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Abstract
The thesis work deals with the study and determination of static and dynamic
stresses acting on windscreen structures during transportation from the manufac-
turing site to the production plant. To simulate the stress distribution, a finite
element model is developed of the structure and tested. The evaluated results from
the stress analysis are then verified against results from literature and by own ex-
perimental results. The constructed FE model is simulated for modal response, and
the response is validated against data from the experimental modal analysis. The
data from the experiment is also used to calibrate the material card in an effort to
get the most realistic dynamic response.
The dynamic stress experiment was carried out at RISE Borås in accordance to
ASTM D4169-16 DC3. Strain gauges were mounted at areas of interest. The read-
ings obtained from the strain gauges used in the analytical calculation of stress,
which were used to verify the finite element stress results. The fundamental aim
of both experiments was to evaluate the dynamic behaviour and validate the nu-
merical model. The pre-processing software ANSA was used to construct the finite
element model and MSC Nastran was used as the FE- solver to simulate static and
dynamic stresses on the structure. Transport loads were simulated using the ran-
dom vibration load case, where a input load is in form of Power Spectral Density
(PSD) data which describes the distribution of power into frequency components for
a given time series. The input PSD was also in accordance with ASTM D4169-16
DC3, which is used to simulate the same response as in the experiment. During the
numerical analysis, the glass and the intermediate PVB layer is assumed to be linear
and isotropic. A validation of the numerical model was carried out against the ex-
perimental results to evaluate the predictive capability of the developed numerical
model. The finite element model leads to good correlation of natural frequencies
and their corresponding mode shapes at the lower range of frequencies valid till 100
Hz. This study is thus intended to construct and develop a FE model in order to
predict the dynamic response and stress states experienced during transportation.
It is further extended to predict the critical areas on the windscreen and help opti-
mize the packaging of windscreens. During the course of study, it was found that,
windscreens in the current transport arrangement experienced high stresses at areas
close to the supports. The simulated stress values near the top right spacer (holding
area) were close to the elastic limit of glass. This therefore, presented a high chance
of damage to the windscreen when subjected to the random vibration.
Keywords: Dynamic Stresses, FE Method, Laminated Glass, Modal Analysis, Ran-
dom Vibration, Windscreens, PSD
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1
Introduction

1.1 Background

Volvo Car Corporation (VCC) is an automotive manufacturer with Swedish roots
headquartered in Torslanda, Gothenburg [1]. The first Volvo car rolled off the fac-
tory’s production line 1927, ever since then VCC have established themselves as
one of the most influential and well-recognized cars brands in the world. As of
2010, VCC is a part of the Zhejiang Geely Holding of China, with the ambition
of producing quality cars within safety technologies, electrification and autonomous
drive. This master thesis will be taking place at the department of exterior glass in
Torslanda, Gothenburg.
With the advancement of autonomous driving solutions, passenger safety and crash
worthiness, windscreens play a vital role in the development of automobile struc-
tures. To that effect, the windscreens are constructed as a sandwiched glass-plastic
structure. The plastic at the centre is typically soft polymer such as PolyVinyl Bu-
tyral (PVB). The reason behind using laminated glass is that it offers better crash
protection wherein, the plastic mid-layer holds the glass structure from shattering
which in turn reduces injuries such as cuts by glass fragments. Windscreens play a
vital role in the development of automotive structures, high quality is a requirement
for both aesthetics and functionality [28].
The windscreens are stacked in racks by the supplier, see figure 1.1 and then trans-
ported using trucks from the production plant to the assembly plant. Glass is
generally a brittle material which is to be handled carefully to avoid any damage
and being transported for long distances should endure the vibrations generated
due to the movement of the truck [27]. Moreover, the vibrations are random and
are dependent on various parameters such as roughness of roads, the suspension of
trucks, packaging orientation to name a few. Hence, it becomes vital to understand
how the vibrations affect the windscreen and to that effect, this thesis deals with
the study of dynamic responses of the windscreen and the determination of stresses
in the windscreens when they are subjected to transportation loads [5]. Thus, this
thesis work was proposed to gain better understanding of the effect of dynamic loads
on windscreens during transportation.
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1. Introduction

Figure 1.1: Stacking of windscreens

1.2 Purpose
The objective of this master thesis is to develop a numerical FE model in order to
simulate and predict the stresses in windscreens when it is exposed to transportation
loads. As transportation loads are dynamic in nature a major portion of the study
is dedicated to understanding the dynamic behaviour of laminated windscreens.

