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Abstract

The noise, vibration and harshness (NVH) and body dynamic performance of automotive
vehicles is highly dependent of the components included in the body structure and com-
partment, since they add mass, stiffness and damping to the overall structure. Today, the
noise levels in the compartment are predicted using complex and detailed computational
models during both early and late stages of the vehicle development process. However,
detailed information regarding the vehicle structure is limited during the concept phase,
which makes the predictions unreliable.

This dissertation investigates if simpler and more robust measures for the vehicle
body could instead be used to describe the NVH performance in the concept phase.
Three different measures of the vehicle body without trim items was investigated: 1)
eigenfrequencies of global bending, torsion and yaw modes, 2) global static bending and
torsional stiffness, and 3) a mobility index which reflects the vibrational velocities of the
structural frame. In order to decide on appropriate measures, the correlation between
the NVH performance of the vehicle body with trim items and the results of the simpler
measures is evaluated using linear regression. To evaluate the NVH performance of the
complete vehicle body a road noise index representing the broad-band acoustic pressure
due to a load resulting from the interaction between the car and road surface was created.
This road noise index was used as a measure of the NVH performance of the vehicle body
with trim items. These measures are calculated on a finite element (FE) representation
of the vehicle.

The correlation was first investigated on a selection of vehicles currently in production
by Volvo Cars. Also, a case study was performed on one of the vehicles by modifying its
structural properties. It was concluded that the mobility index offers the best correlation
out of the early measures investigated, and is a possible robust and simple alternative
measure usable in the early concept development stages.
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1. Introduction

1.1 Background

In the automotive industry, different computer-aided engineering (CAE) methods are em-
ployed in the development of cars. CAE based methods reduce the need for physical
prototypes of the vehicle, which helps to reduce both the time and cost of the develop-
ment. The complexity of the product leads to great difficulties in ensuring that the vehicle
satisfies the requirements on different attributes, such as fuel efficiency, crash performance
or noise levels, which often are in conflict with each other. Efficient design iterations and
attribute balancing based on CAE methods require that the CAE models are able to
deliver results with sufficient accuracy. The performance related to noise, vibration and
harshness (NVH) is one of the attributes which is of great importance when producing
premium quality vehicles. This dissertation investigates CAE analysis of the NVH perfor-
mance of car bodies, with focus on methods that are useful in early concept development
stages.

Figure 1.1 shows what in this dissertation is defined as the body in grey (BIG). The
BIG is one of the stages the body undergoes during production. The BIG consists mainly
of welded and bolted sheet metal parts, most often some type of steel. Some parts,
especially those made of aluminum are cast. An important distinction of the BIG from
other stages of production of the body is that the windshield has been attached, but
the body does not completely enclose the interior cavity. The vehicle body is the single
biggest component of the car, and a majority of the other components are in some way

Figure 1.1: Body in Grey (BIG) of one of the vehicles produced by Volvo Cars.
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attached to it. The often large panels, such as the roof or floor, of the body makes for
good emitters of sound. The body is as stated also structurally attached to sources of
vibrations, such as the engine or the tyres through the wheel suspension. The fluid cavity
that makes up the cabin in which the passenger of the vehicle is settled has most of it’s
interface with the body. Hence the dynamic behavior of the body is of great importance
for the noise level induced by, for example, the engine and tyres.

The freedom to alter design parameters, such as geometry of the body, is greater
in the early stages of the development. At the same time a limited knowledge of the
final design imposes difficulties in analyzing the effect of different design changes in the
early stages. Streamlining the work in improving the performance related to NVH in
an early concept development phase has been investigated to great extent. Different
types of optimization methods employed on a vehicle body, or comparable structures,
has been investigated by [1, 6, 7, 11, 14, 20]. These studies employ some method of
simplifying the virtual model of certain parts of the body. One way of simplifying the
virtual model is by using 1-dimensional beam elements and some proposed joint element,
such an approach is used by [6, 7, 14, 20]. Some potential sources of errors in using this
approach and possible corrections is investigated by [13]. In order to ensure the accuracy
of the suggested methods, the cited studies evaluate different objective measures that
can be employed on the simplified models. One common approach is to ensure that
the simplified model has similar static and/or dynamic stiffness as the reference model,
see for example [5, 6, 14, 20]. Multiple ways in validating the stiffness are used in the
studies. One is to utilize some defined load case meant to represent the global stiffness.
Another is to identify specific points important for passenger comfort or for the behavior
of the simplified beam structure. Another measure often employed in combination with
the previous is to perform a modal analysis of the simplified model and to compare the
results with the modal analysis of the reference model, this is used by [5, 6, 14, 20]. Other
measures, such as panel mobility [1] or total radiated power [11] are also used to validate
the results. None of the cited papers investigate the correlation of the objective measures
of the car body to the NVH performance of the complete vehicle. This is investigated in
this dissertation.

1.2 Objective

Often in the automotive industry, the CAE models used throughout the development
stages include a detailed representation of the vehicle body along with a complete fluid
cavity and trim items such as dashboard and seats. The trim items are often represented
using CAE models from older cars, before new designs are available. These detailed models
of the vehicle body are used to calculate the sound pressure level in the cabin, which is
computationally intensive and leads to highly uncertain results in the early design phase,
when knowledge of the final design is limited.

A problem with using such a model, which can yield more accurate results once the
design of the trimmed vehicle body is more detailed, is that it becomes a black box where
proposed design changes influences the results in an unpredictable way. This leads to a
situation where results are hard to interpret and the work to find the root cause of an issue
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INTRODUCTION

becomes very extensive, and once found, finding a reasonable solution might be equally
difficult.

More simple measures such as the ones used for validating the simpler models described
in the Section 1.1, are often evaluated for the BIG. The results of these computations are
more robust than calculating the sound pressure levels, and can with a higher degree of
certainty be tracked throughout the development stages.

The question then becomes if these simpler measures reflect the performance of the
trimmed vehicle body related to NVH. This dissertation investigates the correlation of
different objective measures of a BIG to the overall NVH performance of the trimmed
body. The long-term aim of the Master’s dissertation is to provide an understanding of
how different measures usable in early concept phases correlate to the overall NVH per-
formance of the vehicle. Thus, the objective becomes to provide an evaluation of what
simpler objective measures are usable in an early concept development phase. These sim-
pler measures are based on measures which are either currently being used in the concept
development process or can reasonably be assumed to affect the NVH performance.

1.3 Method

In order to gauge the overall performance of the final vehicle body related to NVH, and
compare this performance to simpler measures, a definition of the NVH performance has
to be defined. In this dissertation the final vehicle body is represented by the virtual model
of the trimmed body of a vehicle currently in production. That is to say all components are
modeled as accurately as possible since all designs are final and all necessary information
is available. The trimmed body consists, in addition to the actual body, of all trim items
such as, doors, dashboard, seats etc. A subset of vehicles produced by Volvo Cars has
been selected for analysis. These are all built on the scalable product architecture (SPA),
which simplifies the work since the attachments to other parts of the vehicle are of the
same type. All different vehicle types currently produced on the SPA platform were
included in the analysis. These include sports utility vehicles (SUVs), sedans and estates,
and the propulsion types, internal combustion engine (ICE) and plug-in hybrid electric
vehicle (PHEV). The cars for which the analysis in the dissertation has been performed
are shown in Table 1.1.

Table 1.1: Cars subjected to analysis.

# Vehicle Type Propulsion
1 SUV ICE
2 Sedan ICE
3 Estate ICE
4 SUV ICE
5 Sedan ICE
6 Estate ICE
7 SUV PHEV
8 SUV PHEV
9 Sedan PHEV

3



While NVH involves many different load cases, this dissertation only considers noise
induced by road excitation, i.e. road noise. Generally, the road noise below 300 Hz is
structurally borne, i.e. it is generated by structural vibrations propagating through the
body. Above 300 Hz, airborne noise becomes more important. Only structurally borne
noise is considered in this dissertation. The noise resulting from road excitation is one
of the large contributors to the overall noise inside the cabin. Road noise can generally
be divided into frequency regions which are especially problematic. The noise in those
frequency regions originate from different physical phenomena. A low-frequency noise,
named Drumming, a mid-frequency, named Rumble, and a high-frequency, named Tyre
Cavity, are considered here. The specific frequency cut-offs, for the different types of road
noise, used in this dissertation are shown in Table 1.2.

Table 1.2: Frequency cut-offs for the different types of road noise analysed.

Noise type Lower limit [Hz] High limit [Hz]
Drumming 30 60

Rumble 70 150
Tyre Cavity 170 240

4



2. Governing Theory

2.1 Structure-Acoustic Equations

In this section, the governing equations for a continuum mechanical formulation of a struc-
ture acoustic system are presented. Continuum mechanics assumes that it is possible to
describe the physical behavior of the material without modeling the discrete particles that
make up the material, instead it is considered as a macroscopically averaged continuum.
These formulations are shown for the structural domain which makes up the vehicle body,
the acoustic domain in the vehicle cabin, and the coupling of these two domains.

2.1.1 Structural Domain

Starting with Newton’s second law for a solid, the equations of motion for a body occu-
pying an arbitrary domain V is derivable as [15]

σij,j + bi = ρsüi, (2.1)

where σij is the stress tensor, the subscript •m,n denotes the gradient
∂•m
∂xn

, bi is the body

force tensor, ρs is the mass density of the solid, and üi is the acceleration tensor.If the
deformation gradient ui,j is assumed to be small, the strain tensor is given by

εij =
1

2
(ui,j + uj,i). (2.2)

Assuming linear elastic behavior yields the stress strain relationship as

σij = Dijklεkl, (2.3)

where Dijkl is the elastic stiffness tensor. At the surface S of the domain V , a traction
vector ti is defined as

ti = σijnj, (2.4)

where nj is the outer normal unit vector of the surface S. Boundary conditions (BC) are
defined on the surface S of the region V as either prescribed displacements or tractions
as

5



ui = ubci on Su,

ti = tbci on St,
(2.5)

where Su and St are separate parts of the surface S that together with the structure-
acoustic coupling surface make up the entirety of S and ubci and tbci are known quantities.

2.1.2 Acoustic Domain

The governing equations, assuming inviscid, irrotational and small displacements, for a
fluid domain can be derived as the equation of motion [18]

ρf0 üi + ∂ip = 0, (2.6)

and the continuity equation

ṗ+ ρf0c
2
0∂iu̇i = 0, (2.7)

where ρf0 is the static density, c0 is the speed of sound, p is the acoustic pressure, ∂ip is the
gradient of the scalar field p and ∂iu̇i is the divergence of the vector field u̇i. Differentiation
of (2.7) with respect to time and combining it with (2.6) yields

1

c20
p̈− ∂i∂ip = 0. (2.8)

In addition to the structure-acoustic coupling the BCs can be defined in multiple ways.
The type of BC used in this dissertation is a prescribed pressure gradient on a rigid surface
as

ni∂ip = 0 on S∇p. (2.9)

2.1.3 Coupling

Modeling structure-acoustic interaction requires a boundary Ss,f , which is the surface
shared by the structural and acoustic domain, to be introduced. On this surface the
following relations are enforced

nfi u
s
i = nfi u

f
i ,

nfi t
s
i = −pf ,

(2.10)

where the superscript s denotes the solid and f the fluid domain. These relations represent
a continuity in displacements and forces on the surface Ss,f . Use has been made of

nsi = −nfi on Ss,f .

6



GOVERNING THEORY

2.2 Finite Element Formulation

The finite element (FE) formulation allows the previously shown differential equations,
which are not feasible to solve analytically for a complex system, to be discretized into a
numerically solvable structure. This is done by some assumptions and simplifications and
does not offer the exact results, but is used throughout the automotive industry because
it provides results with sufficient accuracy, in a time efficient manner, compared to the
analytical solution to these differential equations.

