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Abstract
In this study, a methodology for full dynamic vehicle durability testing is imple-
mented virtually using the modal superposition method. Stochastic and Determin-
istic models of roads such as cobblestone, washboard, cleat and rough roads are
created based on ISO standards and test data using MATLAB-Simulink and Open-
CRG.

Subsequently, a wholly flexible vehicle model of a passenger car is created in ADAMS/-
Car. Non-linear damper models and and bushing models are used as part of the
suspension model. Models such as MF-Pacejka 2002 (3D enveloping), FTire are
used as the tire models. The elastic characteristics of an FE model is imported
into ADAMS/Car by importing the orthogonalized component modes obtained by
Craig-Brampton reduction of the FE model. The vehicle is simulated on the virtual
roads in ADAMS/Car and the modal coordinates of the front suspension LCA are
obtained. Therefore, the resulting stress distribution on the LCA is obtained by
combining the modal coordinates obtained from the dynamic MBS simulations with
the stress data of the orthogonalized component modes from the FE analysis in the
software FEMFAT.

The effect of different tire models on the stress distribution of LCA when simulated
on the roads such as pothole, rough road and curb are investigated. Additionally,
the effect of the presence and absence of windshields and masses on the natural
frequencies and mode shapes of the body-in-white are investigated.

Some of the key findings of this work are:

• A comparison is made between the developed roads and the actual roads by
comparing their PSD spectrum. It is found that they highly correlate. The
damage index [21] from a vehicle test for a specific component could be used
to approximate the road tested to develop a simulated road model.

• The FTire model is highly suited for durability simulations involving high fre-
quency vibrations of the order 200Hz as compared to MF Pacejka 2002 (3D
Enveloping) and University of Arizona (UA-Tire) tire models. The Pac2002
model could be used as an alternative if FTire is not available only in the
frequency ranges up to 80Hz. Additionally, RMOD-K tire model, which is
an open source model could be used in place of the FTire model for high fre-
quency vibrations.
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• It is found that Pac2002 (3D Env) underestimates the stress distribution on
the LCA, whereas UA-Tire overestimates the stress. The stress distribution on
the LCA when FTire is used is found to correlate with the stress distribution
from [5].

• The total number of modes of the BiW reduces as the masses and windshields
are added. Also, as the masses are added, the natural frequency of a given
mode number reduces.

• With the current hardware and software capabilities, it is found that this
method of virtual vehicle testing is highly feasible. Intel i7 with 4 cores was
used through out this project.

Keywords: Durability testing, Vehicle Dynamics, NVH, Modal stress recovery, full
vehicle testing, virtual roads, multibody, Gaussian, Laplace moving average, modal
superposition, Virtual Proving Ground (VPG).
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A Saab 93 being tested on the track at Trollhättan [1]
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1
Introduction

1.1 Background

A car is akin to a human body, highly complicated and immensely fascinating to
study. Developing a car involves advanced engineering know-how and various teams
working together to develop a finished product. Developing a vehicle in the highly
competitive and consumer oriented market of the 21st century and at the same time
providing high product quality is a demanding and challenging task.

The current trend in the automotive industry is towards Virtual Product Develop-
ment (VPD) with a goal to eliminate physical testing in the development of automo-
biles. Volvo Car Group of Sweden and the General Motors of the United States of
America have already outlined their vision for the year 2020 whereby they hope to
completely develop a car from scratch through Computer Aided Engineering (CAE)
[2]. This thesis would be a step in that direction of eliminating physical prototypes
in the vehicle development cycle.

In course of usage of the vehicle, the input to the vehicle from the road disturbances
cause loads and stresses to act on the vehicle parts. The life of the vehicle parts is
determined by the magnitude and the type of the loads acting on it. Vehicle dura-
bility is one of the many important aspects of vehicle development. The physical
durability testing is a long and time consuming process where the vehicle is driven
on different types of roads on the test tracks for a considerable period of time un-
til the part under investigation is damaged. With increasing competition, shorter
product life cycle, the demand on the automotive industry to reduce the vehicle
development cycle is increasing day-by-day. This gives impetus to the Computer
Aided Engineering (CAE) in vehicle development.

Multi-Body Simulation (MBS) using elastic bodies have been frequently used to de-
termine the time dependent loads of the flexible vehicle structure. These loads are
then subsequently used for a succeeding FE analysis to obtain the stresses on the
vehicle body. Some of these methods are explored in [3] [4] [5]. It is found that this
method has quite a few disadvantages:

• Since the FE analysis is based on quasi static calculations, quasi static com-
putation is conducted at every time step with the loads obtained from the
dynamic MBS simulations. Therefore, the vibrational effects are neglected.
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1. Introduction

For complex vehicle components, this approach might produce errors.

• It has been found that every time step should be provided with the data from a
full quasi static solution. For large FE structures and time series, this method
becomes impractical.

• Dynamic simulation for a single pothole load case has been conducted by ob-
taining the peak loads on flexible bodies from MBS simulations and applying
it into an quarter model of suspension system using the FE code RADIOSS
[4] [6]. It has been found that these methods take a lot of time and money
and are not practical for full vehicle simulations.

But little research has been carried out in the field of durability testing using modal
superposition. Previous studies [9] [10] show that this method has numerous advan-
tages as compared to the quasi static analysis using FE. Some of them are given
below:

• It enables complete dynamic simulations of a fully flexible vehicle body incor-
porating all the properties of an FE model.

• Large time steps of the order of 20000 is possible with a vehicle body having
300000 nodes.

• Effect of vibration could be included, which is not possible in quasi static
simulations.

• Full vehicle simulations of a fully flexible model having approximately 300
modes for each part on high frequency rough roads using highly fidelity tire
models such as FTire, RMOD-K for the simulation time of 40secs and time
steps of the order 0.001 would take approximately 20-24 hours. The subsequent
stress calculation could be conducted in a very less time using FEMFAT, thus
eliminating FE analysis for stress computation and lifetime calculation.

1.2 Purpose and Objectives

This thesis aims to study the durability and stress distribution of a fully flexible pas-
senger vehicle model through complete dynamic analyses using MBD simulations.
The concept of modal superposition and modal stress recovery is used to determine
the stresses on the vehicle components. Virtual roads are created to provide input
loads and forces to the vehicle model. With increasing software and hardware ca-
pabilities day-by-day, it is found that this method is highly suited for vehicle and
component life time prediction during the initial concept phase.

1.3 Method

This work was preceded by a literature study of the current trends in physical and
virtual durability testing of a vehicle and virtual road construction. Some of these

2



1. Introduction

trends are given in [3] [4] [17].

The common approaches to virtual vehicle durability testing have been shown in
the figure 1.1.

Figure 1.1: Approaches to Virtual Durability Testing

Initially, the work started with developing the full vehicle rigid body model of the
passenger car in the MBS package ADAMS/Car with an already existing FEMmodel
as reference. Modal analysis and condensation of the FEM model was performed in
MSC Nastran to obtain the flexible bodies of all the vehicle components. Then, the
rigid bodies in ADAMS/Car were replaced with flexible bodies. Accurate models
of damper, springs and bushes are implemented [26] [7] [8]. Subsequently, virtual
roads were created using OpenCRG and MATLAB. Different road types which are
commonly used in durability testing were created virtually. The vehicle was then
simulated at a speed of 50kmph on the created roads. The final roads which were
chosen for simulation were Pothole 660mm length x 70mm depth, Rough Road Class
3 and Curb 90mm height. The modal coordinates of the left lower control arm (LCA)
are then obtained. The modal coordinates of the modes which contribute highest
to that particular disturbance are chosen. Then they are combined with the stress
information obtained from the previous FE analysis conducted in NASTRAN and
provided as the input to FEMFAT. The final stress distribution on the LCA for the
dynamic maneuver is then obtained from FEMFAT analysis. The forces acting on
the tires for different integration step sizes are compared to arrive at the requisite
integration step size. The influence of different tire models on the forces acting on
the components are compared to arrive at the ideal tire model suitable for durability
analyses. The created road models are then validated by comparison of their PSD
spectra with PSD spectra of the test data and the ISO standards [26].

3



1. Introduction

A unique method has been implemented to model the Belgian block roads by con-
sidering the shapes, sizes and the roughness of the actual cobblestone blocks. Also,
the spaces between the cobblestone blocks have also been modelled in both the lon-
gitudinal and lateral direction. The created roads have been validated by comparing
them with the ISO standards.

Figure 1.2: Detailed Workflow

4



1. Introduction

1.4 Limitations
• The maneuvers performed in this thesis is limited to straight line analyses.

Maneuvers on curved roads and cornering are not considered.

• The investigation on the type of FE model and their respective properties such
as mesh size are not covered.

• The study is limited only to the investigation of the stress distribution on the
components. The fatigue life of the components are not investigated.

• Due to the lack of test facilities and time constraint, physical testing and val-
idation of the results have not been performed. Instead, the results have been
compared with quasi static results from already existing literature.

• The component under study is limited to the left lower control arm (LCA) of
the front suspension. The effects on the other suspension components and the
vehicle body are not investigated.

• The parts such as doors, hood, boot and the exhaust pipe have been excluded
from the vehicle model. The vehicle body is limited to just the BiW.