1.3 Hypothesis and Research Question
The following hypothesis and the research questions have been formulated to identify
difficulties and establish knowledge of research:

1.3.1 Hypothesis
During transportation. The stacked windscreens will experience random vibration
due to shifting road conditions. This may lead to high forces and loads acting on
the structure and induce tensile stresses on the surface of the windscreens.

1.3.2 Research Questions
• What are the natural frequencies of vibration of the windscreen structure?
• How does the material parameters change the lamina characteristic?

2



1. Introduction

• What is the influence of material properties on the dynamic behaviour of the
structure?

• What is the structure’s stress state achieved during random excitation?
• How could the current packaging affect the stress distribution during random

vibration?
• How could resonance produce a potential failure for windscreens?

1.4 Limitations
As this is a research project, it has some necessary limitations:

• During the construction of the FE model of the windscreen, the contact be-
tween the plastic holders and the glass surface is modelled using rigid body
elements (RBE3) in order to simplify the model [37].

• As exact numerical values for static loads acting on the windscreen were un-
available, the load was calculated by making assumptions to the angle of tilt
of the stacked windscreen, which may lead to conservative results i.e. the
predicted stresses may be higher than reality.

• Glass and PVB are both considered exhibiting linear elastic behaviour.
• Random vibration loads are simulated using input Power Spectral Density

(PSD) in accordance with ASTM D4169-16 DC3, see appendix C
• During the random vibration experiment, input loads were limited to 30Hz

due to limitations of the shaker rig
• As the strain gauges mounted during the vibration test can only give strain

readings on the top surface of the windscreen, the variation of strain and stress
through the along the thickness of the windscreen cannot be validated with
experimental data.

• Due to the assumption of linear isotropic behavior of both glass and PVB, the
stress is also assumed to vary linearly through the thickness of the windscreen,
see figure 2.1.

1.5 Thesis Outline
The thesis is structured into several chapters, a brief outline of each chapter is pre-
sented here.

• Chapter 2: Narrate the theoretical background of relevant literature within
the field of material knowledge, structural vibrations, signal processing and
finite element method

• Chapter 3: Narrate the methodology selection of the investigation with tech-
niques and tools used in the search referred to the theoretical background

• Chapter 4: Narrate the results from the methodology from Chapter 3
• Chapter 5: Summarizing the results and methodology with conclusion and

discussions of the findings. Recommendations for continued work or future
findings are also stated in this chapter.
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2
Theoretical background

The following chapter contains all relevant theoretical literature, which forms the
basis for the outlined methodology of this master thesis. We start this chapter with
an introduction to the structure of the windscreen and explain the theory behind
laminated glass. This is followed by an introduction to structural vibrations and
resonance. A brief theory on modal analysis is presented followed by a review of
random vibration load case with a introduction to PSD analysis and its application.
Finally, the chapter ends with an overview on the theory behind finite elements and
its implementation with respect to this thesis work.

2.1 Laminated Glass

Laminated Glass (LG) in automotive structures consists of two sheets of glass
bonded by a plastic interlayer. The most commonly used interlayer is PVB. LG
is more desirable in automotive applications due as its enhanced safety, security,
fire-resistant and sound attenuating properties. One of the most important proper-
ties of laminated glass is its ability to retain its structural composure when exposed
to high impact loads. When LG is subjected to impacts as the glass breaks it is
held together by the plastic interlayer which prevents the glass from shattering and
forming sharp edges[27].
The lamination of windscreen glass with the plastic interlayer takes place at around
140oC. The process takes place in a pressure vessel called autoclave [27].
The windscreen structure for the assigned windscreens are made up in three layers;
the top layer of glass has a thickness of 2.1 mm with the bottom layer having a
thickness of 1.6mm. The interlayer PVB has a thickness of 0.76mm. Therefore, the
effective thickness of the laminated windscreen glass is 4.46mm [27], [3].