2.2.1 Structural Domain

Multiplying (2.1) with an arbitrary weight function νi, integrating over the volume and

using the divergence theorem, as well as defining a quantity ενij =
1

2
(νi,j + νj,i) and using

the symmetry of σij

νi,jσij =
1

2
(νi,jσij + νj,iσji) =

1

2
(νi,jσij + νj,iσij) = ενijσij,

yields the weak form of the equations of motion∫
V

ρsνiüidV +

∫
V

εvijσijdV =

∫
S

νitidS +

∫
V

νibidV. (2.11)

This may be rewritten using Voigt notation in vector form with the quantities

εν =


εν11
εν22
εν33
2εν12
2εν13
2εν23

 , σ =


σ11
σ22
σ33
σ12
σ13
σ23

 , ü =

ü1ü2
ü3

 , ν =

ν1ν2
ν3

 , t =

t1t2
t3

 , b =

b1b2
b3

 ,

resulting in ∫
V

ρsν
T üdV +

∫
V

(εν)TσdV =

∫
S

νT tdS +

∫
V

νTbdV, (2.12)

where the bold quantities are the same as the tensor quantities except in vector form. By
using Galerkin’s method for determining the weight function, the following quantities are
introduced:

ν = N sc, B =
dN s

dxi
, εν = Bc, ε = Bas, ü = N säs,

where N s are the global shape functions, c is some arbitrary column matrix and as is the
nodal displacements. (2.12) can then be rewritten as

cT
[(∫

V

ρsN
T
sN sdV

)
äs +

∫
V

BTσdV −
∫
S

NT
s tdS −

∫
V

NT
s bdV

]
= 0. (2.13)
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By remembering that c is arbitrary and the linear elastic material relation of (2.3), the
following quantities can be defined:

M s =

∫
V

ρNT
sN sdV, Ks =

∫
V

BTDBdV, f s =

∫
S

NT
s tdS+

∫
V

NT
s bdV = f s,b+f s,l.

Thus (2.13) can be rewritten as

M säs +Ksas = f s, (2.14)

where M s is the mass matrix, Ks is the stiffness matrix and f s the force vector. The
BCs of (2.5) can be inserted as nodal values of a or f s,b.

2.2.2 Acoustic Domain

Similarly to the structural domain the weak formulation is obtained by multiplying (2.8)
with an arbitrary weight function ν, integrating over the volume and using the divergence
theorem as ∫

V

ν
1

c20
p̈dV +

∫
V

∂iν∂ipdV =

∫
S

νni∂ipdS. (2.15)

Using the approximation

p = N faf ,

where N f are the global shape functions and af are the nodal pressures. Thus (2.15) can
be rewritten in vector notation as

M f äf +Kfaf = f f , (2.16)

where

M f =
1

c20

∫
V

ρNT
fN fdV, Kf =

∫
V

(∇N f )
T∇N fdV, f f =

∫
S

NT
fn

T
f∇pdS.

2.2.3 Coupling of Domains

In order to obtain a finite element formulation for the coupled structure-acoustic system,
the coupling matrix Hs,f is introduced as

Hs,f =

∫
Ss,f

NT
s nfN fdS. (2.17)

This allows (2.10) to be rewritten as

f f = Hs,faf ,

f s,b = −ρ0,fc20HT
s,f äs.

(2.18)

8



GOVERNING THEORY

Combining (2.18) with (2.14) and (2.16) yields the coupled system as[
M s 0

ρ0,fc
2
0H

T
s,f M f

] [
äs
äf

]
+

[
Ks −Hs,f

0 Kf

] [
as
af

]
=

[
f s,l
0

]
+

[
f s,b
f f,b

]
. (2.19)

2.3 Structural Dynamic Analysis

This section shows different ways of analyzing a dynamic system, more specifically a multi-
degree of freedom (MDOF) system, e.g. the one in (2.14). For these types of analyses,
a transformation from physical to modal coordinates is often beneficial. How this modal
decomposition is performed and used is also shown. Finally, some useful metrics such as
the modal assurance criterion (MAC) and the use of frequency response functions (FRFs)
are shown and explained.

2.3.1 Modal Decomposition

For an undamped MDOF structural system experiencing free vibrations, (2.14) becomes

Mä(t) +Ka(t) = 0, (2.20)

where a(t) is a function of time. Solutions to this differential equation can be found by
making the ansatz

a(t) = ÂeiωtΦ, (2.21)

where Â is the complex amplitude, i is the unit imaginary number, ω is the angular
frequency and Φ is a vector constant in time. Differentiating (2.21) with respect to time
and inserting it into (2.20) yields

(K − ω2M)Φ = 0. (2.22)

The solutions of which is found by solving for

det(K − ω2M) = 0, (2.23)

which for an n degrees of freedoms (DOFs) system has n solutions, ωj = ω1 ... ωn, which
are the eigenfrequencies of the system. By inserting the eigenfrequencies into (2.22), it is
possible to solve for the corresponding mode shape, or eigenvector Φj. The eigenvectors
Φ form an orthogonal base. Therefore the solution to (2.20) can be described by the sum

a(t) =
n∑
j=1

qj(t)Φj, (2.24)

where

qj(t) = q̂je
iωjt. (2.25)

q̂j is determined by the initial conditions of the system and describes the complex ampli-
tude of Φj.

9



2.3.2 Forced Harmonic Vibrations

If a structural system is subjected to a harmonic force, a steady state behavior will appear
after an initial transient response. If harmonic excitations of an undamped MDOF system
is assumed, (2.14) can be written as

Mä(t) +Ka(t) = f̂eiωt, (2.26)

where f̂ is the constant complex vector describing the distribution of the load. The
solution to this differential equation is given by the complementary and particular solution.
The complementary solution has already been acquired in (2.24). The particular solution
is derived in a similar way by making the ansatz

a(t) = âeiωt, (2.27)

where â is a complex vector constant in time. Thus (2.26) can be rewritten in the
frequency domain as

(K − ω2M )â = f̂ . (2.28)

By multiplying this with ΦT
k from the left and modally decomposing â as

â =
n∑
j=1

r̂j(t)Φj, (2.29)

the following is acquired:

−ω2

n∑
j=1

ΦT
kMΦj r̂j +

n∑
j=1

ΦT
kKΦj r̂j = ΦT

k f̂ . (2.30)

Making use of the orthogonality criterion

ΦT
i MΦj = 0 if i 6= j,

ΦT
i KΦj = 0 if i 6= j,

(2.31)

creates n uncoupled systems as

−ω2µkr̂k + κkr̂k = fk, (2.32)

where

µk = ΦT
kMΦk, κk = ΦT

kKΦk, fk = ΦT
k f̂ , (2.33)

for k = 1...n. Each of these uncoupled systems describes the amplitude of one eigenmode.
These amplitudes are given by

r̂k =
fk
κk

1

1− (ω/ωk)2
, (2.34)

where

10



GOVERNING THEORY

ωk =

√
κk
µk
. (2.35)

Thus, the particular solution is found and the response of the system is described by the
sum of the complimentary and particulate solution as

a(t) =
n∑
j=1

q̂je
iωjtΦj +

n∑
j=1

fj
κj

1

1− (ω/ωj)2
Φje

iωt. (2.36)

2.3.3 Damping

Damping exists as viscous, frictional or other phenomena which dissipates energy from
the dynamical system. One way of adding damping to a numerical system is introducing
a damping matrix to the equations of motion as

Mä(t) +Cȧ(t) +Ka(t) = f̂eiωt. (2.37)

There exists multiple ways of constructing this damping matrix, each with it’s assumptions
and simplifications. One distinct way of dividing different damping matrices is ones that
are possible to modally diagonalize and those that are not, often referred to as classical or
non-classical matrices respectively. A damping matrix constructed with the help of modal
damping ratios is of the classical kind [4]. A diagonalizable system is of great help when
solving the numerical system, since it yields uncoupled single degree of freedom systems.
This can be performed by again making the same ansatz as in (2.27), modally decomposing
â as in (2.29) and assuming that C is diagonalizable. The damped uncoupled system then
takes the form

−ω2µj r̂j + iωγj r̂j + κj r̂j = fj, (2.38)

where γj = ΦT
j CΦj, while the other quantities were introduced in (2.33). The damping

ratio ζj, which can be acquired experimentally, is introduced as

ζj =
γj

2µjωj
, (2.39)

where ωj was defined in (2.35). Thus

−ω2µj r̂j + 2iζjµjωjωr̂j + κj r̂j = fj, (2.40)

which can be solved for r̂j as

r̂j =
fj
ω2
j

1

1− (ω/ωj)2 + 2iζj(ω/ωj)
, (2.41)

to obtain the particular solution of the damped system. In case of a damped system, the
transient response, or complementary solution, will be damped out and only the steady
state response, or particular solution, will remain.
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2.3.4 Frequency Response Function

A FRF is a transfer function expressed in the frequency domain which describes the
steady state response of the system as a function of the applied harmonic force. In the
automotive industry, this is typically used to gain an understanding of how the structure
transmits vibrations. Specifically, from an NVH perspective, two types of FRFs are of
particular interest. The vibrational velocity as a function of force, also called mobility
and the acoustic pressure as a function of force. The relation shown in (2.37) can easily
be described using FRFs as

â = (K + iωC − ω2M)−1f̂ = H(ω)f̂ , (2.42)

where the matrix H(ω) contains these FRFs, not to be confused with the coupling matrix
Hs,f introduced in (2.17). Every FRF in H(ω) contains the complex vibration amplitude
of one DOF when a unit load is applied in another DOF. The FRF for each of these
uncoupled system in modal coordinates is

Hj =
1

ω2
j

1

1− (ω/ωj)2 + 2iζj(ω/ωj)
, (2.43)

This specific FRF describes the displacement as a function of the force. By remembering
the ansatz used when arriving at this solution, the mobility, also often called vibration
transfer function (VTF), i.e. the vibration velocity as a function of force, can be acquired
as

Hj =
1

ω2
j

iω

1− (ω/ωj)2 + 2iζj(ω/ωj)
(2.44)

Similarly, (2.19) makes it possible to calculate the acoustic pressure for a given input
force. Such an FRF is often referred to as a noise transfer function (NTF).

2.3.5 Modal Reduction

In order to further increase computational efficiency, it is possible to reduce the number
of DOFs. One way of doing this is through the Rayleigh-Ritz method, where the system
is assumed to be controlled by n̂ < n approximated modes. By assuming that the lower
frequency eigenmodes control the behavior of the system, one way of choosing these
approximated modes is simply as a subset of the actual eigenmodes [4]. That is to say

â =
n̂∑
j=1

r̂j,reducedΦj instead of â =
n∑
j=1

r̂jΦj. (2.45)

Since the eigenmodes are orthogonal, the system of equations remains uncoupled and a
reduced system is acquired which is less computationally intensive to solve.
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2.3.6 Modal Assurance Criterion

In order to compare the similarity of eigenmodes of different models or systems, MAC is
defined as

MAC =
ΦT

1 Φ2

|ΦT
1 Φ1||ΦT

2 Φ2|
, (2.46)

where Φ1 and Φ2 are the eigenmodes to be compared. A MAC-value of 1 means that the
two eigenmodes are co-linear, while a value of 0 means that they are orthogonal.

2.4 Statistical Metrics

Investigating the correlation between different measures requires some way of quantifying
if and how much the measures correlate. The field of statistics offer many different ways
of evaluating these relationships. One way of doing this is through the use of simple linear
regression. Here the relationship between a response variable y and explanatory variable
x is modeled as a linear function of x as well as some disturbance ε. This takes the form
as [17]

yi = β0 + β1xi + εi, (2.47)

where yi, xi and εi are one of the occurrences of y, x and ε respectively, while β0 and β1
are the coefficients of the of the linear model. In order to find an estimate of the model
coefficients, a least squared approach is used where the result describes a linear function
that minimizes the sum of squared residuals ε̂. Note that ε̂ is a part of the model and not
the actual error, which is ε. Thus the coefficients are found with the use of [17]

β∗1 =

∑n
i=1(xi − x̄)(yi − ȳ)∑n

i=1(xi − x̄)2
, β∗0 = ȳ − β∗1 x̄, (2.48)

where β∗0 and β∗1 are the estimated coefficients, and x̄ and ȳ are the arithmetic mean of the
observations. A coefficient of determination, which is used to judge how well the model
fits the observations, is defined as

R2 = 1−
∑n

i=1(yi − ŷi)2∑n
i=1(yi − ȳ)2

, (2.49)

where ŷi is the calculated value using the model parameters.