• The durability analysis of the vehicle subsystems such as transmission, engine
and the parts therein are out of scope of this study.

5
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2
Vehicle modeling

2.1 Modal Analysis
Vibrations of a system which is unforced and undamped are responses which depict
their natural behavior. This type of system where no external forces act and no
damping exists is known as a free system.

Figure 2.1: Vibrating Full Vehicle Model [24]

A system which is free is described by the following equations according to the
Newton’s law.

[m]ẍ+ [k]x = 0 (2.1)

The response to this system is given as, which is the solution to the system:

x = uisin(ωit) (2.2)

Where, ui denotes the mode shapes, t gives the time and ωi is the natural frequency
i=1,2,3.....n.

From equations (2.1) and (2.2), we obtain:

([k]− ω2
i [m])ui = 0 (2.3)

The above equation gives an nth order eigenvalue problem for a system with n de-
grees of freedom.

Solving the above problem, we get n eigenfrequencies having eigenvectors ui. If
the eigenfrequencies of the system are distinct, we obtain orthogonal eigenvectors
with respect to their mass and stiffness matrices. From orthogonality, the following
properties are obtained for the mass and stiffness matrices.

7



2. Vehicle modeling

uT
i [m]uj =

0, if i 6= j
mi if i = j

uT
i [k]uj =

0, if i 6= j
ki if i = j

(2.4)

The eigenvectors are mass normalized by setting mi = 1. This results in ω2
i = ki.

Forming a matrix with mode shapes as columns gives:

Ψ = [u1,u2,u3, .....,un] (2.5)

The above equation could be used to transform the physical coordinates into modal
coordinates using the following equation:

x = Ψq (2.6)

Thus, the following equation describes the forced damping of Multi Degree of Free-
dom System (MDOF) where F(t) gives the external force applied.

[m]Ψq̈ + [k]Ψq = F (t) (2.7)

Multiplying by ΨT we get:

ΨT [m]Ψq̈ + ΨT [k]Ψq = ΨTF (t) (2.8)

We can then write the above equation as:

[m̂]q̈ + [k̂]q = F̂(t) (2.9)

Since the mass matrix (modal) [m̂] and stiffness matrix (modal) [k̂] are diagonal
matrices, we could say that that the equations of motion has been decoupled suc-
cessfully.

2.2 Craig Brampton Reduction
The Craig-Brampton Reduction method is one of the method to reduce the size of
an finite element (FE) model. In multi-body simulations (MBS) interface nodes are
the common boundary points where rigid or flexible boundary points are coupled
together. For this application the modal approach has been found to be inadequate
[11]. Therefore, a method known as component mode synthesis (CMS) has been de-
veloped. CMS is used for dynamic analysis of systems having differently connected
subsystems. Some of the other methods are Guyan Reduction and Modal Decoupling
[12]. In the C-B method, the boundary points are assumed fixed and their motion
is combined with the modes of the structure [12].

The advantages of C-B approach compared to the other approaches mentioned above
are as follows:

• It allows for the size of the problem to be reduced.
• Both the mass matrices and the stiffness matrices are accounted for even

though the problem size is reduced.
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• The size of the problem could be defined based on the required frequency
ranges.

• It allows for the boundary conditions to be different at the interface.

Let us describe the system by Newton’s equation:

[m]ẍ+ [k]x = F (t) (2.10)

Dividing the system into interior DOFs xI and boundary DOFs xB, we get:
[
mBB mBI

mIB mII

] [
ẍB
ẍI

]
+
[
kBB kBI
kIB kII

] [
xB
xI

]
=
[
FB
FI

]
(2.11)

In the above equations, I and B depict interior and boundary respectively. The
notation mIB denote mass-coupling between interior and boundary DOFs and mBB

denote the mass-coupling between boundary DOFs. The interior DOFs are described
by combining constraint modes- obtained by unit displacement of each boundary
DOF and fixed boundary normal modes- obtained by computing the eigensolution
of the interior DOFs with the boundary DOFs fixed.

([kII ]− ω2[mII ])uII = 0 (2.12)

By reduction and retaining the requisite number of modes ’n’, we obtain the matrix
with normal modes for the interior DOFs as:

ΨI = [uII1,uII2,uII3, .....,uIIn] (2.13)

Assuming zero inertial effects for the static modes and providing unit displacement
for each boundary DOF, the constraint modal matrix ΨB could be calculated. There-
fore, the C-B transformation matrix giving the relationship between C-B coordinates
and the physical coordinates is obtained.

[
xB
xI

]
=
[

I 0
ΨB ΨI

] [
qB
qI

]
= ΨCBqCB (2.14)

Where the identity matrix is denoted by the letter I. From substituting the equation
(2.14) into the equation (2.10), and multiplying with ΨT

CB, the original system is
reduced by C-B method.

ΨT
CB[m]ΨCB q̈CB + ΨT

CB[k]ΨCBqCB = ΨT
CBF (t) (2.15)

Rewriting the above equation:

[m]CB q̈CB + [k]CBqCB = FCB(t) (2.16)

Here, the blocks of [m]CB and [k]CB which are associated with the eigenvectors ΨI

are diagonal and [k]CB is block diagonal matrix.
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2.3 Flexible Bodies in ADAMS
Even though the C-B method provides a reduced model allowing coupling between
other substructures and capturing the dynamic properties of the system, the C-
B method has certain shortcomings for successful dynamic simulation in ADAMS.
Some of the reasons are [11]:

• The C-B modes contain six rigid body modes which should be eliminated as
the rigid body DOFs are provided by ADAMS.

• Static condensation is performed to obtain the constraint modes. Therefore,
they don’t have natural frequency associated with them.

• Therefore, disabling the constraint modes is equivalent to applying a constraint
on the system.

The C-B system is orthogonalized by solving the below equation:

([kCB]− λ2[mCB])uCB = 0 (2.17)
The eigenvectors so obtained is arranged into a transformation matrix T. Using
qCB = Tqo, the system is transformed to be orthogonal.

T T [mCB]T q̈o + T T [kCB]Tqo = T TF (t) (2.18)
A diagonal system is obtained from this transformation. The static constraint modes
are transformed into boundary eigenvectors with a corresponding eigenfrequency.
The fixed boundary normal modes are converted into modes which approximate
the unconstrained modes of the system. Additionally, a set of modes are generated
which cannot be interpreted in terms of physical eigenvectors. Therefore:

• The diagonal system now has six rigid body modes which could be disabled.
• Each mode has a corresponding natural frequency associated with them. There-

fore, static constraint modes are eliminated.
• The boundary modes could also be disabled without constraining the system

but certain mode shapes would not be visible.

Therefore, the flexible bodies are described by the obtained linear system in MSC
ADAMS, which are in turn suitable for dynamic simulations .

2.4 Vehicle Life Calculation
FEMFAT is a program for fatigue and strength analysis of statically and dynam-
ically loaded components on the basis of the finite element (FE) analysis results
[28]. The FEM results are analyzed based on experimental and theoretical research,
model trials and operational experience. The procedure for the strength and fatigue
analysis is based on the influencing quantities method which is described in the
TGL standard (Technische Güte und Lieferbedingungen) and the FKM guidelines
(Forschungskuratorium Maschinenbau). The Local S/N curves are calculated at the
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FEM nodes which are influenced by the local component properties and loads, on
the basis of unnotched sample strength data [28].

FEMFAT uses the critical plane approach to analyze the stress and strain experi-
enced by a material plane. It also identifies the plane that is likely to experience the
most extreme damage. Critical plane analysis is used widely in engineering analysis
to analyze the influence of multi- axial and cyclic loading on the fatigue life of ma-
terials and structures [29].

The advantage of critical plane analysis is that it gives the damage of a component
in specific material planes. Therefore, multiple out-of-phase load inputs could be
treated with high accuracy. This method could also be adapted to different materials
[29].

2.5 Vehicle Suspension System

Vehicle Suspension is a mechanism that connects the wheels of a vehicle to the body
or to the frame attached to the vehicle body. The suspension deformation with
structural deformation plays an important role in vehicle handling and ride comfort
by allowing for appropriate camber angle changes during dynamic maneuvers.
The basic functions of suspension systems are:

• Segregate the vehicle body from road vibrations and forces which would oth-
erwise be transferred to the vehicle occupants.

• Maintain the road grip between the tires and the road surface by facilitating
the contact between the road and the tires at all times.

• Facilitate load transfer during dynamic maneuvers.
• Maintain the alignment of the wheels of the vehicle and allow for dynamic

changes in camber during vehicle maneuvers.

Suspensions are classified into different types according to their functional require-
ments as below:

• Dependent Suspension: The dependent suspensions are characterized by a
rigid link between the two wheels of an axle. The motion of one wheel affects
the other wheel as well due to the rigid coupling between the wheels. The
dependent suspensions are commonly used on heavy vehicles such as trucks
and buses. These types of suspension systems are also referred to as rigid axle
suspension systems.