Figure 2.1: Laminated glass- Sandwich structure [27]

5



2. Theoretical background

Compressive Strength 880-930 MPa
Tensile Strength 30-90 MPa
Young’s Modulus 70-75 GPa
Possion’s Ratio 0.2-0.3

Table 2.1: Mechanical Properties of Glass[27]

Tensile Strength ≥20 MPa
Shear Modulus 0-4 GPa
Possion’s Ratio 0.45-0.49

Table 2.2: Mechanical Properties of PVB[27]

The material properties of glass and PVB are given in table 2.1 and table 2.2 re-
spectively.
The tables describe both glass and PVB to have a range of values for Young’s modu-
lus and Possion’s ratio which can be attributed to the laminate being manufactured
by different processes. Hence it becomes vital to establish a material card with the
most appropriate values in order to obtain the most accurate representation of the
reality. With the proposed methodology, the material data which provided the best
representation of reality is shown in section 4 and its Nastran material card is shown
in appendix E.

2.2 Modal Analysis - Experiment
Modal analysis is the study of dynamic properties of a system in the frequency do-
main. It gives us an overview on the limits of the response of the system [6]. The
various parameters that characterize the output of modal analysis are mode shapes
and the eigen frequencies associated with those mode shapes [26]. The excitation
of these eigen frequencies is carried out with no specific boundary conditions or in
the Free-Free state so, the only factors influencing the dynamic behaviour of the
structure will be its inherent mechanical properties.

2.2.1 Mode and Mode Shapes
A mode is defined as a combination of deformed shape in which the structure ex-
changes kinetic and strain energies continuously. Therefore, a point on a body that
moves, will at un-deformed positioning have maximum speed and thus the maximum
kinetic energy, while at the maximum deformed position have the lowest kinetic en-
ergy.
The frequency at which of each of these modes occur indicate the natural frequency
of the system. A given body can have infinite number of natural frequencies and
when loads are applied at these frequencies, the energy induced will cause an addi-
tional increase in the motion of the structure at that mode[6].

6



2. Theoretical background

2.2.2 Frequency Response Function
Frequency response function (FRF) is a quantitative measurement of the output of a
structure in response to a excitation load which leads to the identification of dynamic
resonant frequencies and describing the mechanical properties of a component [26][9].
The FRF plot figure 2.2, shows the linear time-invariant system frequency domain
relationship between the input (x) and output (y) from a preformed experiment.

Figure 2.2: Amplitude and Frequency phase of FRF [9]

2.2.3 Excitation
Excitation having sufficient magnitude and frequency bandwidth is applied through
various input methods, the most common being Impact hammer or an electrody-
namics shaker [26].

2.2.3.1 Impact Hammer Excitation

When exciting a body using an impact hammer short term impacts are generated at
selected points through-out the body of the component. Impact hammers have the
capacity to excite a wide range of frequencies of the body and are most commonly
used due to its flexibility and ease of operation [26]. Impact excitation produces a
transient signal with the bandwidth of the frequency being determined by the stiff-
ness of the hammer and the structure. The range of these excitation is dependent
on the tip material of the hammer [26].
One of the drawbacks of impact testing is the increased crest factor, which decreases

7



2. Theoretical background

the signal to noise ratio and may impart some non- linear behaviour to the system
[26].
There is also an influence of human error on the calculated output as each excitation
is imparted by hand of a human which may vary from excitation to excitation. So
utmost care is to be taken to see that there is good coherence between consecutive
impacts[26]. During the course of this work, Impact hammer excitation is preferred
due to its flexibility and good excitation of eigen frequencies at a lower bandwidth
of around 1-100Hz.
Shakers on the other hand have a preprogramed uniform impulse force than the
impact hammer and are usually used for Multi-Input Multi-Output analysis with
the test setup is more complex.

2.2.3.2 Coherence in modal analysis

As stated earlier to get a good output in impact testing, it is vital to have good co-
herence between consecutive hits. Equation 2.1 defines a coherence function, where
Dxx and Dyy are the auto spectral densities and Dxy is the Fourier transform of the
Fourier transform of the cross-correlation function between two functions.

Cxy = | Dxy |2

DxxDyy

(2.1)

In ideal cases, coherence function is equal to unity but, it practice it not possible to
avoid incoherence which can be attributed to the existence of anti- resonance [26].
During the course of this study, the software Siemens LMS TestLab, is used as the
post processing tool, where the coherence is taken as an average of several hits to
smooth out the curve.