13





3. Structure-Acoustic Analysis

In this chapter, the overall procedure used in the dissertation for performing the structure-
acoustic analysis of a vehicle body is described. Initially, an overview of the used software
solutions and their applications is given. Second, an explanation of how the different
structural parts, the acoustic cavity, and their interaction are modeled is given. Finally,
the procedure utilized in certain analyses is explained.

3.1 Software

In order to solve an FE problem some type of solver is needed. In this dissertation, MSC
Nastran v.2014.1 is used for this purpose. MSC Nastran was initially developed for NASA
in the 1960s but is now used in various industries, one of them being automotive. To use
MSC Nastran, an FE representation of the system along with a file containing parameters
for the solver, e.g. boundary conditions, material parameters, applied loads etc., is needed.
The output received can either be in the form of text files or others prepared for use in
some post-processor. Numerous different types of problems are solvable with the use of
MSC Nastran. Table 3.1 shows the different types of solvers used in this dissertation as
well as a description of what type of problem they are used for. MSC Nastran can be used
in conjunction with AMLS, developed by CDH AG, in order to reduce the computational
cost of frequency response and eigenvalue analysis. When applicable, the combined use
of AMLS and MSC Nastran was utilized.

Table 3.1: MSC Nastran solvers used in the dissertation.

Solver Description
SOL 101 Static
SOL 103 Eigenvalue problem
SOL 111 Modal frequency response

To prepare an FE model from the CAD-representation of the vehicle body for use
in MSC Nastran, Ansa is used. Ansa is a pre-processing tool developed by Beta CAE
Systems, generally used to convert CAD-geometry to an FE model. The models used in
this dissertation were created by employees at Volvo Cars. Ansa was, however, used in
the dissertation work to modify the existing models.

The results of MSC Nastran SOL 103 was visualized and analyzed using Meta, a post-
processing tool also developed by Beta CAE Systems. The results from SOL 101 and 111
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(a) BIG (b) Doors

(c) Instrument panel, tunnel console and steering
wheel.

(d) Seats

Figure 3.1: FE-models of some structural parts of the vehicle body. The figure shows a
meshed model but the mesh size is too small to be visible.

were analyzed using Matlab. Matlab is a programming language as well as software suite,
developed by MathWorks, designed to simplify matrix manipulation and scripting.

3.2 Modeling of Structural Parts

Figure 3.1 shows a selection of the FE-models of the structural parts that make up the
vehicle body. The sheet metal parts, which makes up the majority of the BIG, are modeled
using 4-node shell elements named CQUAD4 in MSC Nastran. This is done since sheet
metal parts normally have a thickness that is small compared to the other dimensions of
the part. The windscreen is modeled in a similar fashion accounting for the laminated
structure. The default mesh size used is 5 mm when meshing these shell elements. This
is determined by the highest eigenfrequency that is necessary to resolve. Other parts of
the BIG, such as casted aluminium or molded plastic parts with complex geometry, are
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modeled with 8- or 20-node solid hexahedral elements named CHEXA.
In order to connect the different parts of the BIG, a couple of different techniques are

used. Welds are modeled using hexahedral solid elements between the welded parts with
rigid body elements connecting the nodes of the sheet metal to that of the weld. In MSC
Nastran, two kinds of rigid body elements exists. One is the rigid body element named
RBE2, which is a true rigid body connection where the slave nodes follow the master. The
other type, named RBE3, uses several masters and one slave node where the slave nodes
follows the average displacement of the masters. For welds, RBE3 elements are used to
connect the solid element of the weld with that of the sheet metal. Adhesive joints such
as the attachment of the windscreen is modeled in a similar fashion, but the dimensions
and material parameters of the solid elements differ.

Bolt joints are modeled using a bar element, named CBAR, in the centre of the hole.
RBE2 elements connect the bar element with the nodes of the sheet metal which would
be in contact with the nut or bolt head. Several other types of joints exist, but are all
modeled using some combination of solid or bar elements and rigid body elements.

Larger trim items such as doors, seats, etc., are generally modeled in a similar fashion
to the BIG with a couple of additions. Different types of sealings as well as some other
parts are modeled using a generalized spring damper element named CBUSH. Some parts
being modeled by scalar spring elements, named CELAS. If the trim item can be assumed
to be co-oscillating with the BIG and the stiffness addition is small, such as for plastic
interior panels, it is modeled using point masses. These point mass elements, named
CONM2, are attached with rigid body elements to the surrounding structure. Finally
some surface layers, such as carpets and paint, are modeled using non-structural mass
(NSM). NSM is simply an increase in the density of the shell element it’s applied to.

3.3 Modeling of Acoustic Cavity

Figure 3.2 shows an FE-model of the acoustic cavity. This is created by taking the
vehicle body with trim items and creating a volume that is enclosed by this structure.
Consequently, the acoustic cavity model contains holes where the structural trim items
fit, as seen in Figure 3.2b. Special consideration is given to items such as seat cushions.
While not significant enough to be modeled as a part of the structure it has impact on the
acoustics of the fluid cavity. As previously mentioned, the fluid cavity contains holes for
the trim items, and the seat cushions are modeled separately as heavy air. This means
that the fluid that represents the cushions are given a density higher than normal air.
This in order to decrease the speed of sound in the porous material. The acoustic cavity
is then meshed using solid elements with sufficient mesh size to accurately represent the
acoustic pressure waves at the highest frequency of interest.

The interface where the fluid is allowed to couple to the structure is defined in Ansa,
while MSC Nastran performs the search algorithm for coupling the two systems at their
coinciding boundaries.
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(a) (b)

Figure 3.2: FE-model of the acoustic fluid cavity.

3.4 Modal Frequency Response Analysis Procedure

Performing an analysis of a modal frequency response problem such as the ones solved by
MSC Nastran SOL 111 requires the eigenmodes of the system. For a purely structural
system these are calculated by solving the eigenvalue problem shown in Section 2.3. For
a coupled system, the eigenmodes are calculated for the structural and fluid domain
separately in a similar fashion. The system is then modally reduced using the procedure
described in Section 2.3. Typically, the eigenmodes are calculated up to about twice the
frequency of what the FRF is calculated to.

If an FRF for the structural mobility, i.e. a VTF, is sought, the evaluation points
are simply defined somewhere on the structure in Ansa. When calculating the FRF for
the acoustic pressure, i.e. an NTF, the outer ear positions at the two seats in the front
and the two in the back are used as evaluation points. These four evaluation points are
referred to as microphone positions in this dissertation.

When calculating the acoustic pressure response for a given input force the principle
of reciprocity is used since the number of excitation points, where the load is applied, is
much greater than the number of microphone positions where the pressure is calculated.
Instead of applying a unit harmonic force at every excitation points and calculating the
acoustic pressure, a unit acoustic source is applied at the positions of the microphones
and the velocity response is calculated at the force input points. The relationship between
the acoustic pressure due to an applied force is equivalent to the relationship of a velocity
response due to an acoustic source as explained in [9]. Due to the linearity of the system
this reciprocal approach is feasible and increases the computational efficiency.

In order to model the damping in the structure, modal damping is used. The val-
ues for the damping ratios ζi are based on experimental data for the structure and the
fluid respectively. The damping ratios are defined in certain frequency ranges, and the
eigenmodes are damped accordingly. Above a certain frequency, the damping is assumed
constant. Modal damping means that the damping is applied uniformly on the com-
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plete structure and the complete fluid separately and is not a characteristic of the specific
material of a part.

3.5 Road Noise Calculations

Since road noise, i.e. the noise coming from the interaction between the vehicle and the
road surface, is considered in the dissertation, the loads acting on the vehicle body from
this interaction needs to be acquired. Such loads are available for the vehicle bodies
investigated in the dissertation as they have been previously determined by employees at
Volvo Cars. The procedure to determine the forces follows the one described in [3, 16],
and is explained briefly here since those forces are used in the dissertation.

The dynamic forces acting on a vehicle body, induced by road excitations, depend
on the interaction between road, tyres, chassis’ components and vehicle body. In order
to calculate these forces, the different cars are driven around a test track with multiple
accelerometers attached at the knuckle, a part of the wheel suspension. From these
accelerations, an equivalent force acting at the interface between the wheel and the wheel
suspension is calculated using an FRF acquired from the FE-model of the chassis. This
equivalent force is then used to, by using a FE-model of the complete vehicle, calculate
the forces acting on the interface between the chassis and the vehicle body.

Using this road induced force, it is possible to calculate the road noise level at the
microphone positions. This is done by multiplying each NTF of the trimmed vehicle
body, acquired by the use of the procedure described in Section 3.4, with the force acting
on the corresponding point of the vehicle body. As a part of the post-processing steps, the
NTFs are given as the magnitude of the complex amplitude. Because of this the pressure
level at a microphone position is calculated as a root of sum of squares [10], as they can
be considered uncorrelated sources, as

PMic: 1(f) =

√√√√ N∑
n=1

∑
m=x,y,z

(Fn,m(f) NTFn,m→, Mic: 1(f))2 (3.1)

where Fn,m(f) is the force, applied at point n direction m as a function of frequency,
NTFn,m→, Mic: 1(f) is the NTF from point n direction m for microphone one. This yields
the pressure level for one microphone as a function of frequency. Figure 3.3 shows a
graphical representation of the quantities used in (3.1).
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Figure 3.3: Schematic of road-induced forces acting on a vehicle body, and the NTFs from
the forces to the sound pressure at the driver’s ear position.
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4. Evaluation of NVH Performance

In order to judge the overall NVH performance of the final vehicle body, a suitable measure
was developed. The term“final vehicle body”refers the BIG with trim items, such as doors,
seats, steering column, instrument panel etc. included. In the chapter, the procedure
used to acquire this measure is described. Since the thesis work focuses on the NVH
performance in terms of road noise, a road noise index was used to judge the performance.

4.1 Dynamic Forces Acting on a Vehicle Body

The road noise is possible to calculate using the procedure described in Section 3.5 for
every individual car. When comparing different car bodies to each other, the same loads
should be applied in order to make a fair comparison. Thus, it was investigated whether
it was reasonable to replace the individual car loads with a set of common loads. These
common loads would be the average of the loads for the different cars. A requirement,
for this to be reasonable, would be that no individual car would differ greatly from the
others. If the loads differ significantly, among the cars, unit forces would be the most
appropriate choice instead.

The road loads of the cars specified in Table 1.1 was collected. The load data files,
12 in total, were only available for the ICE cars. Some cars shared the same load files
and some cars had multiple load files. When the forces at the specified points of the
vehicle body is calculated, the phase angle is disregarded and the forces are given as the
magnitude of the complex amplitude. To compare the different forces, an arithmetic mean
was calculated for the frequency bands shown in Table 1.2, as

F̄ =
1

n

ω2∑
i=ω1

F (i), (4.1)

where F̄ is the arithmetic mean of one frequency band, F (i) is the calculated force at the
angular frequency ωi, and ω1 and ω2 are the frequency limits. A schematic view of the
mean value calculation is shown in Figure 4.1. Note that a root mean square could have
been used instead. Since the forces are strictly positive, the only difference would be in
how outliers affect the value. The averages were calculated for every load point and every
direction (x, y and z) for each of the different load files.

The data was compiled and compared both intra- and inter car-wise in order to identify
common important load points and directions. A comparison of the first five points is
shown in Tables 4.1–4.3, where the forces have been normalized with respect to the largest
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Figure 4.1: Example of a road-induced force as a function of frequency, with calculated
arithmetic mean for three frequency bands.

calculated mean for each band. For a complete view of the data, see Appendix A. The
mean force value across all the investigated cars was calculated as

F̄ =
1

n

n∑
i=1

F̄car,i (4.2)

where F̄ is the arithmetic mean across the cars, F̄car,i is the arithmetic mean of one of
the cars in one frequency band, and n is the total number of cars. The mean across cars
is shown as a shaded column in Tables 4.1–4.3. By inspecting Tables 4.1–4.3, it is found
that it is possible to identify common important load points and directions for the vehicles
in the analyzed frequency bands. These mean value were then discretized and assigned a
value of 0, 0.5 or 1 by rounding the mean value across the cars. The discretized value is
used in the calculation of the road noise index.
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Table 4.1: Averages of road induced forces on different Volvo cars in the drumming
frequency band (30–60 Hz) for the first five load points. The forces are normalized to a
largest value of 1. For all points see Appendix A.

