELS

Based on the above two approaches i.e. Empirical and
Semi-Empirical, the solution algorithm is developed and
programmed into the computer.

The empirical relation-based computer simulation model
is called NRMM (NATO Reference Mobility Model), the
Semi-Empirical computer simulation model for short pitch
track is called NTVPM (Nepean Tracked Vehicle Performance
Model), and the model for rigid link with long pitch track is
called RTVPM.

The comparative study of both models has been done by
Wong?, et al. in which it is concluded that the performance
predicted by NTVPM is close to experimental/field tests.
Studies of both models have been completely compared in
aspects of inputs and outputs, approach, and user friendliness>.

Empirical-based Bekker model' does not apply to light
vehicles. The extrapolation of the model to light vehicles yields
large errors, Gariffithand Spenko* have experimentally (in soil
bin) studied the applicability of Bekker’s model to light weight
Omni directional Vehicle at the Illinois Institute of Technology
and found that it has resulted in large errors.

For extra-terrestrial exploration, the small robotic tracked
vehicles find a wide range of applications. Computer simulation
model scan be very helpful in evaluating these small robotic
tracked vehicles’ performance sunder adverse conditions
occurring during exploration. Senatore®, ef al. have made an
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experimental study of small tracked vehicles for different soils
in soil bin tests. The applicability of the analytically developed
NTVPM model to small vehicles has been studied by Wong*,
et al. and found that results from NTVPM are in good agreement
with soil bin experimental results obtained by Senatore™, et al.

5.1 Super Element Model

Super Element Model is a computational approach used to
analyze the dynamics of tracked vehicles. In this approach with
kinematic constraints track is considered to be a single body as
a flexible belt & remaining bodies (road wheels, suspensions,
etc.) as discrete rigid bodies. This makes the problem to be
solved with less time.

One of the main advantages of this approach is that it takes
much lesser computational time compared to DEM, making
it a more efficient and cost-effective approach. However, it is
important to note that this approach is primarily applicable to
straight roads and may not accurately analyze vehicle dynamics
during turning®.

For analysis of tracked vehicle dynamics, recent research
using Super Element has focused on improving the accuracy
of track-roadwheel-terrain interaction models®*%. Ma and
Perkins®® have developed a mathematical model using the
super element model while relaxing the assumptions for track-
roadwheel-terrain interaction. In this study, the developed
model is solved using the finite element approach. In their
research, the non-linear finite element portrayal of the track is
modelled by super element special force, improving the results
than earlier ones.

This model is a promising computational approach for
analyzing the dynamics of tracked vehicles. Its efficiency and
ability to incorporate non-linear elements make it a valuable
tool in developing more accurate models of track-roadwheel-
terrain interactions. Additional research has to be done in this
field on a variety of terrains and curved road tracks.

5.2 Multi-Body Simulation Model

It is a tool used to simulate and model the dynamics and
kinematics of intricate mechanical systems. MBS is used in
particular to model the interaction of vehicles and terrain
accurately. While traditional modelling approaches have not
been able to accurately capture this interaction, MBS has
proven to be a more effective method. This model depends upon
how well the constraints of links are given while modelling the
running gear of the tracked vehicle.

Three-dimensional multibody models can be implemented
in different ways by considering each track shoe an individual
rigid body. Such models include a detailed description of the
vehicle suspension system, the track system, and dynamic
interaction among its components. The kinematic revolute
joint constraint is applied at every link connecting with the
neighbouring link. Three-dimensional contact force elements
are used to describe road-wheel track-link interaction. Further,
the pressure-sinkage force relationship is used to model track-
link terrain interaction.

The most commonly used MBS software are Dynamic
Analysis and Design System (DADS) and ADAMS. These
software packages are used to build mathematical models of
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mechanical systems and to determine the position, speed, and
forces acting on rigid or flexible bodies. By modelling vehicle
interaction with terrain, MBS software gives a more realistic
simulation of the dynamic behaviour of the system®.

D. Rubinstein & Hitron* developed a tracked vehicle
model using DADS software that included the implementation
of soil mechanics laws**¢2. This was able to accurately simulate
the dynamic behavior of the tracked vehicle as it interacted
with the terrain and showed close results with Wong*,, et. al.
Similarly, Andrea'®, et al. a tracked vehicle model using MSC
ADAMS software is developed and performed simulations on
deformable terrain. The results of their simulations showed
close agreement with other studies, demonstrating the
effectiveness of MBS in modelling and simulating the dynamic
behavior of mechanical systems.