2.3 Equation of Motion

To describe the structural dynamic the best representation is a Single-Degree-of-
Freedom (SDOF)-system. A SDOF-system is a simplified description of a system,
which can be illustrate with a mass attached with a spring and a damper with a
motion along a translational axis [7]. Figure. 2.3 represents an oscillator concept
model consisting of a frictionless mass, m, acting by a dynamic force, F (t), which is
attached to a massless spring with a stiffness, k, and massless viscous damper, c.

8



2. Theoretical background

Figure 2.3: The oscillator concept of a SDOF system

To derive the equation of motion is essential to start with Newton’s second law of
motion, equation 2.2, which states that the acceleration of an object is dependent
upon two variables - the net force acting upon the object and the mass of the object,
which can be represented as. ∑

F = mẍ (2.2)
When Newton’s second law is applied to the mass-damper system the spring and
the damper act as parallel time derivative counter forces to the applied dynamic
force, where ’k’ which represents the stiffness of the spring is proportional to the
displacement and the damping coefficient ’c’ is proportional to the velocity of the
system, ẋ.The equation motion for the structure can be rewritten as equation 2.3.

F (t) = mẍ(t) + cẋ(t) + kx(t) (2.3)

However, structures are not always adequate to be represented as a SDOF-system,
most structures are composed with multiple degrees-of-freedom, which puts the
SDOF simplification of the system at the risk of yielding erroneous frequency and
mode shapes. In order to describe a real-life structure, a Multi-Degree-of-Freedom
(MDOF) system is used to represent the system more accurately. The principle of a
MDOF-system is similar to a SDOF-system, with the only exception being that the
mass, spring and dampers are expressed in the form of symmetric matrices of order
[NxN ] and column vectors as N , where ’N’ is defined by the degrees of freedom.
The compact equation of motion for a MDOF-system thus results in equation 2.4.{

F (t)
}

=
[
M

] {
ẍ

}
(t) +

[
C

] {
ẋ

}
(t) +

[
K

] {
x

}
(t) (2.4)

Equation 2.4 is an overview of a diagonal mass matrix structure with respect up to
’N’ degree-of-freedom wherein, the mass, damping and stiffness of the system are
the matrix coefficients, while external force, displacement, velocity and acceleration
are represented as vectors.
The constituents of equation [2.4] are explicitly stated in equations 2.4 to 2.8.

[
M

]
=


m1 · · · 0
... . . . ...
0 · · · mn

 (2.5)
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2. Theoretical background

[
C

]
=


c1 + c2 −c2 · · · 0
−c2 c2 + c3

. . . ...
... . . . . . . −cN

0 0 −cN cN −1 + cN

 (2.6)

[
K

]
=


k1 + k2 −k2 · · · 0
−k2 k2 + k3

. . . ...
... . . . . . . −kN

0 0 −kN kN −1 + kN

 (2.7)

{
F

}
=


F1
F2
...
FN


{
x

}
=


x1
x2
...
xN


{
ẋ

}
=


ẋ1
ẋ2
...
ẋN


{
ẍ

}
=


ẍ1
ẍ2
...
ẍN

 (2.8)

Solving the MDOF equation of motion analytically as the structures become com-
plex with intricate boundary conditions can be challenging. To eliminate that risk,
numerical models of the geometry with properties are implemented and processed
in a finite element environment.

2.3.1 Measurement of FRF
FRFs are calculated at each user defined point on the component structure by taking
the ratio of output response to input excitation. The instantaneous time domain
data from the input and output is transformed into frequency domain data using
Fourier transforms [26]. In the case of this study, the FRF corresponding to accel-
eration are measured at user defined positions and is defined by the equation 2.9,
where ζ is the damping ratio, ωn is the natural frequency of the system, ’k’ is the
stiffness of the body and ’F’ is the external applied force.

d2x

dt2
+ 2ζωn

dx

dt
+ ωn

2x = ω2
nF

k
(2.9)

The acceleration function is thus given by,

H(ω) = ẍ(ω)
F (ω) = 1

k

−ω2ω2
n

ω2
n − ω2 + j(2ζωωn) (2.10)

The magnitude of this complex function is given by,

| ẍ(ω)
F (ω) | = 1

k

−ω2ω2
n√

(ω2
n − ω2)2 + (2ζωωn)2

(2.11)

2.3.2 Natural Frequency and Damping
When a mass undergoes a vibration motion, its static equilibrium state begins to
deform in the form of a simple harmonic motion [8]. Natural frequency is the rate at,

10



2. Theoretical background

which an object vibrates when there are no external forces acting on it. Analytically,
the natural frequency is denoted by ωn. In the case of damped vibrations ωd, is given
by equation [2.12] where, ζ denotes defines the damping coefficient.