Point # Direction
Discretized

Value Car # Car # Car # Car #Mean

001 x 0.5 0.4 0.5 0.3 0.4 0.3
001 y 0 0.2 0.3 0.2 0.3 0.2
001 z 0 0.2 0.3 0.2 0.2 0.2
002 x 0.5 0.5 0.6 0.3 0.6 0.3
002 y 1 0.9 0.9 0.6 1 0.9
002 z 0 0.2 0.3 0.2 0.3 0.2
003 x 0 0.2 0.2 0.2 0.2 0.1
003 y 0.5 0.6 0.7 0.5 0.6 0.5
003 z 0 0.1 0.1 0.1 0.1 0.1
004 x 0 0.2 0.2 0.1 0.2 0.1
004 y 0.5 0.5 0.6 0.4 0.5 0.4
004 z 0 0.1 0.1 0.1 0.1 0.1
005 x 0 0.2 0.2 0.2 0.2 0.1
005 y 0 0.2 0.2 0.2 0.2 0.2
005 z 0.5 0.7 0.7 0.7 0.7 0.5

Table 4.2: Averages of road induced forces on different Volvo cars in the rumble frequency
band (70–150 Hz) for the first five load points. The forces are normalized to a largest
value of 1. For all points see Appendix A.

Point # Direction
Discretized

Value Car # Car # Car # Car #Mean

001 x 0.5 0.5 0.5 0.5 0.5 0.4
001 y 0.5 0.3 0.3 0.3 0.3 0.3
001 z 0.5 0.3 0.4 0.3 0.3 0.3
002 x 0.5 0.4 0.5 0.3 0.5 0.5
002 y 1 1 1 1 1 1
002 z 0.5 0.5 0.5 0.4 0.5 0.4
003 x 0.5 0.3 0.3 0.3 0.3 0.3
003 y 0.5 0.6 0.6 0.6 0.6 0.7
003 z 0 0.1 0.1 0.1 0.1 0.1
004 x 0.5 0.3 0.2 0.3 0.3 0.3
004 y 0.5 0.6 0.5 0.7 0.5 0.6
004 z 0 0.1 0.1 0.1 0.1 0.1
005 x 0 0.1 0.1 0.2 0.1 0.1
005 y 0 0.1 0.1 0.1 0.1 0.1
005 z 0.5 0.3 0.3 0.3 0.3 0.3
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Table 4.3: Averages of road induced forces on different Volvo cars in the tyre cavity
frequency band (170–240 Hz) for the first five load points. The forces are normalized to
a largest value of 1. For all points see Appendix A.

Point # Direction
Discretized

Value Car # Car # Car # Car #Mean

001 x 1 0.9 0.9 1 0.7 0.8
001 y 0.5 0.3 0.3 0.3 0.2 0.3
001 z 0.5 0.5 0.4 0.6 0.5 0.5
002 x 0.5 0.7 0.6 0.7 0.7 0.6
002 y 0.5 0.7 0.8 0.6 0.7 0.8
002 z 0.5 0.6 0.7 0.5 0.8 0.5
003 x 0 0.1 0.1 0.2 0.1 0.2
003 y 0.5 0.3 0.2 0.3 0.3 0.4
003 z 0 0.1 0.1 0.1 0.1 0.1
004 x 0 0.1 0.1 0.2 0.1 0.2
004 y 0.5 0.3 0.3 0.4 0.3 0.4
004 z 0 0.1 0.1 0.1 0.1 0.1
005 x 0 0.2 0.2 0.2 0.2 0.2
005 y 0 0.1 0.1 0.1 0.1 0.1
005 z 0.5 0.4 0.4 0.4 0.5 0.4

4.2 Road Noise Index

In order to compare the different cars a road noise index was created. The purpose of
this road noise index was to portray the broad-band NVH-performance of a vehicle body,
with trim items, subjected to a road load.

The narrow-band acoustic pressure was calculated using the procedure described in
Section 3.5 and the discretized forces shown in Section 4.1. This yields the pressure level
for one microphone as a function of frequency. The pressure level for a larger frequency
band is calculated in a similar way as [2]

PBroadband =

√√√√ N∑
n=1

P 2
Narrowband, n

This results in 12 different broadband pressures, one for each of the microphones and
frequency bands, shown in Table 1.2. The road noise index in one frequency band is
calculated as the arithmetic mean of the four microphone pressures in each frequency
band. The road noise index is used as the measure of the NVH performance of the
final vehicle body for all the comparisons. The road noise index is an index and not a
measurable sound pressure level. For comparison, the road noise index was also calculated
using unit loads, instead of the discretized forces.
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5. Early Prediction Measures

Three different objective measures usable in the concept development phase were evalu-
ated. As a representation of the vehicle body, in the concept development phase, the BIG
was chosen as seen in Figure 5.1a. Thus, no information of the different trim items are
needed, which generally are designed in later stages. In the chapter, the procedure for
calculating these measures are described. Throughout the chapter, a schematic view of
the BIG is used to describe locations of different points. Figure 5.1 shows a comparison of
the BIG and this schematic view, to show how points on the schematic view correspond
to the same points on the BIG.

(a) BIG (b) Schematic view of the BIG.

Figure 5.1: A comparison of the BIG and the schematic view of the BIG.

5.1 Eigenfrequencies

Eigenfrequencies of certain BIG modes are often calculated during the different stages
of automotive development since they are related to several vehicle attributes. Using
global first order bending and torsional modes to evaluate vehicle body performance was
investigated in [12, 20]. From an NVH point of view it is of interest to evaluate whether
the eigenfrequencies are reflective of the overall NVH performance of the body and the
complete vehicle.
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The first global modes of the vehicle bodies were investigated. The modes up to
100 Hz of the bodies, acquired using MSC Nastran SOL 103, were examined visually.
Three types of modes were selected for analysis. The first mode type was torsion around
the longitudinal axis, which in the dissertation is named the Torsion mode. The second
mode type was bending around the vertical axis, named Yaw. For higher cars, this mode
exhibited a shearing motion at the top rear, why it often is called a parallelogram- or
prairie wagon-mode in the automotive industry. The third mode type was bending around
the transversal axis, which is named Bending. The bending mode exhibited a pumping
behaviour, where the roof and floor were oscillating out of phase.

A complex geometrical shape such as the vehicle body has equally convoluted eigen-
modes, and none of the modes are pure first order bending or torsional modes. Because of
this, it was analyzed which of the modes that were global, in a sense that they controlled
the global behavior of the vehicle body, and that eigenmodes from the different vehicles
were compared to ensure that they represent the same type of deflection shape.

The globality of the eigenmodes were judged visually, as well as with the help of a
tool available in Meta version 17.1.3. The tool is called “Identify Global-Local Modes”
and accepts two inputs. The first input is a criterion set from 1–100 where a value of 100
means that the mode is considered as global if it affects all grid points of a structure, this
value was set to 95. The second input being a coefficient which the max displacement of
a mode is multiplied with, this was left at the default value of 0.01. Initially, the modes
were inspected visually and grouped into the three different types. Second, the Meta tool
was used to extract the global modes. The eigenmodes that were considered global both
by visual inspection and the Meta tool were chosen for further examination.

In order to ensure that the modes from different vehicles were representing the same
type of deflection shape, the chosen modes were compared using MAC-values, which are
defined in (2.46).

Since different cars have different geometries, the MAC-value could not be computed
for the entire structure. Instead, 18 points were selected to represent the vehicles. The
points were distributed throughout the lower body and on points which were assumed to
describe the global behavior of the body, such as beams or attachment points to the chassis.
The reason for choosing points on the lower part of the body was twofold. First, the
structure in the lower body is generally more robust due to safety requirements and load
bearing capabilities among other, and therefore more important for the global behavior
compared to the upper body. Second, the structure in the lower body is determined earlier
in the development cycle and is therefore more usable in an early concept phase when the
structure in the upper body might still be largely undetermined. Figure 5.2 shows the
placement of the points used in the calculation of MAC-values.

The Yaw, Torsion and Bending modes of the investigated vehicle bodies, as seen in
Table 1.1, were compared, and the modes resulting in the best overall MAC-values among
the different bodies were selected for the evaluation of eigenfrequencies. That is to say
that the selection of eigenmodes from the earlier selection was reduced to three, one of
each type, for every vehicle. These eigenfrequencies were investigated as a measure of the
BIG in the early concept phase.
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Figure 5.2: Placement of the points used in the calculation of the MAC shown in red.

5.2 Global Stiffness

The global stiffness of the vehicle body is, for certain load cases, often calculated and
reported throughout the development stages as since it is related to several vehicle at-
tributes. Because of this, it is of interest to evaluate whether this currently used measure
is reflective of the overall NVH performance of the body.

The stiffness was evaluated according to a standard procedure used at Volvo Cars, also
used by [8, 19]. The use of global bending and torsional stiffness for evaluating vehicle
body performance was investigated by [12, 20]. In general, the body is constrained in a
manner to ensure a statically determined system and a static load is applied to trigger
global deformations. The deflections are calculated at certain evaluation points assumed
to represent the global deformation of the body. The stiffness is subsequently calculated
as

K =
F

u
,

where K is the global stiffness, F is the applied load and u is the measured deflection.
The static deflections are acquired by using MSC Nastran SOL 101.

5.2.1 Torsional Stiffness

The torsional stiffness is calculated by constraining the rear left damper attachment point
in the x-,y- and z-direction and the rear right damper attachment point in the z-direction.
Also, the frontmost point of the body was constrained in order to prevent the system from
becoming a mechanism. A force couple is applied at the front left and right damper towers
to provide a moment at the front section of the body. The deflection is evaluated at points
below the damper towers, along the vertical axis, but at the same longitudinal position
as the point where the load is applied. The deflection evaluation points were chosen to
minimize the influence of the local stiffness of the damper towers. The positions of the
constraints, the loads as well as the evaluation points are shown in Figure 5.3.
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Figure 5.3: Placement of the points used in the calculation of the torsional stiffness shown
in red. The points where the boundary conditions are applied are shown as crosses, the
forces are applied as squares and where the displacements are evaluated as circles.

The stiffness K is then calculated as

K =
M

ϕ
,

where M is the applied moment and ϕ is the deflection angle, which is calculated as

M =FLload,

ϕ = (−Dz,lhs+−Dz,rhs)Leval,

where F is the applied load which for all simulations was a unit load, Lload is the transversal
distance between the two points where the load is applied, Dz,lhs and Dz,rhs are the vertical
displacements on the left hand side and right hand side, respectively, and Leval is the
transversal distance between the two evaluation points.

5.2.2 Bending Stiffness

Calculating the bending stiffness is done by constraining the rear left damper attachment
point in the x-,y- and z-direction, the rear right damper attachment point in the z-
direction, the front left damper attachment point in the y- and z-direction and the front
right damper attachment point in the z-direction. Two point forces are applied to points
centered and connected, via a rigid element, to the front seat attachment points, i.e.
one load is applied to the left front seat attachments and one to the right front seat
attachments. The deflection is evaluated at five points along the tunnel. The positions of
the constraints, the loads as well as the evaluation points are shown in Figure 5.4.
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Figure 5.4: Placement of the points used in the calculation of the bending stiffness shown
in red. The points where the boundary conditions are applied are shown as crosses, the
forces are applied as squares and where the displacements are evaluated as circles.

The stiffness K is then calculated as

K =
2F

Dz,mean

,

where F is the applied force, which for all simulations was a unit load, and Dz,mean is the
mean vertical deflection of these five evaluation points along the tunnel. The reason for
using the arithmetic to minimize he influence of differences in local response between the
cars.