• Independent Suspension: These types of suspension systems, as opposed
to the dependent types of suspension systems, allow separate movement of
wheels of the same axle relative to the vehicle body. Therefore, the com-
pression/jounce of one wheel does not affect the motion of the other wheel.
Reduced sprung mass, sufficiently large amount of elastokinematic and kine-
matic design freedom are some of the advantages of independent suspension
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(a) Dependent Suspension
Configurations

(b) Driven Rigid Rear Axle

Figure 2.2: Dependent Suspension Systems [25]

systems. Commonly, the independent suspension systems are made of multiple
individual links that constrain five out of six degrees of freedom of the wheel.

(a) Independent Suspension
Configurations

(b) MacPherson Front Suspension System

Figure 2.3: Independent Suspension Systems [25]

• Semi-Dependent Suspension System: Semi-Dependent suspension sys-
tems are also known as twist beam axles. These types of suspension systems
have have intermediate characteristics between dependent and independent
suspension systems. The wheels of an axle are commonly connected with flex-
ible beams known as twist axles. During parallel travel of the wheels, there is
negligible changes in camber, track width and toe angle. But, during opposite
wheel travel, this type of suspensions provide lower roll center and improved
camber. Simple in construction, easy to assemble and disassemble are some of
the advantages.

A vehicle suspension system consists of various parts such as bushings, joints,
dampers and springs that provide the axle of a vehicle with their elastokinematic
properties.
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(a) Semi-Dependent Suspension
Configurations

(b) Twist Beam Suspension System

Figure 2.4: Semi-Dependent Suspension Systems [25]

• Elastic Bushings: Rubber bushings due to their elastic nature allow rela-
tive movement of the control arm with reference to the vehicle body or the
suspension subframe. The bushings are made up of a layer of vulcanized rub-
ber sandwiched between two concentric metal sleeves. The rubber bushings
are designed to provide the suspension with elastokinematic behaviour by the
variation of toe angle and wheelbase. Bushings with higher stiffness will pro-
vide superior road grip and handling behaviour but will compromise the ride
comfort. The bushings are typically characterized by their stiffness and damp-
ing in X, Y and Z directions along with their torsional stiffness and damping
respectively (Figure 2.5).

(a) Rubber Bushing (b) Typical bushing characteristics

Figure 2.5: Bushing Characteristics and Mounting Location. The bushings
consists of an outer sleeve 3 and an inner sleeve 1, with an rubber layer 2 in

between. [26]

• Springs: The springs support the vehicle weight. Different types of springs
such as coil, leaf springs, air springs and torsion bars are used.
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Figure 2.6: Linear Coil Spring Characteristics [27]

A linear coil spring is shown in the figure 2.6. It is characterized by its free
length LF and stiffness c. The force on the spring is then given by [27]:

Fs = c(LF − L) = c∆L (2.19)

Where, L denotes the actual length and ∆L gives the overall deflection of the
spring. When mounted on the chassis, the spring compresses to support the
weight of the chassis. Therefore, it will be compressed to a length L0<LF .
Hence, the above equation can be written as:

Fs = c(LF − (L0 − s)) = c(LF − L0) + cs = F 0
s + cs (2.20)

Here, F 0
s denotes the spring preload and s = L0−L gives the spring displace-

ment from the configuration length of the spring.

• Dampers: Dampers or Shock Absorbers are used to damp out the roll, pitch
motion and the oscillations caused by the road input on to the vehicle. The
dampers used in the vehicles are oil pumps with orifices provided in the piston
and the chamber. During the suspension travel the fluid is forced through the
orifices, thus ’damping’ or slowing down the oscillations caused by the vehicle
moving over the road obstacles.

(a) (a) Twin Tube Damper (b)
Mono-Tube Damper

(b) Damper Characteristics

Figure 2.7: Damper and its characteristics [27]

In vehicle dynamic applications the damper is characterized by [27]:

FD = FD(v) (2.21)
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The above equation is used to obtain the damper force FD as a function of
damper compression velocity v = u̇. The characteristics are obtained by ex-
citing the damper with a sinusoidal signal u = u0sin2πft. The frequency is
varied in different steps of f0 to fE, force vs displacement curves FD = FD(u)
are obtained. The peak values of force are taken at u = 0 to generate the
damper curve as shown in the figure 2.7 [27].

• Steering Ball Joint: The lower control is connected to the suspension
strut/the wheel carrier through a spherical joint known as the steering knuckle.
The joint is highly stiff in every direction except the radial direction.

2.6 ADAMS/Car and FEM vehicle model

ADAMS/Car is multibody software for modeling vehicles. It allows the user to
create virtual models and prototypes and perform realistic analysis. It also allows
the user to create highly complex models and perform complex dynamic maneuvers.
The model hierarchy in the ADAMS/Car suite of products are as shown below:

Figure 2.8: ADAMS/Car Model Hierarchy

A vehicle model in ADAMS/Car is categorized as shown in the figure 2.8. It is made
of Templates, Subsystems and Property Files.

• Templates: Templates are parametric models that are built by expert users
within the template builder. Default geometric data such as connection points
of a suspension system, topology of the models and characteristics of forces
elements such as dampers and bushes are defined inside a template.

• Subsystems: Subsystems are based on the templates. The subsystem of a
vehicle part references to a template that defines the subsystems construc-
tion, including the type of parts and how the parts interact and attach to
one another. Subsystems allow the standard users to modify the parametric
information of some of the components such as hard points of the suspension
system and properties of bushes and dampers. But, subsystems do not allow
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the modification of other parametric information such as orientation of the
components.

• Property Files: The property files are ASCII-based files that contain data
for modeling components such as bushings, dampers and springs.

2.6.1 Vehicle Model
The car model consists of a MacPherson front suspension system and a Twist Beam
rear suspension system. The ADAMS/Car model consists of flexible bodies imple-
mented. The vehicle model is fully flexible i.e., the control arms, subframe, the
steering tie-rods and the vehicle body-in-white (BiW) are flexible imported after
condensation from an existing FEM vehicle model.

The difference between the FEM model and the ADAMS/Car model is that the
parts such as windshields, exhaust pipe, doors and seats have not been considered.

The following procedure was followed to build up the full vehicle model in ADAMS/-
Car:

• Obtain the suspension hardpoints from the FEM vehicle model.
• Build up rigid full vehicle model in ADAMS/Car using the suspension hard-

points obtained from the FEM model.
• Perform FE condensation and modal analysis in MSC NASTRAN to obtain

the flexible bodies by appropriately choosing the range of natural frequencies
for a particular component.

• Replace the rigid vehicle components with the flexible bodies to build up the
fully flexible vehicle model in ADAMS/Car.
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The vehicle parts and the total number of modes associated with them are given in
the following table (Table 2.1).

Table 2.1: Number of Modes in the flexible vehicle model

Part Number of Modes
Left and Right LCA 318
Left and Right Strut 330

Subframe 426
Left and Right steering Tierod 318

BiW 558
Rear Axle 360

Figure 2.9: Front Suspension Evolution

Figure 2.10: Rear Suspension Evolution
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Figure 2.11: Flexible MacPherson Front Suspension System from the
ADAMS/Car Model

Figure 2.12: Flexible Twist Beam Rear Suspension System from the
ADAMS/Car Model
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Figure 2.13: Vehicle FEM Model

Figure 2.14: Rigid Vehicle Model

Figure 2.15: Flexible Vehicle Model
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3
Tyre modeling

3.1 Introduction
Most vehicle dynamics applications especially durability and ride simulations re-
quires an accurate knowledge of tire-road interaction forces because the movements
of a vehicle primarily depend on the road forces on the tires. These interaction forces
depend on both road and tire properties, and the motion of the tire with respect to
the road. For durability the accurate estimation of normal force becomes relevant
compared to other tire forces and therefore we primarily focus on how the normal
forces are computed by different tire models.

Durability simulations require 3D contact analyses for stress and fatigue studies,
which require component force and acceleration calculation. These studies can be
used to estimate the effects of road profiles, such as pothole, curb, or Belgian block.
Therefore choosing a proper tire model becomes crucial and using an improper tire
model can result in non-realistic analysis results [35].

For durability analysis Adams tire offers FTire, PAC2002 (with belt dynamics), UA
and 521 tire models. We have chosen to use FTire, PAC2002 and UA tire models
as they support 3D enveloping contact method and allows for simulations on CRG
roads. Here we compare the effects of these tire models on durability of the Lower
Control Arm (LCA) when subjected to various durability tests.

3.1.1 3D enveloping contact model
The 3D Enveloping Contact method is used for driving over obstacles having wave-
lengths shorter than the tire contact patch and it is compatible with all Adams tire
models other than FTire ( no selection required ) and 521 tire model (uses pene-
trated volume contact method [35]).

It is used for predicting the nonlinear enveloping behavior of a tire using a semi-
empirical ’tandem cam’ approach in which a series of connected elliptical cams are
defined whose shape at the contact patch correspond to the outside tire contour.
During the simulation the contact of each cam with the road is determined. Then the
sum of the position and orientation of all cams results in an effective height, effective
slope, effective road curvature and effective road camber for the tire model. The
3D version of this method has been used, so that obstacles that are not symmetric
with respect to the wheel will result in an effective road camber input for the tire
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model. The picture below shows the position of the cams for a tire rolling over a
step obstacle [35].

Figure 3.1: 3D enveloping contact [35]

3.2 FTire

FTire (Flexible ring tire model), It is a non-linear vibrational tire model which can
be used in ride, comfort and durability simulations, even on high frequency rough
roads.