ωd =
√

1− ζ2·ωn (2.12)

Damping is a process of diminishing exposed vibrations or motions over time until
the structure reaches equilibrium. When motion is induced in a structure, energy
is formed in terms of kinetic a strain energy, which is dissipated by both internal
friction and various contact mechanisms simultaneously [8]. In the case of the wind-
screens being transported, the damping may occur due to the friction between the
windscreens and the supports in its holding position.
However, as these damping mechanisms are complex it becomes complicated to de-
scribe the phenomenon mathematically. Therefore, a damped system is idealized
for a free linear viscous damping SDOF system.
For a damped system, the damping coefficient is the ratio of actual damping to
critical damping see equation 2.13.

ζ = c

cc

= c

2 ·
√
km

(2.13)

For a undamped system, the natural frequency ωn is given by equation 2.14.

ωn =
√
k

m
(2.14)

Combining equations [2.13] and [2.14], arrive according to equation 2.15 at.

cc = 2m
√
k

m
= 2mωn (2.15)

For an undamped system, the time to complete one cycle can be denoted as the
natural period which is given by equation 2.16.

Tn = 2π
ωn

(2.16)

Frequency which is defined as the reciprocal of the time period is given by equation
2.17.

fn = 1
Tn

(2.17)

Therefore, the natural frequency of the undamped system fn is given by equation
2.18.

fn = ωn

2π (2.18)

It is clear from equation[2.18], that the natural frequency of vibration of a undamped
system is a function of mass and stiffness of the system.
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2. Theoretical background

2.4 Introduction to Random Vibration
In the automotive industry, car structures are generally combinations of fastened
parts, which together form a supporting framework of the cars. Cars always run
a risk of being exposed to unwanted dynamic loads during their operation sources.
This is also true in the case of a truck, which is transporting any packages. These
unwanted dynamic loads or vibrations can be classified into two types, deterministic
which is caused due to the rotating parts within the vehicle and the other being
un-deterministic or random vibrations where the loads can be unpredictable and
are influenced by factors such as road roughness. As these vibrations tend to be
random, its effect on the system cannot be precisely predicted [25].
Before starting simulating random vibrations, it is important to have a clear under-
standing about the theory behind. For this to be accomplished, it is fundamental
to have a basic knowledge about random vibrations when a system is suspected of
being exposed to failure due to fatigue, resonance or vibration excessive from other
components.
The introduction to this chapter begins with the theory and equations governing
structural vibrations when a body is subjected to dynamic loading. It discusses
about the equation of motion describing the phenomenon, where the structure tends
to vibrate or oscillate at specific frequencies, which are termed as natural frequencies
of the system.

2.4.1 Random Vibration Analysis

Figure 2.4: Amplitude-Time history of random vibrations [5]

Random vibration in its true sense should not be considered to having no specific
patterns as it becomes impossible to define a vibration setup, which is totally un-
predictable. So the transport load case is treated to be under a special category of
stationary random vibrations[5].
The stationary case can be explained as in that the factors that influence the ran-
dom vibration load set do not change significantly over a period of time so that its
application will yield the same results when applied at different times and will have
a certain amount of repeatability to its application [5].
Applying this to our case of transportation of windscreens, the stationary random
load has the same Root Mean Square (RMS) amplitude remains constant with time.
Random vibrations do not possess any absolute value at any given point [5]. When
a body is subjected to such random vibration loads, it experiences numerous fre-
quencies being excited at the same time which increases the possibility of many
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components experiencing structural resonance simultaneously[5]. As random vibra-
tions cannot be expressed mathematically as an exact function of time, statistical
approaches are used to determine the probability of occurrence of a particular am-
plitude [5].
To be treated as a stationary case, possible time histories of amplitudes measured
in the frequency range of excitation are to be generated. By using this parametric
data, random analysis is analyzed in the statistical sense[5][23].

2.4.1.1 Power Spectral Density

PSD is the most common way used to define random vibrations. PSD usually defines
the distribution of power over a certain frequency range. Numerically, it is the mean
square value of magnitudes passed by a certain filter, divided by the bandwidth of
the filter[5][23].
In actual practice, the generated PSD data is obtained by averaging the amplitude
of the random process using a statistical method. The most common method used
to determine the probability of occurrence of particular amplitudes is Normal or
Gaussian distribution [23][5], which is defined by the equation 2.19.