5.3 Mobilities

The third type of early prediction measure investigated in the dissertation is mobility
transfer functions in the BIG, i.e. the velocity response due to loading in the attachment
points between vehicle body and chassis. When calculating the vibrational velocities in the
structure no information is needed about the fluid in the cavity of the body which greatly
simplifies the procedure. If the evaluation points for the velocity response are chosen
on large structural members such as beams and pillars, the usefulness in early concept
phases is further increased because the properties of these are defined earlier than those
of the panels, which also are part of the body. The shape of the panels might change late
in the development, for example by adding different embossings and damping materials.
Another reason for evaluating the vibrational velocities at the structural members is the
assumption that vibrations from these members will be transferred to the panels, which
are the main sources of sound radiation. The velocity FRFs are often called mobilities,
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and are traditionally divided into two different kinds. The first kind being point mobilities,
where the response is calculated for the same degree of freedom as the load is applied in.
Such FRFs give a representation of how much vibration energy that enters the system.
The second kind is transfer mobilities, where the response is calculated at some other
point in the structure, such as he main structural members as discussed above. This is a
measure of how the vibrations are transferred throughout the system.

In a similar way to how the road noise index is calculated, see Chapter 4, the vibration
transfer function at certain points were used to calculate a mobility index as a measure
usable in the early concept phase. For the sedan cars, described in Table 1.1, 42 points
were defined to which the mobilities was calculated, for the estates and SUVs 45 points
were defined, this because of the extra structural beams at the rear of the vehicle. These
points were spread throughout the beam structure that makes up the body. In general,
the points were located at joints between major beam structures and on the midpoints of
the beams. Consideration was also taken to ensure that the points were located on locally
stiff parts, such as, positions where multiple sheets of metal overlap, or positions close to
welds. The mobilities were calculated from the same load points used in the calculation
of the road noise index, see Chapter 4. Figure 5.5 shows the distribution of the load and
evaluation points across the BIG.

Figure 5.5: Positions of the points used for the evaluation of mobilities, shown as circles.
The black squares show the positions where the loads are applied.

The mobilities are acquired using MSC Nastran SOL 111 and converted to a format
usable in Matlab, where the magnitude of the complex amplitude of the mobilities were
used to calculate the mobility index. The velocity at a certain evaluation point and
direction, caused by the road-induced forces, is calculated as a root of sum of squares
similar to (3.1) as.

Vp,q(f) =

√√√√ N∑
n=1

∑
m=x,y,z

(Fn,m(f) V TFn,m→p,q(f))2. (5.1)

where Vp,q(f) is the velocity in point p, direction q , as a function of frequency, Fn,m(f) is
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the force applied in point n, direction m, as a function of frequency, and V TFn,m→p,q(f)
is the mobility for a load applied in point n, direction m, and velocity response in point p,
direction q. This yields the velocity in each point and direction as a function of frequency.
The magnitude of the velocity in each specific point is calculated as

Vp(f) =

√ ∑
q=x,y,z

Vp,q(f)2.

The velocity magnitude for a larger frequency band is calculated again using a root of
sum of squares

VBroadband(f) =

√√√√ N∑
n=1

VNarrowband, n(f)2.

The mobility index is then calculated as the arithmetic mean of the broadband velocities
for the evaluation points. Thus, the mobility index can be calculated for all, or some
subset, of the evaluation points.

For the specific case where the vibration velocities is evaluated at the same points as
the load is applied (5.1) changes slightly to

Vp,q(f) =

√
(Fp,q(f) V TFp,q→p,q(f))2.

This specific type of mobility index is called point mobility index. The mobility index
was calculated using two sets of forces: the discretized forces described in Chapter 4 and
unit forces.
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6. Survey of Current Vehicles

The early measures, described in Chapter 5, and the road noise index, described in Chap-
ter 4, were calculated using the models of the cars shown in Table 1.1 for the frequency
bands shown in Table 1.2. The early measures were calculated using a model of the BIG,
while the road noise index was calculated using a model of the BIG with all trim items
included. For the PHEV vehicles the measures was calculated both with and without
the battery. In the results only the values where the battery is included are shown. The
reason for this was twofold. First the battery is an integral part of the body and the
overall structure of the BIG is from the start designed with a specific battery in mind,
the battery in itself adds significant mass and stiffness to the structure. Secondly includ-
ing the battery gave values more in line with that of the ICE vehicles, excluding it gave
significant outliers. Note that the road noise index and mobility index are not normalized
to the width of the frequency bands. Therefore, it is not possible to compare the mobility
or road noise indices between the different frequency bands to draw any conclusions re-
garding their relative levels. Additionally, a simple linear regression model was calculated
using the procedure described in Section 2.4. For the datasets resulting in an R2 value of
above 0.25, the line representing the regression model is included in the plot. The minimal
allowable R2 value was set as low as 0.25 in order to visualize tendencies of correlation,
and not to construct an accurate model used for predicting noise. Note that the datasets
only contain nine points each, which emphasizes that caution should be exercised when
analyzing the linear regression model.

6.1 Eigenfrequencies

The procedure for selecting global eigenmodes described in Chapter 5 was applied to
the BIGs of the nine car models. The MAC-values for the selected modes are shown in
Figure 6.1–6.3. For the PHEV-vehicles, the MAC-values were calculated for the BIG both
with and without the battery included in the model. In the figures, this is indicated as
“No Battery” for the models where the battery was excluded.
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Figure 6.1: MAC-values for the BIG Torsion modes of the vehicles analyzed in the survey.
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Figure 6.2: MAC-values for the BIG Yaw modes of the vehicles analyzed in the survey.
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Figure 6.3: MAC-values for the BIG Bending modes of the vehicles analyzed in the survey.

It can be seen that the MAC-values for the Torsion modes are rather poor. By
consulting Table 1.1 it is evident that this discrepancy is between the sedans and the
other cars. That is to say that the Torsion modes are quite similar among the sedans, the
same can be said among the estate and SUVs. Because of this, the sedans are separated
from the dataset of all nine cars when calculating the linear regression model for the
Torsion modes. Some discrepancy can also be seen for the Bending modes of the PHEVs
compared to the ICE-cars. The Yaw modes exhibit good MAC-values for all cars.

The comparison of the eigenfrequencies as an early measure and the road noise index,
for the frequency bands used in the dissertation, is shown in Figure 6.4. By inspecting
Figure 6.4, a tendency of higher eigenfrequency for the Bending modes leading to higher
road noise index in the drumming and rumble frequency band is discernable.
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Figure 6.4: The eigenfrequencies of the BIG eigenmodes and the road noise index in the
different frequency bands. The dotted line is the linear approximation acquired by use of
linear regression, shown for datasets with R2 > 0.25. The x-axis grid spacing is 5 Hz.
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6.2 Stiffness

The comparison of the global stiffness of the BIG as an early measure and the road noise
index, for the frequency bands used in the dissertation, is shown in Figure 6.5. In the
results, it is possible to see a tendency that higher bending stiffness results in lower road
noise index in the drumming frequency band, which is the opposite of what is indicated
by the eigenfrequencies. The correlation in the other frequency bands is poor.
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Figure 6.5: The global stiffness and the road noise index in the different frequency bands.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25. The x-axis grid spacing is 1 ∗ 105 Nm/rad and 5 ∗ 105 N/m
for the top and bottom row of plots, respectively.
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6.3 Mobilities

The comparison of the mobility index of the BIG as an early measure and the road noise
index, for some subsets of evaluation points in the frequency bands used in the dissertation,
is shown in Figures 6.6 and 6.8. Figure 6.6 shows the mobility index, calculated using all
common evaluation points. Figure 6.8 shows the point mobility index, calculated using
the load points. For a complete view of all the evaluated subsets, see Appendix B. A
figure showing the evaluation points used for the different result plots are included after
each plot figure, both in this chapter and in Appendix B. In Figure 6.6, a tendency of
correlation between the mobility index and the road noise index is seen in the rumble
and tyre cavity frequency bands. The same can be observed in Figure 6.8 for the point
mobility index in all of the frequency bands.
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Figure 6.6: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure 6.7.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

38



SURVEY OF CURRENT VEHICLES

Figure 6.7: Highlighted points show the evaluation points used for the result plots in
Figure 6.6. These points are all the points that the nine cars have in common.
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Figure 6.8: The point mobility index of the BIG, calculated both using the road-induced
forces described in Chapter 4 (top row) and a unit load (bottom row), and the road noise
index. The point mobility index is calculated using the evaluation points highlighted in
Figure 6.9. The dotted line is the linear approximation acquired by use of linear regression,
shown for datasets with R2 > 0.25.
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Figure 6.9: Highlighted points show the evaluation points used for the result plots in
Figure 6.8. These points are the load points.
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7. Case Study

The survey of different vehicles presented in Chapter 6 was performed for a relatively small
set of vehicles, including both sedans, SUVs and estates. In order to evaluate the early
measures for an increased amount of data points, and thereby increase the statistical basis
of the metrics used, a case study was performed. A single car, number 1 from Table 1.1,
was chosen for the analyses. In order to create a set of modified BIGs, the material
properties of the BIG were modified, which in turn affects the early measures as well as
the road noise index. As the dissertation aims to investigate the correlation of measures
usable in an early concept phase, where the beam structure of the BIG is defined, the
changes were performed only on the beam structure. Figure 7.1 shows the BIG and the
corresponding beam structure. This beams structure was divided into seven sets, on which
the changes were performed. Figure 7.2 shows the seven sets that the beam structure was
divided into. The density (ρ) and young’s modulus (E) of these sets were altered in order
to mimic a design change to the structure. The sets consist only of parts that are made of
some type of steel. Parts made of other materials were excluded in order to simplify the
work necessary to perform the case study. In reality, multiple kinds of steel are used in
the beam structure of the BIG, but to further simplify the work, a singular kind of steel
was used in the case study. Hence, all sets had the same baseline properties, which can
be seen in Table 7.1.

In order to find realistic ranges for the variation in material parameters, an iterative
procedure was conducted. The parameters were altered individually to a degree that

(a) BIG (b) Beam strucure.

Figure 7.1: BIG and the beam structure investigated in the case study.
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(a) Set 1: Side (b) Set 2: Roof (c) Set 3: Rear

(d) Set 4: Front Floor (e) Set 5: C-Hoop (f) Set 6: Rear Floor

(g) Set 7: Front

Figure 7.2: Division of the beam structure of the BIG into sets used in the case study

created a variation of the early measures and the road noise index similar to that found in
the survey in Chapter 6. The ranges of parameter values can be seen in Table 7.1. In the
case study, the material parameter of the different sets were varied individually as well as
in a combined way. A full factorial investigation of the affect of the material properties
was not possible. Instead, the material properties were varied in the 88 ways shown in
Appendix C. The linear regressions presented in this chapter are based only on the 88
data points from the case study. However, the survey data points are included for the
purpose of visually comparing the survey and the case study.
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Table 7.1: Material data used in the case study.