Ryu®, et. al. discussed a three-dimensional multibody
approach where revolute joints are modelled with compliant
force elements. The authors have described the compliant
force elements by stiffness and damping values. Ryu®, et. al.
further worked on the methodology proposed by Ruy®, et. al.
and developed the contact force model to study the benefits of
the vehicle design with an active track tensioner.

5.3 Mathematical Ride and Cornering Vibration

Modelling

Before proceeding to vehicle terrain interaction modelling,
itis important to understand the nature of road profiles employed
in mathematical modelling. The development of mathematical
models for random road profiles is a common thing however
they are lacking in the detailed analysis of the results obtained.
In their technical report, Tyan and FenHong® revisited two of
the most common methods, namely sinusoidal approximation
and shaping filter for generating one-dimensional random road
profiles which helped in better understanding and modelling of
terrain vehicle interaction in dynamic conditions.

The dynamic nature of terrain-vehicle interaction
produces extreme vibration levels which causes discomfort
to the crew members of tracked vehicles. It is important to
learn and analyze the levels of vibration transmitted to the
tracked vehicle negotiating different terrains at different
speeds. Torsion bar suspensions used in tracked vehicles have
poorer mobility due to the absence of non-linear characteristics
resulting in bad ride performance. Hydro-gas suspensions can
provide higher mobility and better ride comfort due to their
non-linear behavior. A hydro-gas suspension system model
is presented by Solomon and Padmanabhan® which uses
a hydraulic conductance model for damper orifices and a
polytropic gas compression model for springs. Based on the
experimental validation of the analytical model, the effect of
suspension parameters on ride comfort is evaluated.

To simulate the ride dynamics, Banerjee®, et. al. in their
study emphasize the development of trailing arm hydro-
gas suspension systems fitted with single-station models
of tracked vehicles. MATLAB is used to solve non-linear
governing equations of unsprung and sprung mass systems
by incorporating actual suspension kinematics of hydro gas
suspension at different charging pressures—further, MSC.

ADAMS has been employed to validate the results obtained
by MATLAB.

It is important to assess the level of vibration transferred
to the chassis under the harsh dynamic operating conditions of
military-tracked vehicles. For this, a ride dynamics model for
tracked vehicles is developed to evaluate the level of vibration
transferred. A detailed ride mathematical model having 17
degrees of freedom of a fully tracked vehicle with trailing arm
hydro-gas suspensions is developed®. The non-linear coupled
governing equations for the sprung mass and fourteen unsprung
masses incorporating actual trailing arm kinematics and inertia
coupling effects are solved on MATLAB and validated using
a multi-body dynamic model developed in MSC.ADAMS.
Authors have carried out parametric analysis and ride studies
over random terrain with different suspension characteristics.

6. SETUP OF TERRAMECHANICS LAB AT THE

DIAT CAMPUS

Defence Institute of Advanced Technology, DIAT
(formerly known as IAT) under the umbrella Defence R&D
(DRDO)—Ministry of Defence (Govt of India), has been serving
the nation since 1952 in cutting-edge Defence technology by
imparting higher education to tri-services, Defence PSU’s,
Ordnance factories, DRDO and few foreign-friendly countries.
DIAT, a Deemed-to-be University is a specialized academic
institution, established to cater to the human resource needs of
India’s growing defence and allied sectors. DIAT is engaged in
imparting technical education, in niche areas at post-graduate
(MTech.) & PhD levels, in its various forms & capacities.

MTech in Mechanical Engineering with specialization
in Armament and Combat Vehicles is one of the unique and
important master’s programs offered at DIAT for officers of
the Army, DRDO scientists, DPSU executives, and GATE-
qualified civil students. In India, DIAT is the only institute
offering this M. Tech—program for more than 30 years.
Terramechanics is part of the syllabus taught under this M.
Tech. program for which the requirement of a lab is felt to
impart better learning to the students.

Figure 10 shows the proposed Terramechanics lab layout
for which the work is in progress. Bin 1 and Bin 2 shown in the
below figure are sets of three units filled with the mixture of
sand, clay, stone, and water in different proportions simulation
6 different terrain conditions. Rooms 1-3 are proposed for the
instrumentation room, faculty room, and classroom.