The main advantages of FTire are:

• Fully nonlinear and accurate at frequencies up to 200 Hz [33].
• Valid for obstacle wave lengths less than half the length of the contact patch.
• Accurately simulates when passing single obstacles, like cleats and potholes.
• Applicable to situations like misuse of tires and sudden pressure loss.
• Compared to other tire models, FTire resolves road irregularities without any

pre-processing of the road data.

3.2.1 Mechanical model
The tire belt is modelled as an extensible and flexible ring having bending stiff-
ness with dynamic stiffness in radial, tangential, and lateral directions, which are
distributed elastically on the rim. The degrees of freedom is set up such that the
movements of the ring both in-plane and out-of-plane are possible. The ring has
a finite number of belt elements of discrete masses and this elements are coupled
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to each other by stiff springs and by bending stiffness both in-plane and out-of-plane.

Each belt element has number (5 to 50) of mass-less ‘tread blocks’ located along
several parallel lines to achieve the whole contact patch along the longitudinal and
lateral road surface. The blocks carry nonlinear stiffness and damping properties in
radial, tangential, and lateral direction. The radial deflections of the blocks depend
on the road profile, location, and orientation of the corresponding belt elements.
Tangential and lateral deflections are determined by the sliding velocity on the
ground and the local values of the sliding coefficient.

Belt In-Plane bending stiffness of the tire model shown in the figure 3.2a is modelled
by means of torsional springs about the lateral axis and the torsional deflection is
given by the angle between three consecutive belt elements projected on to the rim’s
mid plane. Belt Out-plane bending stiffness shown in the figure 3.2b is realized by
means of torsional springs about the radial axis and angle between the three con-
secutive elements, projected on to the tangential plane gives the torsional deflection
in radial direction.

FTire estimates all six components of tire forces and torques acting on the rim by
integrating the forces in the elastic foundation of the belt. FTire can also consider
the non-uniformity of the tire as well as static and dynamic imbalances in the tire
[34, 33, 35].

(a) In-plane bending
stiffness

(b) Out-plane
bending stiffness

Figure 3.2: Bending Stiffness

FTire parameterization process is proposed in [33, 35] and it is best done by using
the tool box FTire/fit (time- and frequency-domain parameter identification) or
FTire/estim (qualified parameter estimation by comparison with a reference tire).

3.3 PAC2002 with belt dynamics
The PAC2002 is a Magic-Formula tire model (an empirical formulae describing the
forces and moments from road on to tire) based on Tyre and Vehicle Dynamics
by Pacejka [36] developed by MSC Software. Generally, a MF tire model is used
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in vehicle handling and stability simulations. MF tire model describes the tire
behavior for smooth roads (road obstacle wavelengths longer than the tire radius)
up to frequencies of 8 Hz. However the PAC2002 has extended functionality that
increases the validity towards short road obstacle wavelengths (with use of the 3D
Enveloping Contact) and higher frequencies (up to 70 - 80 Hz) by using the tire belt
dynamics modeling [35].

3.3.1 Mechanical modeling
At frequencies higher than 15 Hz the dynamics of the tire belt has a considerable
effect on the durability of the vehicle or component. Figure 3.3 shows the PAC2002
belt dynamics model describing lowest eigen modes of the belt by assuming the belt
as a rigid ring.

Figure 3.3: PAC2002 belt dynamics model [37]

The wheel - tire assembly has a rim part and a belt part with a six degree of freedom
bushing in between them with stiffness and damping to allow the belt to move with
respect to the rim. The overall vertical stiffness is corrected by adding a residual
stiffness in between the belt and the road.

The spring deflection ρ and damper velocity ρ̇ are derived with the (effective) road
height, road angle and road camber information supplied by the 3D enveloping
contact method.
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ρ = R0[qREO + qV 1(ΩR0

V0
)2]−R1 (3.1)

Where the tire rotational speed Ω = Vx

Re
, R0 is the free tire radius, R1 is the loaded

tire radius, Vx is the vehicle longitudinal velocity, qREO is the correction factor for
measured unloaded radius and qV 1 is the tire radius growth coefficient.

Knowing the deflection ρ the normal force Fz can be estimated using the equation
3.2.

Fz =
(
qREO + qV 2|Ω|

R0

V0
− (qFcx1

Fx
Fz0

)− (qFcx1
Fx
Fz0

)− (qFcy1
Fy
Fz0

) + qFcγ1γ
2
)

[
qFz1

ρ

R0
+ qFz2( ρ

R0
)2 + qFz3γ

2 ρ

R0

](
(1 + qFz1dpi)CzFz0

)
. (3.2)

Using this formula, the vertical tire stiffness increases due to increasing rotational
speed and decreases by longitudinal and lateral tire forces.

The road-belt friction interaction forces are calculated with the Non linear transient
model (contact mass approach) in combination the Magic Formula equations for the
tire’s Force Moment response. An in detailed modeling methodology can be found
in Adams Tire documentation [35]. Running the PAC2002 with the belt dynamics
option will leverage the validity range of the tire model towards up to 70 - 80 Hz
frequency range.

3.4 UA tire model
The UA-Tire model (University of Arizona) calculates the longitudinal force Fx,
lateral force Fy, normal force Fz, rolling resistance moment My and self aligning
moment Mz at the ground contact point as a function of the tire kinematic states
longitudinal slip κ, side slip α and camber angle γ, tire deflection ρ and deflection
velocity ρ̇. An in depth modeling of the UA tire model is explained in 38 and 35.

Normal Force Fz given by the equation 3.3 is calculated assuming a linear spring
with stiffness kz and damper with damping constant cz.

Fz = kz · ρ+ cz · ρ̇ (3.3)

3D enveloping contact model provides the effective road height and road plane in-
formation to the tire to estimate deflection and penetration. If the tire loses contact
with the road, the tire deflection and deflection velocity become zero so the resulting
normal force Fz will also be zero [35].
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4
Road Profile modeling

4.1 Introduction
The Virtual Proving Ground method for durability requires the virtual vehicle model
to be driven on a digitized road. The VPG method uses road profile as the input to
the vehicle model. Using this method, tests can be performed without any vehicle
specific measured data, which is usually fed as the load input to the wheel spindles,
where as the VPG method uses road elevations as the input at the tire-road contact
patch [17].

4.2 Road Classification
Roads can be realized as models of deterministic and random signals as shown in
the figure 4.1 and they are classified based on their signal types according to the list
4.2.

Figure 4.1: Signal classification

Classification of road models according to the signal types.
• Deterministic-Periodic-Sinusoidal signals.

– Washboard In Phase
– Washboard Out of Phase

• Deterministic-Non periodic-Single Event signals
– Pothole road
– Curb
– Bumps and Ramps

• Random-Non stationary signals.
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– Rough roads
– Cobblestone road

4.3 OpenCRG
OpenCRG is an open source tool-suite for the creation, modification and evaluation
of road surfaces. Its objective is to standardize a detailed road surface description.
It has applications in tire, vibration and driving simulations where an efficient and
reliable road representation is required.

A curved regular grid (CRG) shown in the fig 4.2 represents road elevation data close
to an arbitrary road centre line which is defined by consecutive heading angles.
The reference line may be complemented by Hilliness (slope, inclination, grade,
pitch angle) or Cross Slope (super-elevation, banking, cant, camber, roll angle).
Environmental information like friction, temperature, wind velocity and direction
can also be handled.

(a) Curved regular grid (b) Regular elevation grid

Figure 4.2: Curved regular grid representation [16]

In the figure 4.2a CRG cuts are orthogonal to the reference line and in the figure
4.2b columns and rows are represented by longitudinal and lateral cuts which are
orthogonal and parallel to the reference line respectively where data is stored as low
precision arrays. Therefore the data is compactly stored reducing the end file size.

Figure 4.3: Curved reference line [16]

The curved reference line show in figure 4.3 is defined by a high precision start
position and low precision heading angles which maintains sufficient accuracy even
for long tracks with high altitude. The Potential drift due to path integration is
prevented by redundant high precision end location of the reference line. Reference
line can also be used as input for steering control/driver models [16].
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4.4 Modeling Process
The process of modeling road profiles of both deterministic and random roads can
be explained by the following steps. Figure 4.4 also shows the flow of the process.

• Input: Input data (such as pothole dimensions and power spectral densities)
for modeling virtual proving grounds are obtained through published papers,
measured data and ISO standards. This data are imported into Matlab as
input to the mathematical and analytical road models.

• Mathematical and analytical modeling: The random roads are modelled as
stochastic models (section 4.6) to estimate the vehicle fatigue through statis-
tical description and analysis of road surface irregularities.

Deterministic periodic roads are modelled mathematically (section 4.7.2)
by defining the road profiles as sinusoidal equations and Non-periodic roads
are modelled analytically (section 4.7.1) by representing the events (such as
pothole, curb and bumps) as data points along the road profile.

• Validation: The stochastic models (such as rough road form class A-H and
cobblestone road) are validated using ISO Power spectral densities standards
and measured road data. Deterministic models are validated by comparing
the modelled road to the input data. Refer section 4.6.3 for validation results.