P = 1√
2 ∗ π

e[( −1
2 )[( x

xrms
)]2] (2.19)

Equation 2.19, when plotted results in figure 2.5 with the Y- axis representing the
ratio of instantaneous value with the Y- axis representing the RMS values of any
parameters such as displacement, velocity or acceleration [5].

Figure 2.5: Gaussian Distribution [5]

Random vibrations in the time domain are not very useful and not much information
can be accessed by it, so Fourier transforms are used to transform this time domain
data into useful frequency domain data which helps in identifying the different am-
plitude for different frequency components in the signal [23].
With respect to the work carried out in this thesis, the PSD data is generated as per
the standard ASTM 4169-16 DC3 [19] and used as input to both the experimental
test rig and the finite element simulations.
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2.5 Mechanical Resonance
Mechanical resonance is a phenomenon when, in which a forced motion induced
at a frequency that coincides with the structure’s eigenfrequency can cause motion
amplitude of the structure that is greater than the force motion amplitude [10].
In other words, if the induced frequency corresponds to the natural frequency of
the system, it causes an increase of energy leading to uncontrolled vibrations. In
a undamped system, if the load is applied at natural frequencies the deformation
amplitude can grow to infinity. Thus, structures and components have damping
present in the system to eliminate the chance of large resonant frequency response.
However, if a forcing frequency is constantly present it can cause failure and cracking
as the deformation continues.
A notorious event of the effects of resonance was when the Tacoma Narrows Bridge,
Washington state USA year 1940, collapsed after the structure oscillations there a
picture of the bridge in motion is visualized in figure 2.6 [10].

Figure 2.6: A photo of the Tacoma Narrows Bridge deformation cause of resonance
[10]

2.6 Signal Processing
A signal is defined as a function of information about a system’s behavior or at-
tributes of some phenomenon varies over time or in space [11]. A wave powers
modern communication (speaking or music), the conveying temperature informa-
tion from a thermocouple or an electromagnetic wave conveying reaction informa-
tion from accelerometers at structures or human bodies.
Thus, Signal processing is basically an operating activity (manipulation) of an input
signal, to produce an output signal. However, sampling a signal can cause error in
the way it is being sampled. Here is a clarification procedure stated of how to lower
the potential risk of conveying sampling errors.
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2.6.1 Aliasing
Aliasing is an inappropriate or an undesired sampling phenomenon with the poten-
tial to sample erroneous input signals to a sampling data system. The phenomenon
occur when sampling a signal at an inappropriate sampling rate, a high frequency
signal may appear as a low frequency rate due to the inappropriate sampling rate
of the signal [12]. Enables the risk of recording a different input signal. Figure 2.7
illustrates a temperature signal sampling there the problem of aliasing is addressed
if a signal is sampled with the same rate for each period. The rate outputs a new
signal, which does not corresponds with the initial input signal.

Figure 2.7: A poor sampling rate example illustrated by a given signal, sampling
signal and alias signal [12]

By establishing a new sampling rate, the aliasing phenomenon can be avoiding.
The Nyqvist sampling theorem, also called Nyqvist Frequency (equation 2.20), is
a nominal sampling interval for zero to the highest frequency given at signal [13].
The theorem is expressed in mathematical terms, which is explained as the sampling
frequency should at least be the twice of the highest frequency of a signal to avoid
aliasing.

fs ≥ 2fmax (2.20)

∆t = 1
2fmax

(2.21)

For equation 2.20, fmax express the highest frequency signal of a period and fs is the
sampling frequency. If a signal has greater frequency than the half of the sampling
frequency, the signal would be read as a lower frequency and fs will alias. Equation
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2.21 expresses the sampling interval, ∆t, and with the sampling frequency. To clar-
ify the mathematical term a sampling problem will be example: If the maximum
desired sampling frequency is 300 Hz then the sampling frequency should at least
be up to 600 Hz and a sampling interval of 1. 67 ms according to theorem.

With Nyqvist sampling theorem it is possible to identify the distance between the
peaks of a wave within a solid material by the wavelength equation 2.22. Here λ is
the wavelength of the signal measured from two points in the same phase is equal
to the sum of the speed of light c of a substance divided by its frequency [14].