Figure 11 shows the conceptual design of a single-wheel
setup (quarter car model) to evaluate different terramechanical
parameters of an off-road vehicle. The preliminary calculations
of different components of the setup are done to understand the
size and shape of the setup.

The heaviest component is the soil bin which is designed
to have three compartments to fulfil the multiple terrain
requirements. The soil bin should be designed such that the bin
should be able to hold that heavy load of soil in it whilst the
heavy load acting over it by the quarter car system.

According to the room dimensions, i.e., 35mx20mx5 m
approx, the speed required to study the velocity effects can
range between 10 kmph to 20 kmph. The length of the soil bin
considered is approximately 30 m to study velocity effects. The
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Room 2

Bin 1 Bin 2
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Figure 10. Terramechanics lab layout, DIAT.

Suspension
System Casing

Figure 11. CAD model of the proposed terramechanics test setup.

Table 4. Summary of all approaches

Level of Time
Approach  Definition Advantages Disadvantages complexity Cost
consumed
handled
Empirical Based on experlmf:ntal data Easy to apply, fast, and Low accuracy. Low_ to Low Low
and field observations. inexpensive. medium
FEM Nurperlcral method for complex  Handles cgmplex geometries Compqtatlonally High High High
engineering problems. and materials. expensive.
DEM Slmul?tes behavior of granular Accqrately captures granular Compqtatlonally High High High
materials. physics. expensive.
Semi- Combination of empirical and =~ More accurate than empirical Mediumto  Medium to .
i . It can be complex. . . Medium
empirical theoretical models. models. high high
Simulation Slmulat.es motion of Accura.tely captures system Compu.tatlonally High High High
models mechanical systems. dynamics. expensive.

width of the bin is considered 1.8 m allowing a tyre of 0.8 m
width to be simulated during experiments. A total of six such
terrains are considered to be set up. The depth of the terrain is
taken as 1.0 m. A remolding setup is also provided to remold
the terrain one compaction is done after several passes.

An I-beam is selected for guiding rail assembly (Fig. 11)
to ensure the sliding motion of the suspension system along
the length of the bin. The suspension casing is installed on it
which will house the spring system giving forces and torque to
the shaft of the quarter car model. Suspension system casing
can be shifted from one bin to another simulating effects
on different terrain. The shaft is affixed with the hub of the
wheel which can give enough payload and suspension through
springs. Themotorized wheel which is subjected to one-fourth
of the vehicle’s weight moves forward and backward. The
sliding system should be able to slide on the bin efficiently.
Figure 11 shows the CAD model of the proposed test setup.

The test rig as shown in Fig. 11 should be able to observe
the steering effects over the terrain and the wheel. There is a
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requirement for a screw jack system to lift the entire suspension
system according to the change in tire diameter and allowance
to sink. The screw jack system is inserted in between the rail
assembly and the suspension casing so that the rails allow the
suspension casing and the components housed in it to lift to the
required height to compensate according to the tire variations
and payload variations.

The design calculations for the proposed setup are under
progress and expected to deliver a full-fledged experimental
setup which will enable us to carry out research work related
to terramechanics.

7. CONCLUSION

In conclusion, the study of vehicle-terrain interaction is
crucial for accurately determining the mobility of the tracked
vehicles and improving their design. In this paper, various
methods such as empirical, numerical, semi-empirical, and
simulation models with their advantages and limitations for
studying tracked vehicle performance have been examined.
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Table 4 presents the summary of the different methods
examined in this paper. Our review highlights that while each
approach has its strengths, the semi-empirical approach stands
out as the best method for considering a wide range of vehicle
parameters and terrain characteristics while also being a less
time-consuming process. Additionally, computer models such
as NTVPM, NRMM, and RTVPM have been developed from
different approaches, allowing for more accurate analysis of
tracked vehicle dynamics.

Overall, the insights gained from this review provide
valuable information for researchers and engineers to know
research done previously in the various approaches and
selected best-fit approach for them to improve the performance
of tracked vehicles/rovers and plan the deployment of the
armed forces vehicles effectively.

This paper also helps the students and researchers at DIAT
to set up one state-of-the-art laboratory for experimental study
and analysis of terramechanical aspects of off-road vehicles.