Set
Material
Property Low Baseline High

1: Side
E [GPa] 70 210 630

ρ [kg/m3] 4700 7850 10100

2: Roof
E 105 210 630
ρ 4700 7850 10100

3: Rear
E 105 210 630
ρ 4700 7850 10100

4: Front Floor
E 140 210 315
ρ 4700 7850 10100

5: C-Hoop
E 105 210 630
ρ 4700 7850 10100

6: Rear Floor
E 105 210 630
ρ 4700 7850 10100

7: Front
E 105 210 630
ρ 4700 7850 10100
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7.1 Eigenfrequencies

Figure 7.3 show the comparison between the eigenfrequencies of the BIG and the road
noise index for the different frequency bands. No clear correlation is distinguishable for
any of the modes or frequency bands. Hence, the observed tendency in Section 6.1 that
a higher eigenfrequency of the Bending mode leads to more road noise in the drumming
and rumble frequency band is not present in the case study.
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Figure 7.3: The eigenfrequencies of the BIG and the road noise index, for the different
frequency bands. The dotted line is the linear approximation acquired by the use of linear
regression. The x-axis grid spacing is 10 Hz.
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CASE STUDY

7.2 Stiffness

Figure 7.4 show the comparison of the global stiffness of the BIG and the road noise index
for the different frequency bands. A tendency for higher torsional and bending stiffness
leading to less noise in the drumming region can be observed, which was observed only
for the bending stiffness in the survey study in Section 6.2.
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Figure 7.4: The global stiffness and the road noise index in the different frequency bands,
the dotted line is the linear approximation acquired by the use of linear regression. The
x-axis grid spacing is 5∗105 Nm/rad and 5∗106 N/m for the top and bottom row of plots,
respectively.
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7.3 Mobilities

Figures 7.5 and 7.6 shows the comparison of the mobility index and the road noise index
for the different frequency bands. The evaluation points used to make this comparison
are shown in Figures 6.7 and 6.9. See Appendix B for the results of the remaining subsets
of points that were evaluated. The observations made in the survey in Section 6.3 are in
general valid here as well. The addition is that the mobility index and the point mobility
index calculated using a unit force, instead of the road-induced forces used for the road
noise index, result in a better correlation.
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Figure 7.5: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure 6.7.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.
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Figure 7.6: The point mobility index of the BIG, calculated both using the road-induced
forces described in Chapter 4 (top row) and a unit load (bottom row), and the road noise
index. The point mobility index is calculated using the evaluation points highlighted in
Figure 6.9. The dotted line is the linear approximation acquired by use of linear regression,
shown for datasets with R2 > 0.25.
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8. Conclusion and Discussion

In the dissertation, it was investigated whether simpler and more robust measures, could
be used in an early concept development phase to predict the effect of the vehicle body
structure on the NVH performance of the complete vehicle. The early measures were
evaluated by analyzing the correlation of these to the NVH performance of the complete
vehicle body. The overall NVH performance was assessed using a road noise index in order
to represent the noise levels caused by road-induced loads acting on the vehicle body.

8.1 Main Observations

The results in Chapter 6 show: 1) tendencies of higher eigenfrequencies of Bending and
Torsion modes leading to higher road noise index in both the drumming and rumble
frequency bands, 2) a tendency of higher bending stiffness leading to lower road noise
index in the drumming frequency band, 3) higher mobility index leading to higer road noise
index. Subsequently, the results in Chapter 7 show: 1) weak correlation of eigenfrequencies
and road noise index, 2) a tendency of higher bending and torsional stiffness leading to
lower road noise index in the drumming frequency band, 3) higher mobility index leading
to higher road noise index. The results in Chapters 6 and 7 lead to the following main
observations:

• Some of the tendencies of correlation between early measures and road noise index
observed in the survey are not present in the case study, for example, the correlation
of the eigenfrequencies and road noise index is seen in the survey but not the case
study. The results from the case study are used as basis for the conclusions presented
here since they offer a greater statistical basis than the results from the survey.

• The comparison of road-induced forces on the body among the investigated vehicles
(cf. Chapter 4 and Appendix A) indicates that the road-induced forces are similar
when analyzed in broad frequency bands. Thus, this average road-induced force may
be useful in the concept development stages. It should be noted that all vehicles are
built on the same platform.

• There exists a general trend of higher mobility index leading to higher road noise
index (cf. Chapter 7 and Appendix B). Specifically, the mobility index calculated
using all of the evaluation points or those on the platform offer a measure that has a
good correlation to the road noise index for all of the investigated frequency bands.
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Thus, the mobility index has been shown to be a measure usable in an early concept
development phase.

• Global static stiffness as an early measure offers some tendencies of correlation in
the drumming frequency band (cf. Figure 7.4). The tendency is not present in
higher frequency bands.

• The eigenfrequencies of the BIG and the road noise index (cf. Figure 7.3) show very
weak indications of correlation, compared to the global static stiffness and mobility
index.

8.2 Discussion

Applying statistical metrics on a dataset with a small sample size, such as the survey,
necessitates caution when drawing conclusions. Further investigation, to ensure the sta-
tistical certainty of the survey, is needed if conclusions drawn from the survey are to be
used in the concept development stages. When comparing the results of the survey to
those of the case study (cf. Figure 7.3–7.6) a difference in the distribution of the results
of the survey and case study is visible, for example, the mobility index in the drumming
frequency band (cf. Figure 7.5). Here, the results of the survey show a greater spread of
the road noise index relative to the mobility index, compared to the results of the case
study. The difference in the distribution of the results implies that the early measures
should be used with great caution when comparing different types of vehicles (e.g. sedans
and SUVs) to each other, even when built on the same platform architecture. This should
be kept in mind when setting targets, for the attributes related to the NVH performance
of the BIG, in development programs.

As seen in Appendix B, the correlation between mobility index and road noise index
varies heavily depending on the number and position of the evaluation points used to
calculate the mobility index. Some tendencies can be discerned when inspecting all three
frequency bands at the same time, such as more evaluation points and choosing evaluation
points close to large panels, as those in the floor or roof, leading to a higher coefficient of
determination. An argument may be made for using the mobility index calculated using
a unit load, instead of the road-induced load described in Chapter 4, but the difference
is slight. The point mobility index (which as previously stated is a measure of how
much vibrations enters the system) does not show as high tendencies of correlation (cf.
Figure 7.6) as those of the mobility index (cf. Figure 7.5).

The conclusion that the broad-band road-induced forces are similar among cars built on
the same platform architecture can be used in the early concept development stages. The
common road-induced load can be used for analysis until narrow band experimental load
data of the car being developed is acquired. If the road-induced forces shown in Chapter 4
would be used on other cars than those built on the SPA platform, further investigations
would have to be performed. A difficulty when performing this investigation is that
other platforms or newer types of propulsion system may lead to different interface points
between the chassis and the body. Thus, further analysis is needed if the broad-band
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road-induced load is to be applied on any other types of vehicles than those investigated
in the dissertation.

The observation that the global static stiffness tends to correlate to the road noise
index at low frequencies is intuitive when considering a single degree of freedom mass
spring system. At low frequencies, the motion can be assumed as quasi-static, and is
thus controlled by the stiffness of the spring and not the mass. Similar logic can be
applied to the more geometrically complex system that is the vehicle body. The absence
of correlation at higher frequencies can thus possibly be explained by the stiffness measure
being unable to account for the behavior due to the mass distribution.

Even though three different criteria were used to select eigenmodes for investigation
of eigenfrequencies, the work to keep the results objective was difficult. The objective
measure used was the MAC, which is time consuming to calculate. Calculating the MAC
for all cars has a time complexity of O(n2), where n is the number of eigenmodes inves-
tigated. This excludes the work needed to select what points that should represent the
structure, which is subjective, as well as the work to select the modes with highest overall
MAC. In summary, these difficulties and the weak correlation imply that eigenfrequencies
and modes are less suitable as early measures.

8.3 Proposals for Future Work

In order to convert the early measures into something directly applicable in the vehicle
development process, further studies are needed. Mainly, more data sets would be useful
in order to investigate if the found tendencies of correlation remain. Such data could be
gathered through further case studies on different vehicles, and ideally the distribution
from those studies would agree with the case study performed in the dissertation. Also,
newly developed cars could be incorporated into the survey. It would be especially ben-
eficial if fully electrified cars could be studied as well, since they are not a part of the
investigation presented in the dissertation.

Since the early measures were evaluated for the BIG without trim items, their corre-
lation may be improved by introducing trim components to the model of the BIG. Either
through the use of FE models of trim components from previous cars, as is currently done
when calculating the acoustic pressure in the early development stages, or through the
use of simplified representations. This is likely to increase the correlation.

The procedure for calculating the mobilities of the BIG uses evaluation points on,
essentially, the ends and the midpoints of beams. Such points capture the first bending
modes of the beams, but not the higher-order modes. It would be of interest to investi-
gate whether more evaluation points on the individual beams increases the coefficient of
determination, or if the points used are sufficient.

The mobility and road noise indices are essentially calculated by applying a band-pass
filter on the calculated pressure and velocity response, where data outside of the defined
frequency bands is disregarded. Because the transfer functions exhibit resonant behavior,
this could mean that if some change was implemented on the structure which pushes some
resonance peak outside of the given frequency bands, it would not be reflected in the road
noise or mobility index. If the resonance peaks are merely shifted, and not diminished,
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the measures could lead one to believe that the structure has been improved when in
reality this might not be the case. A better reflection of the behavior of the system may
be achieved by, instead of using a band-pass filter, applying a ramp or other function that
would filter the data in a smoother way. With such an approach, a gradual instead of
sudden change of the road noise and mobility index would be seen if the resonance peaks
are shifted outside of the frequency band of interest.

Another interesting aspect to investigate is if the general approach used in the disser-
tation of evaluating early measures and NVH performance is applicable to other attributes
of a car. Vehicle dynamic attributes, such as handling, are possible candidate. Both the
work concerning vehicle dynamics and NVH is done by performing analyses in the fre-
quency domain and evaluating FRFs. Applying the procedure used in the dissertation
would entail both finding a suitable way of evaluating the vehicle dynamic performance
as well as early measures that correlate to this. Initially, the early measures investigated
in the dissertation could be evaluated for this as well.

52



Bibliography

[1] M. Balasubramanian and A. Shaik. “Optimizing Body Panels for NVH Perfor-
mance.” In: SAE International Journal of Passenger Cars: Mechanical Systems 8.3
(2015), pp. 948–955. issn: 19463995.

[2] H. Bodén, U. Carlsson, R. Glav, H. P Wallin, and M. Åbom. Ljud och Vibrationer.
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A. Dynamic Forces on a Vehicle Body

In Tables A.1–A.3 the road-induced forces for all the points used in the analysis is shown.

Table A.1: Averages of road induced forces on different Volvo cars in the drumming
frequency band (30–60 Hz). The forces are normalized to a largest value of 1.

Point Dir Mean Car # Car # Car # Car #
001 x 0.4 0.5 0.3 0.4 0.3
001 y 0.2 0.3 0.2 0.3 0.2
001 z 0.2 0.3 0.2 0.2 0.2
002 x 0.5 0.6 0.3 0.6 0.3
002 y 0.9 0.9 0.6 1.0 0.9
002 z 0.2 0.3 0.2 0.3 0.2
003 x 0.2 0.2 0.2 0.2 0.1
003 y 0.6 0.7 0.5 0.6 0.5
003 z 0.1 0.1 0.1 0.1 0.1
004 x 0.2 0.2 0.1 0.2 0.1
004 y 0.5 0.6 0.4 0.5 0.4
004 z 0.1 0.1 0.1 0.1 0.1
005 x 0.2 0.2 0.2 0.2 0.1
005 y 0.2 0.2 0.2 0.2 0.2
005 z 0.7 0.7 0.7 0.7 0.5
006 x 0.0 0.1 0.0 0.1 0.0
006 y 0.0 0.0 0.0 0.0 0.0
006 z 0.0 0.1 0.0 0.1 0.0
007 x 0.1 0.1 0.1 0.1 0.1
007 y 0.0 0.0 0.0 0.0 0.0
007 z 0.1 0.0 0.1 0.0 0.1
008 x 0.4 0.5 0.3 0.4 0.3
008 y 0.2 0.2 0.2 0.2 0.2
008 z 0.3 0.3 0.2 0.3 0.2
009 x 0.5 0.6 0.4 0.6 0.4
009 y 0.8 0.9 0.6 0.9 0.9
009 z 0.3 0.4 0.3 0.4 0.3
010 x 0.0 0.0 0.0 0.0 0.0
010 y 0.0 0.0 0.0 0.0 0.0

Continued on next page
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Table A.1 – continued from previous page
Point # Dir Mean Car # Car # Car # Car #

010 z 0.0 0.0 0.0 0.0 0.0
011 x 0.2 0.2 0.2 0.2 0.2
011 y 0.6 0.8 0.5 0.7 0.5
011 z 0.1 0.1 0.1 0.1 0.1
012 x 0.2 0.2 0.1 0.2 0.2
012 y 0.5 0.5 0.4 0.6 0.5
012 z 0.1 0.1 0.1 0.1 0.1
013 x 0.2 0.2 0.2 0.3 0.2
013 y 0.2 0.3 0.1 0.3 0.2
013 z 0.7 1.0 0.2 1.0 0.7
014 x 0.0 0.0 0.0 0.0 0.0
014 y 0.0 0.0 0.0 0.0 0.0
014 z 0.0 0.1 0.0 0.1 0.0
015 x 0.3 0.4 0.3 0.3 0.3
015 y 0.6 0.7 0.5 0.7 0.6
015 z 0.3 0.4 0.4 0.3 0.3
016 x 0.3 0.3 0.2 0.3 0.2
016 y 0.6 0.8 0.5 0.8 0.5
016 z 0.5 0.5 0.5 0.5 0.4
017 x 0.0 0.0 0.1 0.0 0.0
017 y 0.1 0.1 0.1 0.1 0.1
017 z 0.9 0.9 1.0 0.9 0.7
018 x 0.4 0.4 0.4 0.4 0.3
018 y 0.6 0.7 0.5 0.7 0.6
018 z 0.4 0.4 0.4 0.3 0.3
019 x 0.3 0.3 0.2 0.3 0.2
019 y 0.6 0.8 0.4 0.8 0.5
019 z 0.5 0.5 0.5 0.5 0.4
020 x 0.0 0.0 0.1 0.1 0.0
020 y 0.1 0.1 0.1 0.1 0.1
020 z 0.9 1 1 1 0.7
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Table A.2: Averages of road induced forces on different Volvo cars in the rumble frequency
band (70–150 Hz). The forces are normalized to a largest value of 1.