λ = c

f
(2.22)

A new equation can be formulated for identifying a secure measurement distance
for the wave signal and minimizing the erroneous of aliasing.

2.7 Finite Element Method
Finite Element Method (FEM) is numerical solution method suitable for solving
and simulating complex physical states in a virtual environment. A FE-analysis
primarily consists of stages starting with the discretization of structure where, the
element types, material parameters and the mesh are defined. This is followed by the
application of the boundary conditions, which accurately simulate the environment
surrounding the structure. The model is then run using a commercial finite element
code, which solves the simulation and a post processor is then used to view the
generated results [15]. During meshing, the body or structure is broken down into
multiple elements, FEs, which is equivalent over the system. To sustain a good
connection over the geometry, the FEM-units are connected with points also referred
as nodes. The nodes are functioning as connectors or glue between two or more units
with boundary lines.[26] The main advantage of FEM is achieved when calculating
complex geometries or loadings, which is a challenge if not impossible to obtain by
analytical mathematical solutions. As part of this thesis work, the pre-processing
was carried out in ANSA [35], with the modal and random vibration simulation
carried in the NASTRAN environment [37] and the post processing was carried out
in META [36].
As numerical modeling provides advantages with regards to working efficiency, this
is also coupled with the method helping with virtual testing which bring down
the frequency of experimental analysis. These numerical models are constructed
such that they represent the reality most accurately. As experimental testing is a
cumbersome and costly to process, virtual testing and simulations provide a more
economical and efficient process to achieve good results.

2.7.1 Elements, Node and Shape Function
As stated earlier, the structure or body is divided into multiple elements and mesh-
ing is carried out using the pre-processing software. The user’s judgment concerning
the mesh size and element type to be used is dependent on what is desired level on
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accuracy required form the simulation. Sizing the mesh is vital enough to output
a usable result, having a smaller mesh size increases the computational time and
storage space required, but yields a more realistic result [15]. Hence, the user per-
forming FE simulations always performs a fine balance between computational time
and accuracy of the solution [18]. Elements in FEM define the degrees of freedom
(DOF) of a node. These are built in either one-, two-, or three-dimensions, each
dimension giving more accurate simulation of the structure and are used depending
of what is of interest.

Figure 2.8: Shell element construction [15]

Two-dimensional (2D) or shell elements are constructed linearly between the nodes
and results in simple triangular or quadrilateral element [15], Figure 2.8. These
elements are used to predict deformation and stress in plane. A 2D shell element
mathematical simplification of solid elements, and has the advantage of reducing
computing time and convergence errors.

Figure 2.9: Solid element construction [15]

Three-dimensional (3D) or solid elements are generally tetrahedral and hexahedral
in construction [15], Figure 2.9. These elements are used as a more accurate repre-
sentation of the any structure with ability to predict out of plane displacements and
stress fields. This accuracy comes at the cost of computational time and storage
space.

With 2D or 3D elements, the FE approach works by approximating the shape of the
structure with a finite number of discretized segments generated after meshing the
structure. Each node has several DOFs which are solved with the help of differential
equations. A shape function is used to interpolate the computed values such that
they can be shape function can be represented in the form of a polynomial function
[26].
During the course of this work, FE models are constructed using 2D Shell elements
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and 3D hexahedral elements. In the case of 2D Shell elements, 4 noded quad elements
are used in construction. The elements have 5 DOFs accounting to 3 translations
and 2 rotational DOFs. These elements possess the capability to predict in plane
tensile and compressive stresses. With the elements being 2D the stress through
the thickness cannot be predicted. The elements are constructed using plane stress
assumptions but this restricts the load application to only in plane loading.
As the laminate consists of a sandwich layer of PVB between layers of glass, it
becomes vital to understand the distribution of stress through the thickness of the
laminate. Thus, the FE model is also constructed using 3D hexahedral elements.
These elements are typically 8 noded and possess 3 DOFs. As these elements have
prescribed thickness they form a 3D solid mesh and thus can predict out of plane
stresses. During the course of this work, 3D elements are used in the construction
of the windscreen laminate structure. As the 3D mesh representation of the struc-
ture is true to reality [18], the results from these simulations are used in the current
methodology to validate and calibrate the stress outputs from the 2D shell modeling
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This chapter gives a detailed description on the methodology used in the course of
this study to achieve the set objectives. Initially a narrative outline is presented
and followed up with a deeper insight into the various phases of work carried out.
The proposed methodology forms the basis of the results presented in chapter 4 and
further discussed in chapter 5. During the course of this method, two windscreens
are used as specimens and are termed as Windscreen A and Windscreen B. The
major difference between the two windscreens is the geometrical dimensions with
windscreen A being comparatively larger than windscreen B. The laminate structure
however remain the same as discussed in Section 2.1
In order to accomplish the objective 1.2, the methodology is divided into two phases,