Based on the study presented in the present manuscript
various vehicle-terrain interaction models can be employed
in the proposed experimental setup. The numerical, semi-
empirical, and simulation models can be validated through
experiments at the present setup. It is also thought to equip the
proposed lab with computer models such as NTVPM, NRMM,
and RTVPM.

REFERENCES

1. Bekker, M.G. Theory of Land Locomotion. University of
Michigan Press, Ann Arbor, MI, 1956. 540p.

2. Bekker, M.G. Introduction to terrain-vehicle systems.
University of Michigan Press, Ann Arbor, M1, 1969.

3. Wong, J.Y.; Jayakumar, P.; Toma, E. & Preston-Thomas,
J. Comparison of simulation models NRMM and NTVPM
for assessing military tracked wvehicle cross-country
performance. J. Terramechanics., 2018, 80, 31-48.
doi:10.1016/j.jterra.2018.10.002

4. Wong, JY. Terramechanics and off-road vehicle
engineering. Elsevier Ltd., 2010. 463p.

5. Wong, J.Y. An introduction to terramechanics. J.
Terramechanics, 1984, 21(1), 5-17.
doi:10.1016/0022-4898(84)90004-1

6. Wong, J.Y. & Preston-Thomas, J. Parametric analysis of
tracked vehicle performance using an advanced computer
simulation model, Proc Ins In Mech Eng. Part D: J.
Automob. Eng., 1986, 200(2).
doi:10.1243/PIME PROC 1986 200 170 02

7.  Zhou, L.; Gao, J.; Hu, C. & Li, Q. Numerical simulation
and testing verification of the interaction between track
and sandy ground based on discrete element method, J.
Terramechanics, 95, 2021, 73-88.
doi:10.1016/j.jterra.2021.03.002

8. Wang, W.; Yan, Z. & Du, Z. Experimental study of
a tracked mobile robot’s mobility performance. J.
Terramechanics, 2018,77, 75-84.
doi:10.1016/j.jterra.2018.03.004

9. Garber, M. & Wong, J.Y. Prediction of ground pressure
distribution under tracked vehicles, Part I: An analytical
method for predicting ground pressure distribution. J.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Terramechanics, 1981,18(1), 1-23.
doi:10.1016/0022-4898(81)90015-X

Nicolini, A.; Mocera, F. & Soma, A. Multibody simulation
of a tracked vehicle with deformable ground contact
model. J Multi-body Dynamics, 2019, 233(1), 152—-162.
doi:10.1177/1464419318784293

Servadio, P. Applications of empirical methods in central
Italy for predicting field wheeled and tracked vehicle
performance, Soil Tillage Res., 2010,110, 236-242.

Rula, A.A. & Nuttal, C.J. An Analysis of Ground
Mobility Models (ANAMOB). Technical Report M-71-
4. U.S. Army Engineer Waterways Experiment Station,
Vicksburg, Mississippi, 1971.

Society of Automotive Engineers (SAE). Off-Road
Mobility Evaluation. SAE J.,1967,939.

Servadio P. & Marsili A. Tractive performance of the
high-power tractors with rubber and metal tracks and
variations of physical-mechanical properties of cultivated
soil affected by their passes. In 7% European ISTVS
Conference October 810, 1997, Ferrara — Italy, 1997.
Wong, J. Theory of ground vehicles. John Wiley &
Sons, 2001. 528 p.

Wong, J.Y. On the role of mean maximum pressure as an
indicator of cross-country mobility for tracked vehicles. J.
Terramechanics, 1994, 31(3), 197-213.
doi:10.1016/0022-4898(94)90016-7

Rowland, D. Tracked vehicle ground pressure and its
effect on soft ground performance. /n Proceeding of the
Fourth International Conference on Terrain—Vehicle
Systems, Stockholm, Sweden, 1972, pp. 353-384.
Rowland, D. A review of vehicle design for soft ground
operation. /n Proc. of the 5% International Conference of
the International Society for Terrain—Vehicle Systems,
1975, 1,pp. 179-219.

Wong, J.Y.; Jayakumar, P.; Toma, E. & Preston-Thomas, J.
A review of mobility metrics for next-generation vehicle
mobility model. J. Terramechanics, 2020, 87, 11-20.
doi:10.1016/j.jterra.2019.10.003

Laramie, J.C. Modifications to the mean maximum
pressure system. J. Terramech.,1992, 29(2), 239-255.
Tiwari, V.K.; Pandey, K.P. & Pranav, PX. A review on
traction prediction equations. J. Terramechanics, 2010,
47, 191-199.

doi:10.1016/j.jterra.2009.10.002

Liu, C.H. & Wong, J.Y. Numerical simulations of tire—
soil interaction based on critical state soil mechanics. J.
Terramech., 1996, 33, 209-221.