• Road profile generation: The mathematical and analytical models are inte-
grated with OpenCRG (section 4.3) to generate 3D digitized CRG roads used
for virtual proving ground simulations using ADAMS/Car. Simultaneously
1D road profile data is stored in an excel file for shaker rig simulations.

Figure 4.4: Road modeling process
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4.5 Road modeling Fundamentals

4.5.1 Power Spectral Density
Power spectral density (PSD) provides information about the distribution of the to-
tal power over the entire frequency range. This information can be used to analyze
the limiting mean square value of a signal at any frequency. Displacement power
spectral density which is the PSD of the vertical road profile displacement is used
to analyze the spectrum of the road profiles of the stochastic road models [19,18].

The PSD estimation of infinite number of frequencies, usually that of a auto-
correlation function is defined in detail in [19] but in actuality PSD of a finite
number of frequencies are estimated using Fast Fourier transforms (fft).

The one-dimensional PSD of the road profile is estimated using equation 4.1 by
taking fft of the vertical road profile displacement and considering only the single
sided spectrum. The signal thus obtained is real-valued and has even length. Be-
cause the signal is real-valued, you only need power estimates for the positive or
negative frequencies. In order to conserve the total power, all frequencies that occur
in both the positive and the negative sets are multiplied by a factor of 2 [20].

Φ(z) = 2
NFs

·
∣∣∣fft(z(x)

)∣∣∣2 (4.1)

4.5.2 Road profile spectrum
The International Organization for Standardization (ISO) uses a one-parameter
spectrum (4.2) to define the distribution of power that build a signal. The spec-
trum (4.2) is obtained by fitting the smoothed measured data by least mean-square
method.

Gd(Ω) = Gd(Ω0) ·
( Ω

Ω0

)−w
(4.2)

Assuming Ω0 = 1 rad/m and simplifying. We get.

Gd(Ω) = C · Ω−w (4.3)

The roads are classified based on their unevenness measure by the International
Organization for Standardization. The roads from high speed highways to extremely
rough off-roads are classified from ranges A-H as shown in the figure 4.5 based
on their roughness values C and assuming a constant-velocity PSD, which means
Waviness parameter w = 2 in equation 4.3 where the intensities of all wavelengths
of the spectra are equal [21, 22, 18].

Gd(Ω) = C · Ω−2 Ω ∈ 2π · [0.011, 2.83] (4.4)

Spectrum (4.4) is used in the vehicle development process because of its simplicity
and it is also used here as a reference measure for the generated rough road models.
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However, the road models generated using the spectrum (4.4) does not provide the
accurate description of the spectrum for low and high frequency ranges compared
to the observed spectrum of the real roads [21].

Figure 4.5: ISO classification of roads [18]

Due to the drawbacks of the one-slope spectrum, two-slope spectrum by Motor In-
dustry Research Association (MIRA) is used. There are two version of the MIRA
spectrum. The first spectrum (4.5) is mostly used in the modeling of non-homogeneous
Gaussian road models. Where, 10a0 is the basic roughness co-efficient, w1 and w2
are waviness parameters whose wavelengths lie between 100 − 5 m and 5 − 0.1 m
respectively and Ω0 = 2π · 0.2 rad/m.

Gd(Ω) =


10a0 ·

(
Ω
Ω0

)−w1 Ω ∈ 2π · [0.01, 0.2],
10a0 ·

(
Ω
Ω0

)−w2 Ω ∈ 2π · [0.2, 10],
0, otherwise

(4.5)

The second spectrum (4.6) also know as British standard Institution (BSI) spectrum
is used here to compute Hybrid rough road, Hybrid rough road 3D and Cobblestone
road models (section 4.6).
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Gd(Ω) =


C · Ω−w1 Ω ∈ 2π · [0.01, 0.2],
C · Ω−w2 Ω ∈ 2π · [0.2, 10],
0, otherwise

(4.6)

It should be noted that spectrum’s (4.5) and (4.6) does not describe the road rough-
ness spectra for the entire frequency range precisely. But importantly, they give a
proper estimation of the energies for the frequencies that excite the vehicle depend-
ing on the vehicle velocity [21].

According to Kozubowski et al [23], one can use analytically more track-able Matérn
spectra (4.9) with a proper choice of parameters to give a spectra similar to a BSI
spectrum (4.5). The Matérn spectra is derived from the Matérn co-variance funtion
(4.7) whose spectral density can be deduced to the general form given by the equa-
tion (4.8) [31, 32].

The Matérn class of covariance functions is given by.

kMatern(x) = σ2 · 21−v

Γ(v) ·
(√

2v · x
l

)v
·Kv

(√
2v · x

l

)
(4.7)

where v, σ, l > 0, are smoothness, magnitude and length scale parameters and Kv is
the modified Bessel function.

The spectral density is of the form.

G(Ω) = Q

(λ2 + Ω2)(v+ 1
2 )

(4.8)

Where, λ is
√

2v/l.

Modified Matérn spectra is given by.

Gd(Ω) = C(
c2 + ( Ω

Ω0
)2
)w1/2 + C(

c2 + ( Ω
Ω0

)2
)w2/2 (4.9)

Where, c is a positive constant parameter [21].

4.5.3 Kernel
The PSD of a random process can be represented by many ways. One way is to
use a kernel function which captures the similarity of the density function appropri-
ately. Choosing a proper kernel for a given problem is one of the limiting factors of
kernel-methods, especially for a non-Gaussian processes.

A simple way to represent a road profile Z(x) [30] is through a convolution of
white noise process with kernel function g(x) given by the equation (4.11), which
is normalized such that it’s square integrates to one and is symmetric, that is,
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g(x) = −g(x). Therefore the normalized random process of road profile generation
can be generally represented as 4.10.

Z(x) =
√
dx · g(x) ∗Wi (4.10)

g(x) = F−1
(√

2π ·Gd(Ω)
)

(4.11)

Where, Wi are independent equally distributed random variables with mean zero
and variance one, dx is the spatial discretization step and ′∗′ represents the convo-
lution of two vectors. F in equation 4.11 is the Fourier transform and Gd(Ω) is the
spectrum of choice.

For extensions beyond the Gaussian setup such as Laplace moving average (LMA)
process, the co-variance function can no longer uniquely define the distributional and
geometric properties of the road profile signal and the shape of the asymmetric kernel
defines the shape of the irregularities which control the modal properties. Therefore,
estimation of an asymmetric kernel for processes like LMA becomes crucial. A simple
construction of an asymmetric kernel given by equation 4.12 can be derived from
the Matérn spectra (4.9) [21, 23].

Fg(Ω) = C · cw1(
1 + i · Lr(c Ω

Ω0
)
)(2q−1)·w1/2 ·

(
1 + (c Ω

Ω0
)2
)(1−q)·w1/2 , 1/2 < q < 1

(4.12)
Where, q defines the symmetricity of the kernel, which gives a symmetric kernel for
value q = 1, while the value q = 1/2 gives a causal one and Lr is the driving direction.
We have chosen the asymmetric kernel 4.12 for computing all the stochastic road
models, based on the fact that any kernel can be used to define the spectrum of a
Gaussian process. This is not the case for LMA process [21], for which a proper
kernel should be chosen to uniquely define its spectrum.

4.6 Stochastic road modeling
Stochastic road models are used to describe the variation in measured road profiles
and this section focuses on explaining the modeling process of road surface roughness
to give an accurate fatigue life estimation of the vehicle components. The models
presented here are capable of describing the road surface roughness of very long road
sections, with a flexibility to describe the parameters according to the end user.

4.6.1 Rough road modeling

4.6.1.1 Hybrid rough road model

The roads surfaces in practise contains random irregularities such as, potholes and
crackles, and most vehicle engineering experts agree that Gaussian distribution does
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not accurately represent the actual road surface. Commonly, such processes are of-
ten employed to represent an undamaged road surface.

Here we have employed an Hybrid method from Klas Bogsjö et al [21], which is an
integration of both stationery Gaussian model and Laplace moving average model.
Accurate representations of road surface roughness is accomplished by modeling an
undamaged road surface using stationery Gaussian process to which short sections
of irregularities and potholes are added by altering the LMA process, resulting in a
non-homogeneous, ergodic process.

Stationery Gaussian process

Gaussian process is modelled as a moving average (MA) process, which is a convolu-
tion of white noise process Zi and Matérn kernel function g(Ω) given by the equation
4.12. The general schema of the Gaussian moving average process is by the equation
4.10 and the kernel g(Ω) (4.13) is introduced through its Fourier transform Fg(Ω),
which is normalised such that the integral

∫
g(Ω)2 · dx = 1 .

Fg(Ω) =



c̃(
1+i·Lr(c Ω

Ω0
)
)(2q−1)·w1/2

·
(

1+(c Ω
Ω0

)2
)(1−q)·w1/2 , Ω ∈ 2π · [0.01, 0.2],

c̃(
1+i·Lr(c Ω

Ω0
)
)(2q−1)·w2/2

·
(

1+(c Ω
Ω0

)2
)(1−q)·w2/2 , Ω ∈ 2π · [0.2, 10],

0, otherwise
(4.13)

Where c̃ is a normalized constant and the range of Ω is taken from the BSI spec-
trum (4.6). Taking the fft

(
Fg(Ω)

)
, figure 4.6 shows the shape of the Matérn kernel.