Point Dir Mean Car # Car # Car # Car #
001 x 0.5 0.5 0.5 0.5 0.4
001 y 0.3 0.3 0.3 0.3 0.3
001 z 0.3 0.4 0.3 0.3 0.3
002 x 0.4 0.5 0.3 0.5 0.5
002 y 1.0 1.0 1.0 1.0 1.0
002 z 0.5 0.5 0.4 0.5 0.4
003 x 0.3 0.3 0.3 0.3 0.3
003 y 0.6 0.6 0.6 0.6 0.7
003 z 0.1 0.1 0.1 0.1 0.1
004 x 0.3 0.2 0.3 0.3 0.3
004 y 0.6 0.5 0.7 0.5 0.6
004 z 0.1 0.1 0.1 0.1 0.1
005 x 0.1 0.1 0.2 0.1 0.1
005 y 0.1 0.1 0.1 0.1 0.1
005 z 0.3 0.3 0.3 0.3 0.3
006 x 0.1 0.1 0.1 0.1 0.1
006 y 0.1 0.1 0.1 0.1 0.1
006 z 0.1 0.1 0.2 0.1 0.1
007 x 0.1 0.1 0.2 0.1 0.1
007 y 0.0 0.0 0.0 0.0 0.0
007 z 0.1 0.1 0.1 0.1 0.1
008 x 0.5 0.5 0.6 0.6 0.5
008 y 0.3 0.3 0.3 0.3 0.3
008 z 0.4 0.4 0.3 0.4 0.4
009 x 0.4 0.5 0.4 0.4 0.4
009 y 1.0 1.0 1.0 1.0 1.0
009 z 0.3 0.3 0.2 0.3 0.3
010 x 0.0 0.0 0.0 0.0 0.0
010 y 0.0 0.0 0.0 0.0 0.0
010 z 0.0 0.0 0.0 0.0 0.0
011 x 0.3 0.3 0.3 0.3 0.4
011 y 0.7 0.6 0.6 0.6 0.8
011 z 0.1 0.1 0.1 0.1 0.1
012 x 0.3 0.3 0.3 0.3 0.3
012 y 0.6 0.5 0.7 0.5 0.7
012 z 0.1 0.1 0.1 0.1 0.1
013 x 0.2 0.2 0.2 0.2 0.1
013 y 0.1 0.1 0.1 0.1 0.1
013 z 0.3 0.4 0.2 0.4 0.3
014 x 0.1 0.1 0.1 0.1 0.1

Continued on next page
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Table A.2 – continued from previous page
Point # Dir Mean Car # Car # Car # Car #

014 y 0.1 0.1 0.1 0.1 0.1
014 z 0.1 0.1 0.2 0.1 0.1
015 x 0.4 0.4 0.4 0.4 0.4
015 y 0.5 0.5 0.5 0.5 0.5
015 z 0.5 0.6 0.5 0.5 0.6
016 x 0.3 0.3 0.3 0.3 0.3
016 y 0.4 0.4 0.4 0.4 0.4
016 z 0.5 0.5 0.4 0.5 0.5
017 x 0.2 0.2 0.1 0.2 0.1
017 y 0.1 0.1 0.1 0.1 0.1
017 z 0.4 0.4 0.4 0.4 0.4
018 x 0.4 0.4 0.4 0.4 0.4
018 y 0.5 0.5 0.5 0.5 0.5
018 z 0.5 0.5 0.5 0.4 0.5
019 x 0.3 0.3 0.2 0.3 0.3
019 y 0.4 0.4 0.4 0.4 0.4
019 z 0.5 0.5 0.4 0.4 0.6
020 x 0.2 0.2 0.1 0.2 0.1
020 y 0.1 0.1 0.1 0.1 0.1
020 z 0.4 0.4 0.4 0.4 0.4
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DYNAMIC FORCES ON A VEHICLE BODY

Table A.3: Averages of road induced forces on different Volvo cars in the tyre cavity
frequency band (170–240 Hz). The forces are normalized to a largest value of 1.

Point Dir Mean Car # Car # Car # Car #
001 x 0.9 0.9 1.0 0.7 0.8
001 y 0.3 0.3 0.3 0.2 0.3
001 z 0.5 0.4 0.6 0.5 0.5
002 x 0.7 0.6 0.7 0.7 0.6
002 y 0.7 0.8 0.6 0.7 0.8
002 z 0.6 0.7 0.5 0.8 0.5
003 x 0.1 0.1 0.2 0.1 0.2
003 y 0.3 0.2 0.3 0.3 0.4
003 z 0.1 0.1 0.1 0.1 0.1
004 x 0.1 0.1 0.2 0.1 0.2
004 y 0.3 0.3 0.4 0.3 0.4
004 z 0.1 0.1 0.1 0.1 0.1
005 x 0.2 0.2 0.2 0.2 0.2
005 y 0.1 0.1 0.1 0.1 0.1
005 z 0.4 0.4 0.4 0.5 0.4
006 x 0.1 0.1 0.3 0.1 0.1
006 y 0.1 0.1 0.2 0.1 0.1
006 z 0.2 0.2 0.2 0.2 0.1
007 x 0.3 0.2 0.4 0.2 0.4
007 y 0.1 0.1 0.1 0.1 0.1
007 z 0.2 0.1 0.3 0.1 0.2
008 x 0.9 0.9 1.0 0.8 0.9
008 y 0.2 0.2 0.2 0.2 0.2
008 z 0.5 0.4 0.6 0.6 0.5
009 x 0.9 1.0 0.9 1.0 0.8
009 y 0.7 0.7 0.6 0.7 0.8
009 z 0.6 0.6 0.6 0.6 0.5
010 x 0.0 0.0 0.0 0.0 0.0
010 y 0.0 0.0 0.0 0.0 0.1
010 z 0.0 0.0 0.0 0.0 0.0
011 x 0.2 0.1 0.2 0.2 0.2
011 y 0.3 0.2 0.3 0.3 0.4
011 z 0.1 0.1 0.1 0.1 0.1
012 x 0.2 0.1 0.2 0.2 0.2
012 y 0.3 0.2 0.4 0.3 0.3
012 z 0.1 0.1 0.1 0.1 0.1
013 x 0.2 0.2 0.2 0.2 0.3
013 y 0.2 0.2 0.2 0.2 0.1
013 z 0.5 0.6 0.4 0.7 0.5
014 x 0.2 0.1 0.3 0.1 0.1

Continued on next page
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Table A.3 – continued from previous page
Point # Dir Mean Car # Car # Car # Car #

014 y 0.2 0.1 0.2 0.2 0.1
014 z 0.2 0.2 0.3 0.2 0.1
015 x 0.4 0.4 0.6 0.4 0.5
015 y 0.5 0.4 0.5 0.6 0.5
015 z 0.2 0.2 0.3 0.2 0.2
016 x 0.2 0.2 0.3 0.1 0.3
016 y 0.5 0.5 0.5 0.5 0.5
016 z 0.2 0.2 0.1 0.2 0.2
017 x 0.1 0.1 0.1 0.1 0.1
017 y 0.1 0.0 0.1 0.0 0.1
017 z 0.3 0.3 0.4 0.3 0.3
018 x 0.4 0.4 0.5 0.4 0.5
018 y 0.5 0.5 0.5 0.6 0.5
018 z 0.2 0.2 0.3 0.2 0.2
019 x 0.2 0.2 0.3 0.2 0.3
019 y 0.5 0.5 0.6 0.5 0.5
019 z 0.2 0.2 0.1 0.2 0.2
020 x 0.1 0.1 0.1 0.1 0.1
020 y 0.1 0.0 0.1 0.0 0.1
020 z 0.3 0.3 0.4 0.3 0.3
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B. Mobilities as an Early Measure

This appendix shows an overview of all the different sets of evaluation points, used for
calculating the mobility index, investigated in this dissertation. First the results from the
survey of the existing vehicles are presented followed by those of the case study.

B.1 Survey of Current Vehicles

In Figures B.1–B.36 the results for the mobility index used as an early measure for all the
subset of points analyzed is shown. The position of these respective points are included
in the Figures directly following the results.
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Figure B.1: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.2.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.2: Highlighted points show the evaluation points used for the result plots in
Figure B.1.
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MOBILITIES AS AN EARLY MEASURE
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Figure B.3: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.4.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.4: Highlighted points show the evaluation points used for the result plots in
Figure B.3.
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Figure B.5: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.6.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.6: Highlighted points show the evaluation points used for the result plots in
Figure B.5.
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MOBILITIES AS AN EARLY MEASURE
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Figure B.7: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.8.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.8: Highlighted points show the evaluation points used for the result plots in
Figure B.7.
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Figure B.9: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.10.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.10: Highlighted points show the evaluation points used for the result plots in
Figure B.9.
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MOBILITIES AS AN EARLY MEASURE
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Figure B.11: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.12.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.12: Highlighted points show the evaluation points used for the result plots in
Figure B.11.
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Figure B.13: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.14.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.14: Highlighted points show the evaluation points used for the result plots in
Figure B.13.
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MOBILITIES AS AN EARLY MEASURE
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Figure B.15: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.16.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.16: Highlighted points show the evaluation points used for the result plots in
Figure B.15.

69



Front_seat_beam

2 4 6 8 10 12 14

Mobility Index [10
-5

]

(R
2
: 0)

1

1.5

2

2.5

3

3.5

R
o

a
d

 N
o

is
e

 I
n

d
e

x
 [

1
0

-2
]

Drumming:30-60 Hz

2 4 6

Unit Load Mobility Index [10
-4

]

(R
2
: 0.04)

1

1.5

2

2.5

3

3.5

R
o

a
d

 N
o

is
e

 I
n

d
e

x
 [

1
0

-2
]

ICE

PHEV

2 4 6 8 10 12 14

Mobility Index [10
-5

]

(R
2
: 0.13)

1

1.5

2

2.5

3

3.5
Rumble:70-150 Hz

2 4 6

Unit Load Mobility Index [10
-4

]

(R
2
: 0.07)

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12 14

Mobility Index [10
-5

]

(R
2
: 0.16)

1

1.5

2

2.5

3

3.5
Tyre Cavity:170-240 Hz

2 4 6

Unit Load Mobility Index [10
-4

]

(R
2
: 0.19)

1

1.5

2

2.5

3

3.5

Figure B.17: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.18.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.18: Highlighted points show the evaluation points used for the result plots in
Figure B.17.
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Figure B.19: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.20.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.20: Highlighted points show the evaluation points used for the result plots in
Figure B.19.
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Figure B.21: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.22.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.22: Highlighted points show the evaluation points used for the result plots in
Figure B.21.
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Figure B.23: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.24.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.24: Highlighted points show the evaluation points used for the result plots in
Figure B.23.
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Figure B.25: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.26.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.26: Highlighted points show the evaluation points used for the result plots in
Figure B.25.
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Figure B.27: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.28.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.28: Highlighted points show the evaluation points used for the result plots in
Figure B.27.
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Figure B.29: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.30.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.30: Highlighted points show the evaluation points used for the result plots in
Figure B.29.
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Figure B.31: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.32.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.32: Highlighted points show the evaluation points used for the result plots in
Figure B.31.
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Figure B.33: The mobility index of the BIG, calculated both using the discretized forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.34.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.34: Highlighted points show the evaluation points used for the result plots in
Figure B.33.
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Figure B.35: The point mobility index of the BIG, calculated both using the discretized
forces described in Chapter 4 (top row) and a unit load (bottom row), and the road noise
index. The point mobility index is calculated using the evaluation points highlighted
in Figure B.36. The dotted line is the linear approximation acquired by use of linear
regression, shown for datasets with R2 > 0.25.