Peters, John F.; Vahedifard, F. & Jelinek, B. The discrete
element method for vehicle-terrain analysis. Proceedings
of the 15 European-African Regional Conference of
the International Society for Terrain-Vehicle Systems
(ISTVS), Prague, Czech Republic, 2019.

Taheri, S.h.; Sandu, C.; Taheri, S.; Pinto, E. & Gorsich,
D. A technical survey on Terramechanics models for tire—
terrain interaction used in modeling and simulation of
wheeled vehicles. J. Terramechanics, 2015, 57, 1-22.
doi:10.1016/j.jterra.2014.08.003

Shoop, S.A. Finite Element Modelling of Tire—Terrain

479



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

480

DEF. SCI. J.,, VOL. 74, NO. 4, JULY 2024

Interaction, ERDC/CRREL, TR 01-16, Cold Regions
Research & Engineering Laboratory. US Army Corps of
Engineers, 2001.

Hall, W.; Mottram, J.T. & Jones, R.P. Finite element
simulation of a rolling automobile tire to understand its
transient macroscopic behavior. Proc. Inst. Mech. Eng.
Part D.J. Automob. Eng., 2004, 218, 1393—-1408.
doi:10.1243/0954407042707722

Karafiath, Leslie L. Finite element analysis of ground
deformation beneath moving track loads. /n Proceedings
of the Eighth International Conference of the International
Society for Terrain-Vehicle Systems, Aug. 1984, Vol. I,
Cambridge, England, 1984.

Maria, D.E.; Reina, G.; Ishii, K. & Giannoccaro, I.N.
Rolling resistance and sinkage analysis by comparing
FEM and experimental data for a grape transporting
vehicle. J. Terramechanics, 2021, 97(4),59-70.
doi:10.1016/j.jterra.2021.06.004

Yong, R.N. & Fattah, E.A. Prediction of wheel-soil
interaction and performance using the finite element
method. J. Terramechanics, 1976,13(4), 227-240.
Cueto, O.G.; Coronel, C.E.I.; Morfa, C.A.R.; Sosa, G.U.;
Goémez, L.H.H.; Calderén, G.U.& Suarez, M.H. Three-
dimensional finite element model of soil compaction
caused by agricultural tire traffic. Comput. Electron.
Agri., 2013, 99, 146-152.
doi:10.1016/j.compag.2013.08.026

Zhang, Y.C.; Gao, J.W. & Li, Q. Study on tire-ice
traction using a combined neural network and secondary
development finite element modelling method.
Concurrency Computat. Pract. Exper., 2018, 31(7),
e5045.

doi:10.1002/cpe.5045

Yong R.N.; Boonsinsuk, P. & Fattah E.A. Tire flexibility
and mobility on soft soils. J. Terramechanics, 1980, 17,
43-58.

doi:10.1016/0022-4898(80)90015-4

Schmid, I.C. Interaction of vehicle and terrain results
from 10 years research at IKK. J. Terramechanics, 1995,
32(1), 3-26.

doi:10.1016/0022-4898(95)00005-L

Defossez, P. & Richard, G. Models of soil compaction
due to traffic and their evaluation. Soil Till. Res.,2002, 67,
41-64.

doi:10.1016/S0167-1987(02)00030-2

Nakashima, H. & Oida, A. Algorithm and implementation
of soil-tire contact analysis code based on dynamic FE-
DE method. J. Terramech., 2004,4, 127-137.
doi:10.1016/j.jterra.2004.02.002.