Road profile Z0(x) using GMA is given by.

Z0(x) = σ ·
∑√

dx · Fg(Ω) ∗ Zi (4.14)

where Zi’s are zero mean and variance one independent standard Gaussian variables,
dx is the discretization step and the fineness of the length of the increment dx defines
the smoothness of the kernel, and σ is the variance of the road taken from the BSI
or Matérn spectrum [21]. Figure 4.7 shows the undamaged road profile modelled
using Gaussian process.

Laplace Moving Average (LMA) model

LMA process is based on a non-homogeneous Laplace model where the road surface
models have a generalized Laplace distribution.Non-homogeneous Laplace model is
constructed on the idea of non-homogeneous Gaussian model where the road profile
Z(x) is assumed to haveM equally spaced blocks of length L0 whose variance is given
by Rj. The method to combine this blocks of constant variance to give a smooth
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transition between the segments is estimated by MA of Gaussian white noise process.

The non-homogeneous Laplace process to estimate road profiles of each block j is
given by

Zj(x) =
∑

(j−1)L0<xi≤jL0

√
dx ·

√
Rj · g(x− xi) ∗ Zi (4.15)

Where, Rj is the variance given by independent gamma-distributed random vari-
ables having shape parameter 1/ν and scale ν.

Road profile Z(x) is given by

Z(x) =
M∑
j=1

Zj(x) (4.16)

The LMA can be illustrated as a series of impulses due to the net accumulation of
jump values of the Laplace motion. It is given as the limit to the non-homogeneous
Laplace process as L0 = dx and

√
(dx ·Rj) is substitute with

√
Γj, so that variance

V [Zj
√

Γj] = dx.

The jump process of LMA is given by.

ZLma(x) =
∫
g(x− u)dΛ(u) = σ · Fg(Ω)

N∑
i=1

Zi(x) (4.17)

Zi(x) =
√
ν ·
√

(eνγi/L) ·
√
Wi · Ui (4.18)

The Zi’s normalized such that it has zero mean and variance one. Where Wi are
independent and identically distributed standard exponential variables independent
of γi and Ui, and γi is the location of the ith point in a Poisson process, that is,
γi = ∑i

j=1Gj, where Gj are independent standard exponentially distributed ran-
dom variables. Finally, Ui are independent random variables distributed uniformly
on [0, L].

And the parameters ν and N are given by.

ν = ν̂ = k̂e
3
∫
Fg(Ω)4dx

(4.19)

N ≈ −2 · L
ν
· ln(p) (4.20)

Where
√

Γj are independent gamma-distributed variables having shape parameter
dx/ν and the scale equal to ν. ν is the shape parameter in Laplace motion Λ(x).
k̂e is the excess kurtosis (ke > 3) that controls the tailedness and sharpness of the
irregularities. And, N represents the number of irregularities which is controlled by
the irregularity parameter p [21]. Figure 4.7 shows the irregularities modelled by
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the LMA process.

Hybrid Model

The road profile Z(x) can now be defined by the Hybrid process as.

Z(x) = pZ0(x) + ZLma(x) (4.21)

Simplified as,

Z(x) = σ
((
p
√
dx

Nn∑
i=1

Zi +
N∑
i=1

Zi(x)
)
∗ Fg(Ω)

)
(4.22)

Where Z0(x) and Zi(x) in equation 4.21 are taken form the equations 4.14 and 4.17
respectively and Nn is given by L/dx. Figure 4.7 shows the road profile Z(x) mod-
elled using the Hybrid process.

Figure 4.6: Shape of the kernel function 4.13
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Figure 4.7: Hybrid Process: Top- Normalized Gaussian model; Middle- LMA
model; Bottom- Combined Hybrid model

The irregularities modelled by LMA process takes the shape of the kernel func-
tion 4.13 which can be observed from the figures 4.7 and 4.6. The locations of the
irregularities are distributed randomly over the road length L and have random am-
plitudes. The irregularities contains both the long wave and short wave components
in the range of frequencies of the spectrum 4.6. The hybrid model with p = 1 be-
comes a Gaussian model which underestimates the fatigue damage and with p = 0
it represents a LMA jump process which tends to overestimate the fatigue damage.
Hybrid model with p between the two extremes can give a reliable damage estima-
tion, moreover the value p can be adjusted to give an accurate estimation of damage
granted a reference index is available [21].

Table 4.1 and 4.2 shows the parameter and roughness values used in the the hybrid
road model.
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Table 4.1: Hybrid model parameters

Parameter Value used Possible range
Ω0[rad/m] 1 -
dx[m] 10−2 10−1 − 10−3

w1 2.6 -
w2 2.1 -
ke 3.1 3.1− 9
p 0.6 0− 1
q 0.7 0.5− 1
Lr −1 −1 or 1
c̃ 10 -

Table 4.2: ISO degree of roughness [18]

Degree of Roughness
ISO Road class C(Ω) [10−6m3]

Mean
A 1
B 4
C 16
D 64
E 256
F 1024
G 4096
H 16384

4.6.1.2 Hybrid multi-variate rough road model

Taking the idea from the Hybrid model which is essentially an uni-variate road model
i.e. the road surface roughness does not vary along the lateral direction (Y ) of the
road, we have modelled a multi-variate road model whose road surface roughness
vary both in the longitudinal (X) and lateral directions (Y ) of the road.

The surface roughness of the real roads primarily varies longitudinally and the vari-
ations along the lateral road section even though in comparison are small should be
modelled for accurate estimation of fatigue damage index. Here it is modelled as
two individual layers, a primary uni-variate layer having roughness Cm = C − C0
and a secondary multi-variate non-homogeneous disturbance layer having roughness
C0. Here C0 given in the table 5.1 is a lot smaller than the corresponding C value
in table 4.2. This secondary layer is meshed on top of the primary layer to give a
multi-variate hybrid model.

The modeling process is given by the following steps.

38



4. Road Profile modeling

1. A road elevation profile Z(x) of size Nu × 1 is generated using the Hybrid
process (4.6.1.1) with w1 = 2.9 and w2 = 2.3 and the other parameters and
new roughness values Cm according to the tables 4.1 and 5.1 respectively.

2. Uni-variate 3D road elevation matrix of sizeNu×Nv is computed by replicating
the values of the row matrix Z(x) over Nv columns as shown in the figure 4.8.

Figure 4.8: Hybrid uni-variate model (Road class C)

3. Multi-variate 3D road elevation matrix is computed by simulating the Hybrid
process Nv times to generate a 3D mesh of size Nu×Nv as shown in the figure
4.9. But here Roughness value C0 are taken from the table 5.1.

Figure 4.9: Multi-variate 3D road elevation mesh

4. Hybrid multi-variate rough road model as shown in the figure 4.10 is generated
by merging the uni-variate elevation elevation matrix with the multi-variate
elevation mesh from steps 2 and 3.
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Figure 4.10: Hybrid multi-variate model (Road class 3)

Table 4.3: Modified ISO roughness values

Degree of Roughness
ISO Road class Cm(Ω) [10−6m3] C0(Ω) [10−6m3]
A 0.875 0.125
B 3.5 0.5
C 14 2
D 60 4
E 240 16
F 960 64
G 3842 256
H 15360 1024

4.6.2 Belgian road modeling

Generally virtual models of Cobblestone road a.k.a. Belgian road are usually gen-
erated using data from laser scanning and profilograph techniques. This methods
are expensive, time consuming and requires pre-processing of raw data. Here we
describe a novel method to generate a detailed virtual digitized Belgian road by
considering the shapes and sizes of the actual cobblestone blocks, thereby also pre-
serving the shape of the actual Belgian road.

The road profile elevations (Z) of the model presented here vary both in the longitu-
dinal (X) and lateral (Y ) directions. The modeling aspect also considers the surface
roughness along with different shapes and sizes of the cobblestone blocks. The spaces
between the neighboring blocks both in longitudinal and lateral directions are also
modelled. To achieve a longitudinally and laterally varying elevation profile, the
heights of the Cobblestone blocks are computed by a combined uni-variate 3D road
model and interpolated lateral road profile model, both generated via the Hybrid
process (4.6.1.1).
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Figure 4.11: Belgian road model

Figure 4.12: Belgian road top view

The methodology of modeling the Belgian road is described by the following steps.

1. Longitudinal road profile Z(X): A uni-variate 3D road model of road class
C is generated using the Hybrid process with parameters according to table
4.4.

2. Computing cobblestone block: Hexagonal blocks with surface roughness
as shown in the figure 4.13 are formed by dividing the road created in step 1
into small finite cells of varying sizes, with each cell representing a single block
according to the dimensions specified in the table 4.4. Each cell is a matrix
of size (nr × nc) containing road elevation data. As shown in the figure 4.13,
the length of nr varies randomly according to width (Wc) of a block and the
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length of nc is constant as all the blocks have the same length (Lc). Finally,
the spaces in terms of width (ws) and depth (ds) between each adjacent cells
are created.

nr = Wc/dx ; nc = Lc/dx (4.23)

Figure 4.13: Hexagonal Belgian blocks

3. Lateral road profile Z(Y ) : To create a road profile varying in the lateral
direction the height of each cell block is shifted. This is realized by generating
a lateral road profile using the Hybrid process (parameters: table 4.4) for the
length equal to the width of the road. The generated road profile is then
interpolated to the length of the number of cells NCn in column Cn of the
road, where NCn varies randomly for each column. The interpolated road
profile data which are essentially heights are added to each corresponding cell
in a column to define the lateral profile as shown in figure 4.14. This process
is repeated for rest of the columns of the road to get the final Belgian road
model as shown in the figure 4.12 and 4.11.