Figure B.36: Highlighted points show the evaluation points used for the result plots in
Figure B.35.
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B.2 Case Study

In Figures B.37–B.71 the results for the mobility index used as an early measure for all
the subset of points analyzed is shown. The position of these evaluation points are the
same as those used in the survey. Additionally the results are presented in the same order
as the survey.
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Figure B.37: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.38.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.38: Highlighted points show the evaluation points used for the result plots in
Figure B.37.
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Figure B.39: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.40.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.40: Highlighted points show the evaluation points used for the result plots in
Figure B.39.

82



MOBILITIES AS AN EARLY MEASURE
C-pillar

0 5 10 15

Mobility Index [10
-5

]

(R
2
: 0.62)

1

1.5

2

2.5

3

3.5

R
o

a
d

 N
o

is
e

 I
n

d
e

x
 [

1
0

-2
]

Drumming:30-60 Hz

0 2 4 6 8

Unit Load Mobility Index [10
-4

]

(R
2
: 0.61)

1

1.5

2

2.5

3

3.5

R
o

a
d

 N
o

is
e

 I
n

d
e

x
 [

1
0

-2
]

Reference

Case Study

0 5 10 15

Mobility Index [10
-5

]

(R
2
: 0.6)

1

1.5

2

2.5

3

3.5
Rumble:70-150 Hz

0 2 4 6 8

Unit Load Mobility Index [10
-4

]

(R
2
: 0.6)

1

1.5

2

2.5

3

3.5

0 5 10 15

Mobility Index [10
-5

]

(R
2
: 0.2)

1

1.5

2

2.5

3

3.5
Tyre Cavity:170-240 Hz

0 2 4 6 8

Unit Load Mobility Index [10
-4

]

(R
2
: 0.17)

1

1.5

2

2.5

3

3.5

Figure B.41: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.42.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.42: Highlighted points show the evaluation points used for the result plots in
Figure B.41.
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Figure B.43: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.44.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.44: Highlighted points show the evaluation points used for the result plots in
Figure B.43.
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Figure B.45: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.46.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.46: Highlighted points show the evaluation points used for the result plots in
Figure B.45.
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Figure B.47: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.48.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.48: Highlighted points show the evaluation points used for the result plots in
Figure B.47.
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Figure B.49: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.50.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.50: Highlighted points show the evaluation points used for the result plots in
Figure B.49.
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Figure B.51: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.52.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.52: Highlighted points show the evaluation points used for the result plots in
Figure B.51.
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Figure B.53: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.54.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.54: Highlighted points show the evaluation points used for the result plots in
Figure B.53.
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Figure B.55: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.56.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.56: Highlighted points show the evaluation points used for the result plots in
Figure B.55.
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Figure B.57: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.58.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.58: Highlighted points show the evaluation points used for the result plots in
Figure B.57.
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Figure B.59: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.60.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.60: Highlighted points show the evaluation points used for the result plots in
Figure B.59.
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Figure B.61: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.62.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.62: Highlighted points show the evaluation points used for the result plots in
Figure B.61.
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Figure B.63: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.64.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.64: Highlighted points show the evaluation points used for the result plots in
Figure B.63.
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Figure B.65: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.66.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.66: Highlighted points show the evaluation points used for the result plots in
Figure B.65.
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Figure B.67: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.68.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.68: Highlighted points show the evaluation points used for the result plots in
Figure B.67.
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Figure B.69: The mobility index of the BIG, calculated both using the road-induced forces
described in Chapter 4 (top row) and a unit load (bottom row), and the road noise index.
The mobility index is calculated using the evaluation points highlighted in Figure B.70.
The dotted line is the linear approximation acquired by use of linear regression, shown
for datasets with R2 > 0.25.

Figure B.70: Highlighted points show the evaluation points used for the result plots in
Figure B.69.
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Figure B.71: The point mobility index of the BIG, calculated both using the road-induced
forces described in Chapter 4 (top row) and a unit load (bottom row), and the road noise
index. The point mobility index is calculated using the evaluation points highlighted
in Figure B.72. The dotted line is the linear approximation acquired by use of linear
regression, shown for datasets with R2 > 0.25.

Figure B.72: Highlighted points show the evaluation points used for the result plots in
Figure B.71.
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C. Variation of Material Parameters Used in
Case Study

In Table C.1 the variation of the material parameters used in the case study is shown.

Table C.1: Table describing how the material parameters were varied for the different
simulation runs of the case study. -1 indicates a low setting, 0 a baseline and 1 high. The
specific material parameters corresponding to these settings can be seen in Table 7.1

Run # E of Set # ρ of Set #
1 2 3 4 5 6 7 1 2 3 4 5 6 7

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 1 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 1 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 1 0 0 0 0 0 0 0 0 0 0 0
5 0 0 0 1 0 0 0 0 0 0 0 0 0 0
6 0 0 0 0 1 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 1 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 1 0 0 0 0 0 0 0
9 -1 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 1 0 0 0 0 0 0 0 0 0 0 0 0
11 0 0 -1 0 0 0 0 0 0 0 0 0 0 0
12 0 0 0 -1 0 0 0 0 0 0 0 0 0 0
13 0 0 0 0 -1 0 0 0 0 0 0 0 0 0
14 0 0 0 0 0 -1 0 0 0 0 0 0 0 0
15 0 0 0 0 0 0 -1 0 0 0 0 0 0 0
16 0 0 0 0 0 0 0 1 0 0 0 0 0 0
17 0 0 0 0 0 0 0 0 1 0 0 0 0 0
18 0 0 0 0 0 0 0 0 0 1 0 0 0 0
19 0 0 0 0 0 0 0 0 0 0 1 0 0 0
20 0 0 0 0 0 0 0 0 0 0 0 1 0 0
21 0 0 0 0 0 0 0 0 0 0 0 0 1 0
22 0 0 0 0 0 0 0 0 0 0 0 0 0 1
23 0 0 0 0 0 0 0 -1 0 0 0 0 0 0
24 0 0 0 0 0 0 0 0 -1 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0 -1 0 0 0 0

Continued on next page
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Table C.1 – continued from previous page
Run # E of Set # ρ of Set #

1 2 3 4 5 6 7 1 2 3 4 5 6 7
26 0 0 0 0 0 0 0 0 0 0 -1 0 0 0
27 0 0 0 0 0 0 0 0 0 0 0 -1 0 0
28 0 0 0 0 0 0 0 0 0 0 0 0 -1 0
29 0 0 0 0 0 0 0 0 0 0 0 0 0 -1
30 1 1 1 1 1 1 1 0 0 0 0 0 0 0
31 -1 -1 -1 -1 -1 -1 -1 0 0 0 0 0 0 0
32 0 0 0 0 0 0 0 1 1 1 1 1 1 1
33 0 0 0 0 0 0 0 -1 -1 -1 -1 -1 -1 -1
34 1 1 1 1 1 1 1 1 1 1 1 1 1 1
35 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
36 -1 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 1
37 1 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 -1
38 0 1 1 1 1 1 1 0 0 0 0 0 0 1
39 0 1 1 1 1 1 1 1 1 1 1 1 1 -1
40 0 1 1 1 1 1 1 -1 -1 -1 -1 -1 -1 0
41 0 -1 -1 -1 -1 -1 -1 0 0 0 0 0 0 -1
42 0 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 0
43 0 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1
44 1 0 0 1 1 -1 -1 0 0 1 1 -1 -1 0
45 1 0 0 1 1 -1 -1 1 1 -1 -1 0 0 1
46 1 0 0 1 1 -1 -1 -1 -1 0 0 1 1 -1
47 1 1 1 -1 -1 0 0 0 0 1 1 -1 -1 1
48 1 1 1 -1 -1 0 0 1 1 -1 -1 0 0 -1
49 1 1 1 -1 -1 0 0 -1 -1 0 0 1 1 0
50 1 -1 -1 0 0 1 1 0 0 1 1 -1 -1 -1
51 1 -1 -1 0 0 1 1 1 1 -1 -1 0 0 0
52 1 -1 -1 0 0 1 1 -1 -1 0 0 1 1 1
53 -1 0 1 0 -1 1 -1 0 1 0 -1 1 -1 0
54 -1 0 1 0 -1 1 -1 1 -1 1 0 -1 0 1
55 -1 0 1 0 -1 1 -1 -1 0 -1 1 0 1 -1
56 -1 1 -1 1 0 -1 0 0 1 0 -1 1 -1 1
57 -1 1 -1 1 0 -1 0 1 -1 1 0 -1 0 -1
58 -1 1 -1 1 0 -1 0 -1 0 -1 1 0 1 0
59 -1 -1 0 -1 1 0 1 0 1 0 -1 1 -1 -1
60 -1 -1 0 -1 1 0 1 1 -1 1 0 -1 0 0
61 -1 -1 0 -1 1 0 1 -1 0 -1 1 0 1 1
62 0 0 -1 -1 1 1 0 0 -1 -1 1 1 0 0
63 0 0 -1 -1 1 1 0 1 0 0 -1 -1 1 1
64 0 0 -1 -1 1 1 0 -1 1 1 0 0 -1 -1
65 0 1 0 0 -1 -1 1 0 -1 -1 1 1 0 1
66 0 1 0 0 -1 -1 1 1 0 0 -1 -1 1 -1

Continued on next page
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VARIATION OF MATERIAL PARAMETERS USED IN CASE STUDY

Table C.1 – continued from previous page
Run # E of Set # ρ of Set #

1 2 3 4 5 6 7 1 2 3 4 5 6 7
67 0 1 0 0 -1 -1 1 -1 1 1 0 0 -1 0
68 0 -1 1 1 0 0 -1 0 -1 -1 1 1 0 -1
69 0 -1 1 1 0 0 -1 1 0 0 -1 -1 1 0
70 0 -1 1 1 0 0 -1 -1 1 1 0 0 -1 1
71 1 0 1 -1 0 -1 1 0 1 -1 0 -1 1 0
72 1 0 1 -1 0 -1 1 1 -1 0 1 0 -1 1
73 1 0 1 -1 0 -1 1 -1 0 1 -1 1 0 -1
74 1 1 -1 0 1 0 -1 0 1 -1 0 -1 1 1
75 1 1 -1 0 1 0 -1 1 -1 0 1 0 -1 -1
76 1 1 -1 0 1 0 -1 -1 0 1 -1 1 0 0
77 1 -1 0 1 -1 1 0 0 1 -1 0 -1 1 -1
78 1 -1 0 1 -1 1 0 1 -1 0 1 0 -1 0
79 1 -1 0 1 -1 1 0 -1 0 1 -1 1 0 1
80 -1 0 -1 1 -1 0 1 0 -1 1 -1 0 1 0
81 -1 0 -1 1 -1 0 1 1 0 -1 0 1 -1 1
82 -1 0 -1 1 -1 0 1 -1 1 0 1 -1 0 -1
83 -1 1 0 -1 0 1 -1 0 -1 1 -1 0 1 1
84 -1 1 0 -1 0 1 -1 1 0 -1 0 1 -1 -1
85 -1 1 0 -1 0 1 -1 -1 1 0 1 -1 0 0
86 -1 -1 1 0 1 -1 0 0 -1 1 -1 0 1 -1
87 -1 -1 1 0 1 -1 0 1 0 -1 0 1 -1 0
88 -1 -1 1 0 1 -1 0 -1 1 0 1 -1 0 1
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