Nakashima, H.; Yoshida, T.& Wang, X.L. Comparison of
gross tractive effort of a single grouser in two dimensional
DEM and experiment. J. Terramech., 2015, 62, 41-50.
doi:10.1016/j.jterra.2015.03.004

Nakashima, H.; Aoki, S.; Kanamori, H. & Oida, A.
Concept of virtual soil bin by DEM for lunar locomotion
studies. Eng., Construct. Operations in Challenging
Environ.: Earth & Space, 2006, 48(1),17-26.
doi:10.1061/40830(188)40

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Wu, J.; Shen, Y.; Yang, S. & Feng, Z. Simulation of track-
soft soil interactions using a discrete element method.
Appl. Sci., 2022, 12(5),2524.

doi:10.3390/app12052524

Wakabayashi, S.; Sato, H. & Nishida, S. Design
and mobility evaluation of tracked lunar vehicle. J.
Terramech., 2009, 46(3), 105-114.
doi:10.1016/j.jterra.2008.09.002

Oida, A.; Schwanghart, H. & Ohkubo, S. Simulation
of soil deformation under a track shoe by the DEM. In
Proceedings of 7% European Conf. ISTVS, Ferrara,
1997,155-162.

Wong, J.Y.; Garber, M. & Preston-Thomas, J. Theoretical
prediction and experimental substantiation of the ground
pressure distribution and tractive performance of tracked
vehicles. Proc. Instn. Mech. Eng., 1984, 198 (D15), 265-
285.

Doyle, G.R. Jr. & Workman, G.H. Prediction of track
tension when traversing an obstacle. SAE Paper 790416,
1979.

doi: 10.4271/790416

Edwards, M.B.; Dewoolkar, M.M.; Huston, D.R. &
Creager, C. Bevameter testing on simulant Fillite for
planetary rover mobility applications. J. Terramechanics,
2017,70, 13-26.

doi:10.1016/j.jterra.2016.10.004

Wong, J. Y. & Preston-Thomas, J. On the characterization
of the shear stress-displacement relationship of terrain. J.
Terramechanics, 1983, 19(4), 225-234.
doi:10.1016/0022-4898(83)90028-9

Padmanabhan, S.C.; Gupta, S. & Mylswamy, A. Estimation
of terramechanics parameters of wheel-soil interaction
model using particle filtering. J. Terramechanics,
2018,79,79-95.

doi: 10.1016/j.jterra.2018.07.003

Okello, J. A.; Watany, M. & Crolla, D. A. A theoretical and
experimental investigation of rubber track performance
models. J. Agric. Engng. Res., 1998, 69(1), 15-24.
doi:10.1006/jaer.1997.0220

VanWyk, D. J.; Spoelstra, J. & DeKlerk, J.H. Mathematical
modelling of the interaction between a tracked vehicle
and the terrain. ppl. Math. Modelling by Elsevier Science
Inc.,1996, 20(11), 838-846.
doi:10.1016/S0307-904X(96)00090-X

Ma, Z.D. & Perkins, N.C. A track-wheel-terrain interaction
model for dynamic simulation of tracked vehicles. Veh.
Syst. Dyn., 2010, 2002(6), 401-421.
doi:10.1076/vesd.37.6.401.3522

Madsen, J.; Heyn, T. & Negrut, D. Methods for tracked
vehicle system modeling and simulation. Technical
Report. January 2010.

Okello, J.A. Prediction and experimental validation of
the field tractive performance of a rubber track unit. J.
Agricult. Eng. Res., 1994, 59(3), 163-171.
doi:10.1006/jaer.1994.1073

Wong, J.Y. & Preston-Thomas, J. Investigation into the
effects of suspension characteristics and design parameters
on the performance of tracked vehicles using an advanced



CHAKRAVARTHY & SHARMA: TERRAMECHANICS MODELS FOR TRACKED VEHICLE-TERRAIN INTERACTION ANALYSIS: A REVIEW

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

computer simulation model. Proc. Inst. Mech. Eng., Part
D. J. Automobile Eng., 1988, 202 (D3), 143-161.
doi:10.1243/PIME PROC 1988 202 169 02

Gao, Y. & Wong, J.Y. The development and validation of
a computer-aided method for design evaluation of tracked
vehicles with rigid links. Proc Instn Mech Engrs, Part D:
J. Automobile Eng., IMechE, 1994, 208(3).
doi:10.1243/PIME PROC 1994 208 183 02
Meirion-Griffith, G. & Spenko, M. An empirical study of
the terramechanics of small unmanned ground vehicles.
In IEEE Aerospace Conference, Montana, USA 2010.
doi:10.1109/AER0.2010.5446993