Figure 4.14: Belgian road lateral profile

4.6.3 Validation of Road Models
Power spectral density can be defined in several ways and this makes it difficult to
compare published data without knowing how the power spectral density has been
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Table 4.4: Belgian road model parameters

Model parameters Belgian road dimensions
Parameters Z(X) Z(Y ) Dimension [m] Value
C(Ω)[10−6m3] 16 4 Length Lc 0.18
Ω0[rad/m] 1 1 Width Wc 0.07, 0.15, 0.22
dx[m] 10−2 10−2 Gap length ls 0.02
w1 1.5 1.5 Gap width ws 0.02
w2 3 3 Gap Depth ds 0.04
ke 3.1 3.1 Road width W 3
p 0.8 0.8 Road length L 50
q 0.7 0.7
Lr −1 −1
c̃ 10 10

defined. Here we are using displacement PSD given by the equation 4.4 defined in
ISO:8608 (18) as a standard for comparison. The PSD of the modelled roads are
estimated using the equation 4.1 and are one-dimensional in nature. The PSD’s are
plotted using a logarithmic scale to have an easy understanding of the spread of
energies for all the frequencies.

The PSD’s of the uni-variate Hybrid road model for the road classes A − H are
shown in the figure 4.15 and 4.16.

Figure 4.15: PSD of Hybrid uni-variate road model (Road class A, C, E, G)

43



4. Road Profile modeling

Figure 4.16: PSD of Hybrid uni-variate road model (Road class B, D, F, H)

The PSD’s of the multi-variate Hybrid road model for the road classes A − H are
shown in the figure 4.17 and 4.18.

Figure 4.17: PSD of Hybrid multi-variate road model (Road class A, C, E, G)
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Figure 4.18: PSD of Hybrid multi-variate road model (Road class B, D, F, H)

There is no defined classification of PSD for Belgian roads. Their PSD’s are compa-
rable to the ISO road classes and have a unique characteristic nature of repeating
orders as shown in the figure 4.19. This are caused by the repetitiveness of blocks
length and gaps between adjacent blocks. The PSD’s of the cobblestone road model
for the road class C is shown in the figure 4.19.

Figure 4.19: PSD of Belgian road model (Road class C)

4.7 Deterministic Road modeling

Deterministic road models are simple models used to define single-event obstacles
or repeating periodic road profiles.
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4.7.1 Pothole, Curb and Bumps
This are non-periodic single-event obstacles whose elevations road profile Z(X, Y )
are represented as series of data points along the longitudinal X and lateral Y road
profiles.

The elevation road profile of the roads with potholes and curbs shown in figure 4.20c
and 4.20a can be given by a square wave or series of square waves whose elevations
are equal to the depth and height of the pothole and curb respectively given by the
equation 4.25. The elevation matrix for a pot hole and curb is of the size (NL×NW )
where NL and NW are number of data points along X and Y respectively and is
given by the equation.

NL = L/dx ; NW = W/dx (4.24)

ZNL×NW
= H (4.25)

Trapezoidal bumps as shown in the figure 4.20b are modelled similarly to a curb,
except the sides are angled.

(a) Curb (b) Trapezoidal bump

(c) Pothole

Figure 4.20: Non-periodic road models
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4.7.2 Washboard
Washboard is a periodic sinusoidal road with sin forms both in phase and out of
phase on LHS and RHS of the road as shown in the figure 4.21.

The elevation road profile Z(x) is given by sin wave equation 4.26. For in phase
washboard road the elevation profile Z(x) of size (Nu × 1) is replicated over the
entire road width of size (1 × Nv). For out of phase washboard road Z(x) with
phase difference φ = π/2 is generated, the first half width of the road is replicated
with Z(x); φ = 0 and other half with Z(x); φ = π/2.

Z(x) = A · sin(2πfx+ φ) (4.26)

Where A is amplitude of the sin wave, f is spacial frequency, x is longitudinal
abscissa variable and φ is phase difference.

(a) Washboard In-phase (b) Washboard Out of phase

Figure 4.21: Periodic road models
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5
Results

This section discusses the results obtained from the simulation using the methodol-
ogy discussed in the previous chapters.

5.1 Modal Analysis of Body-in-White (BiW)

The BiW of the vehicle was simulated for the same range of frequency of 0-33KHz by
appropriately choosing the number of modes to be solved. The effect of the presence
and absence of the vehicle masses and windshields in BiW were investigated on the
number of modes and their corresponding natural frequencies.

It is found that the BiW without the mass and the windshields has lower frequency
magnitude for a given mode number compared to the BiW with mass and wind-
shields. This trend continues as the mode number increases. In other words, a given
value of frequency moves down the scale of mode numbers as the mass and wind-
shields are added to the vehicle body. This is shown in the below figures (Figure
5.1 and Figure 5.2). Additionally, it is observed that as the masses are added the
total number of modes for the structure decreases. For example, the BiW without
the mass and the windshields has 139 modes and the BiW with mass and wind-
shields has 133 modes in the frequency range of 0-150Hz. This is because, when the
windshields and masses are added, it makes the structure more stiffer.

Figure 5.1: Modal Analysis With and Without windshields
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The modal frequencies obtained by simulating in NASTRAN were compared with
the experimental frequencies obtained from [14] for a BiW without windshields and
masses. The experimental procedure is explained more in detail in [14] [13]. Al-
though, it was for a similar type but a different vehicle, it was found that the global
modes correlate as shown in the table (Table 5.2).

Figure 5.2: Modal Analysis With and Without Masses

Table 5.1: Experimental and Theoretical Modal Analysis Without windshields

Mode
Number

Simulated
Natural
Frequency
(Hz)

Tested
Natural
Frequency
(Hz)

1 30 27.50
2 39 31.12
3 44 39.24
4 45 44.33
5 51 51.56
6 53 55.14
7 66 58.21

50



5. Results

5.2 Dynamic Simulations for Stress Calculations

The simulation results of the two tire models viz., Pac2002 (With belt dynamics)
and UA-Tire are compared with FTire to check the validity of this tire models
in durability simulation. Here we perform Pearson correlation [39] of the normal
forces to determine the correlation coefficients r, which gives a measure of linear
dependency between the models. The range of values for the correlation coefficient
is -1 to 1. -1 representing a direct negative correlation, 0 representing no correlation,
and 1 representing a direct positive correlation.

5.2.1 Curb Impact Load case

(a) Curb road (b) Curb impact

Figure 5.3: The vehicle going over a road with a curb

The car model was driven over a road with a curb of 90mm in height with three
different tire models viz., FTire, Pac2002 (With belt dynamics), and UA-Tire at a
speed of 50 km/h. The normal force FZ on the front left tires with respect to time
is shown in figure (Figure 5.4) and the FFT of the normal forces is shown in the
figure 5.5.
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Figure 5.4: Normal Force on the Left Front Tires

From the figure 5.4 it can be observed that the during the impact the front tire loses
contact with the ground and the normal forces of the corresponding tires of both
Pac2002 and UA tire models have zero forces. This is because the deflection ρ and
the deflection rate ρ̇ in the equations 3.2 and 3.3 are zero as the road height and
road plane information from the 3D enveloping model is unavailable. But FTire still
exhibits some forces even after losing contact with the road as a result of internal
structural stiffness and damping of FTire, calculated using modal data [33].

Figure 5.5: Fast Fourier Transform of the normal forces (Curb Impact)

It can also observed from the figure 5.5 that the FTire model is more accurate in
capturing the peak forces at a high frequency range of 80Hz-200Hz compared to
Pac2002 and UA-Tire model. It can also be seen that Pac2002 has a fairly better
correlation with FTire compared to UA tire model below 250 Hz frequency range.
And comparing the correlation of the normal force signals of Pac2002 and UA-Tire
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models with the FTire. It is found that Pac2002 has a very high correlation of
rPac = 0.902 and UA-Tire model has a moderate correlation of rUA = 0.863 with
the FTire model respectively. From this we can conclude that in the absence of
FTire license, Pac2002 with belt dynamics is still a viable option for simulations
with curb impact compared to other ADAMS/Car tire models.

5.2.2 Pothole Load Case

(a) Pothole road (b) Pothole impact

Figure 5.6: The vehicle going over a road with potholes

The ADAMS/Car vehicle model was simulated on a road with three potholes of
depth 70 mm and length 60.96 mm as shown in the figure 5.9a with three different
tire models viz., FTire, Pac2002 (With belt dynamics), and UA-Tire at a speed of
50 km/h. The normal force FZ on the front left tires with respect to time is shown
in figure 5.7 and the FFT of the normal forces is shown in the figure 5.8.

Figure 5.7: Normal Force on the Left Front Tires
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Similar to the curb impact, the impact zone of the figure 5.7 shows the normal force
of Pac2002 and UA tire models are momentarily zero as the front wheel goes over
the pothole without contacting the bottom surface and hits the leading edge of the
pothole, giving rise to the peak forces. While the normal force of FTire does not
become zero as the tire remains excited due to the internal structural stiffness and
damping of the tire.

Figure 5.8: Fast Fourier Transform of the normal forces (Pothole Impact)

From the figure 5.8 it can be observed that the Pac2002 and UA tire models only
correlate with the FTire up to the frequency of 100 Hz. Above 100 Hz both Pac2002
and UA over estimate the normal forces resulting in over estimation of damage on
the components. Comparing the correlation coefficients of the normal force signals
of Pac2002 and UA tire models with the FTire. We find that Pac2002 has a high
correlation of rPac = 0.935 and UA has slightly lower correlation of rUA = 0.916 than
Pac2002. It can also be observed in the response zone of the figure 5.7 that Pac2002
has a better correlation with FTire compared to UA tire model. Therefore Pac2002
with belt dynamics can be used in the absence of FTire for Pothole simulation to
get satisfactory results.
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5.2.3 Rough Road Load Case

(a) Rough road (b) Rough Road impact

Figure 5.9: The vehicle going over a rough road

The ADAMS/Car vehicle model was simulated over a hybrid multi-variate rough
road of road class C with three different tire models viz., FTire, Pac2002 (With belt
dynamics), and UA-Tire at a speed of 50 km/h. The FFT of the normal forces of
the front left tire is shown in the figure 5.10.

Figure 5.10: Fast Fourier Transform of the normal forces (Rough Road Impact)

Figure 5.10 shows a good correlation between the three models up to 60 Hz of
frequency and beyond 60 Hz a moderate correlation can be observed with Pac2002
having a slightly better correlation with the Ftire compared to UA tire model. This
is also reflected by the correlation analysis, where Pac2002 has a overall correlation
of rPac = 0.58 and UA has a total correlation of rUA = 0.5. Since the rough road has
a combination of both short wave and long wave frequencies the effect of tire models
on durability can be best observed by studying the stresses on the components,
which can be observed in the below section.
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5.2.4 Stress on the LCA - Rough Road

Figure 5.11: Fast Fourier Transform for Mode 7

Figure 5.12: Fast Fourier Transform for Mode 9
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Figure 5.13: Fast Fourier Transform for Mode 12

(a) Stress distribution on LCA
(UA-Tire)

(b) Stress distribution on
LCA (Pac2002(3DEnv)-Tire)

Figure 5.14: Stress distribution on the LCA when the vehicle going over a rough
road

The vehicle model was then driven over a rough road-class 3 at at speed of 50km/h
with all the three tire models. The modal coordinates of the front left LCA were
then obtained from ADAMS/Car and imported into FEMFAT to calculate the stress
on the LCA.

It is to be noted that the simulation time for this event was chosen on the basis of
trial and error, since the run time of the simulation increases proportionally with
the event simulation time. Therefore, a final simulation time of 40secs was chosen
so that the modal coordinates repeat thus making a cycle.
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(a) Stress distribution on LCA
(FTire)

(b) Stress distribution on LCA-
Quasistatic

Figure 5.15: Stress distribution on the LCA - Comparison between dynamic and
quasi-static simulations [5]

The figures 5.14, 5.15, and 5.16 show the FFT of the modal coordinates of modes 7,
9 and 12 respectively. From the figures it is observed that the tire model has a high
influence in the modal contributions of the modal coordinates for high frequency
roads. Given the same conditions, the FTire contributes more at higher frequency
ranges for all the three modes. This trend is observed to continue for all the modes
(318 in total) of the LCA. Therefore, these modal contributions of all the modes put
together influences the stress calculation in FEMFAT.

It is seen from the figures 5.17 (a), (b) and 5.18 (a) that the stress distribution on
the LCA varies significantly for each different tire model. The stress distribution on
the LCA when FTire is used is found to correlate closely with the stress distribution
from [5], where the load input on the LCA from proving ground tests is used for the
CAE model. Whereas, the Pac2002 (3D Env) underestimates the stress distribution
and the UA-Tire modes overestimates it by a considerable margin.
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Conclusion

• The virtual durability analyses using modal superposition is highly feasible for
concept phase vehicle development as compared to the quasi static method due
to shorter time required for simulations and the elimination of finite element
(FE) computations after the loads are obtained from MBD. Also, the effects
of vibration and dynamics on the vehicle structure - which is an important
factor in fatigue evaluation - could be investigated, which is not possible with
the quasi static simulations.

• Fully flexible vehicle models obtained after condensation contain all the in-
herent properties of the FE models, at the same time, are suitable for fully
dynamic simulations using MBD. But, the MBD simulation of the complete
flexible model takes a lot of time, more so, when high fidelity tire models such
as FTire and RMOD-K are used. Therefore, judicious selection of component
flexibility is recommended. The component under study could be made flexi-
ble whereas other components could be made rigid to save simulation time.
Also, the ratio of the time taken to the results obtained, which should ideally
be less than 1, for the MBD simulations of complete flexible model and subse-
quently the fatigue evaluation far outweigh that of the equivalent simulation
through the quasi static method.

• The total number of modes of the BiW reduces as the masses and windshields
are added. This is because adding the windshields increases the rigidity of
the structure, preventing it taking up certain mode shapes. Additionally, as
the masses are added, the natural frequency of a given mode number reduces.
The natural frequencies of the global modes obtained from simulation have
been compared with the experimental natural frequencies of a similar class of
vehicle obtained from the literature survey. They are found to be comparable.

• The road models developed using OpenCRG have been validated using the ISO
standards and test data obtained from literature survey. These road models
are highly accurate representation of the physical roads. The damage index
for a vehicle component obtained through physical testing could be used to
reproduce the road on which the vehicle was tested virtually.

• Durability studies are highly complex phenomenon involving various multi-
axial loads, vibrations and dynamic effects. Therefore, the selection of suitable
tire models that capture the high frequency vibrations and transient dynamic
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effects is very important. Out of the three tire models compared in this thesis,
FTire is found to be highly suitable for all kinds of road conditions. MF-
Pacejka 2002 (3D enveloping) compares well very with FTire for the roads
such as curb and pothole and could be used as a substitute to FTire for these
type of roads. But, when it comes to high frequency roads such as belgian
block and rough road, it is found be to lacking. The UA-Tire model gets the
third place for all type of roads.

• It is found that the stress distribution on the LCA when FTire is used cor-
relates very well with the results obtained from the quasi static simulations.
Whereas, the UA-Tire model overestimates the stress and the Pac2002 (3D
Env) underestimates it. As mentioned before, the quasi-static simulations do
not take into account the effects of vibration, which would explain the minor
discrepancies seen in the stress distribution.

60



7
Future Work

• Only straight line maneuvers have been considered in this work. Maneuvers
on curved roads that induce lateral forces on the LCA have not been consid-
ered. Curved roads could easily be generated using the created road models
and more complicated maneuvers should be performed.

• The windshields and masses of the vehicle parts should be included in the
ADAMS/Car model. The influence of the these masses on dynamic stress cal-
culation were not studied in the current work due to time constrains.

• The suspension compliances such as bushes, bump stops and rebound stops
and force elements such as springs and dampers must be validated by test data.

• Also, the maneuvers performed in this work have been limited to constant ve-
locity maneuvers. Different maneuvers such as sudden acceleration and brak-
ing, braking-in-pothole, reverse curb impact etc, at different speeds should be
considered and a categorization of the maneuvers causing the highest stress
on the part being investigated could be performed.

• One of the bottlenecks encountered in this thesis was the time take for the dy-
namic simulation of the fully flexible model. The same problem is encountered
in this publication [40]. Therefore, the vehicle model should be optimized for
the best requisite vehicle and simulation parameters- thereby finalizing the
vehicle design- before durability simulation.

• The tire model should be validated using appropriate test data for different
maneuvers - lateral as well as longitudinal.

• In this work, the fatigue life of the component was not calculated. The fatigue
life of the component could be investigated by determining the number of cy-
cles of repeating load that leads to failure.

• Sensitivity analysis of vehicle parameters on stress distribution could be in-
vestigated.

• Due to limitations in time only three roads viz., curb, pothole and rough road
(class 3) were selected for simulation out of all the developed roads. The vehicle
could be simulated in other developed roads such as cobblestone, washboard
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and different classes of rough roads.
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A
Appendix 1

A.1 Body-in-White global mode shapes
This section the global mode shapes of the BiW with and without windshields are de-
picted. The mode shapes are appropriately scaled to make the deformations clearer.
The color code gives the deformation - red depicting larger deformation and blue
smaller.

Considerable differences could be observed between the mode shapes with and with-
out the windshields. Addition of windshields makes the structure a slightly more
rigid. All the modes show some level of change in the magnitude of deformation.
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A.1.1 Without Windshields
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A.1.2 With Windshields
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A.2 LCA mode shapes
The first seven modes shapes of the LCA excluding the modes 1-6 (which are the
rigid body modes) are shown below.
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A.3 Damper Characteristics

A.4 Step size influence on normal tire forces -
MF-Pacejka 2002 (3D Enveloping)
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