Senatore, C.; Jayakumar, P. & lagnemma, K. Experimental
study of lightweight tracked vehicle performance on dry
granular materials. /n Proceedings of ISTVS 7th Americas
Regional Conference 2013, Tampa, FL, USA, 2013.
Wong, J.Y.; Senatore, C.; Jayakumar, P. & Tagnemma, K.
Predicting mobility performance of a small, lightweight
track system using the computer-aided method NTVPM.
J. Terramechanics, 2015, 61, 23-32.
doi:10.1016/j.jterra.2015.07.002

McCullough, M.K. & Haug, E.J. Dynamics of high
mobility track vehicles. ASME Paper No. 85-DET-95,
1986.

doi:10.1115/1.3260801

Sandu, C. & Freeman, J.S. Military tracked vehicle
model. Part I: multibody dynamic formulation. Int. J.
Vehicle Syst. Modelling and Testing, 2005.
doi:10.1504/1JVSMT.2005.008572

Ma, Z. & Perkins, N.C. A super-element of track-wheel-
terrain interaction for dynamic simulation of tracked
vehicles. Multibody Syst. Dynamics, 2006, 15, 347-368.
Rubinstein, D. & Hitron R. A detailed multibody model
for dynamic simulation of off-road tracked vehicles. J.
Terramech., 2004,41(2-3), 163—173.
doi:10.1016/j.jterra.2004.02.004

Sharp, R.S. The application of multi-body computer
codes to road vehicle dynamics modelling problems. J.
Automobile Eng., 1994, 208(1), 55-61.
doi:10.1243/PIME PROC 1994 208 158 02

Schiehlen, W. Multibody system handbook. Berlin:
Springer-Verlag, 1990. 432 p.

Janosi, Z. & Hanamoto, B. The analytical determination
of drawbar pull as a function of slip for tracked vehicles in
deformable soils. /n Proceedings of the First International
Conference on Terrain-Vehicle Systems, Torino, Italy,
1961.

63. Ryu, H.S.; Bae, D.S.; Choi, JH. & Shabana, A.A. A
compliant track link model for high speed, high-mobility
tracked vehicles. Int. J. Num. Methods in Eng., 2000,
48(10), 1481-1502.

64. Ryu,H.S.;Huh,K.S.;Bae,D.S. & Choi, J.H. Development
of a multibody dynamics simulation tool for tracked
vehicles (part i, efficient contact and nonlinear dynamics
modeling). JSME International J., 2003, 46(2), 540-549.
doi:10.1299/jsmec.46.540

65. Tyan, F. & FenHong, H. Generation of random road
profiles, CSME, ITRI Project: 5353C46000 (1376), 2009.

66. Solomon, U. & Padmanabhan, C. Hydro-gas suspension
system for a tracked vehicle: Modeling and analysis. J.
Terramechanics, 2011, 48(2), 125-137.
doi:10.1016/j.jterra.2010.12.001

67. Banerjee, S.; Balamurugan, V. & Krishnakumar, R.
Ride dynamics mathematical model for a single station
representation of tracked vehicle. J. Terramechanics,
2014,53, 47-58.
doi:10.1016/j.jterra.2014.03.003

68. Banerjee, S; Balamurugan, V. & Krishnakumar, R. Ride
comfort analysis of math ride dynamics model of full
tracked vehicle with trailing arm suspension. In 12
International Conference on Vibration Problems, ICOVP
2015, Procedia Engineering 2016, 144, 1110 — 1118.
doi:10.1016/j.proeng.2016.05.074

CONTRIBUTORS

Mr Pogula Nikhil Chakravarthy is a Distinguished Mechanical
Engineer, currently serving as a Jr. Mechatronics Engineer at
the esteemed Phoenix Group. He holds a Master’s degree in
Mechanical Engineering specialising in Armament and Combat
Vehicles from the prestigious Defence Institute of Advanced
Technology.

For the current study, he played a pivotal role in conducting
a thorough literature survey, identifying research gaps, and
synthesizing findings into a coherent framework, showcasing
adeptness in technical writing and meticulous attention to detail.

Dr Pankaj Kumar Sharma is working as Scientist-F and
a faculty in the Department of Mechanical Engineering at
DIAT(DU). His areas of interest include: Terramechanics, blast,
explosion, shock tube studies, heat transfer, CFD, FSI, etc.
In the current study, he have provided domain knowledge,
conceptualization, technical guidance, and support throughout
the research process, ensuring the successful completion of
the manuscript.

481