• Modal Analysis

– Numerical Modal Analysis

– Experimental Modal Analysis

• Dynamic Stress Analysis

– Random Vibration Experiment

– Random Vibration Stress Analysis - Numerical model

The work structure presented is commonly used to study the dynamic behaviour of
a structure. Windscreens from the big car and the small car are selected and studied
using the presented methodology.
The Modal Analysis phase will include windscreens from both car models while the
Dynamic Stress Analysis phase will be limited to the study of stress distribution on
the big car’s windscreen. Figure 3.1, gives an overview of the flow carried during
the course of this study.
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Figure 3.1: Project Method and Work Flow

3.1 Construction and Development of Finite Ele-
ment Models

The first steps taken in this project was the construction of the finite element model
of the two windscreen model. The CAD models of two windscreens was provided by
VCC were imported into the pre-processing software ANSA [35]. Even through the
laminate materials and its thickness remained same for both the windscreens, the big
car variant was comparatively larger in size and dimension to the small car variant
and had a larger curvature to it. Additionally, the mounting brackets which supports
the rear view mirror and houses different sensors were different across the variants
[3]. Keeping the distinctions in mind, one finite element model was constructed for
each windscreen variant. During this phase the FE models were constructed using
both 2D Shell and 3D Hexa elements. The iteration with the 2D Shell elements is
carried out as they require less computational time to simulate a solid model in 2D
space. 3D Solid elements are taken to be most accurate representation of any 3D
body and the mesh produced provides a through the thickness variation of stress
and strain and are used to validate the 2D Shell results. The different iterations of
the finite element model constructed are shown in Table 3.1.

Test Windscreen thickness (mm) Type of FE Element Material of laminate
1 4.46 PSHELL All Glass
2 3.7 PSHELL All Glass
3 4.46 PSOLID Glass-PVB-Glass
4 4.46 PSOLID All Glass
5 4.46 PCOMP Glass-PVB-Glass
6 4.46 Extruded PCOMP Glass-PVB-Glass

Table 3.1: Different iterations of the FE model construction
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In iteration 1, the windscreen was meshed with a 2D Quad shell element with the
element size of 5mm. The surface was then assigned with a thickness of 4.46mm
which corresponds to the overall thickness of the windscreen. In the 2 iteration,
thickness corresponding to PVB was removed from the thickness assigned to the
PSHELL element with all the other parameters kept similar to the previous trial.
This iterations helped in the study of the effect of thickness on the modal behaviour
of the windscreen.
In iterations 3 and 4, the FE structure was constructed using 3D solid Hexa elements
with element size of 5mm, with the introduction of the PVB layer. These iterations
helped in understanding the effect of the plastic interlayer on the modal behavior of
the windscreen.
In iterations 5 and 6 the laminate structure was kept similar to the previous trial,
but the FE type was changed from PSOLID to PCOMP to study the variation of
results due to the change in construction of the finite element.
During the course of all the iterations, the Young’s modulus and the Possion’s ratio
of glass and PVB were used as in Table 2.1 and Table 2.2. As per the initial assump-
tion, the materials were considered to exhibit linear elastic and isotropic behaviour.
Figure 3.2, shows the constructed numerical model.

Figure 3.2: Numerical model of the Windscreen

After the construction of the numerical model in the pre-processing software ANSA,
commercial FE solvers are used to solve the mathematical equations associated with

21



3. Method and Implementation

the requested output. During the course of this study, the numerical models were
solved using the FE code MSC Nastran, which is developed by MSC Software [37].
In this modal analysis is carried out using the solver SOL101 [37], which gives the
output of the natural frequencies and the modes associated with it which is visual-
ized in the post processing tool META [36].

As stated earlier, the PVB layer with its thickness of 0.76 mm represents a volume
close to 23 % of the total geometry. This coupled with large change in the strength
and mechanical properties of glass and PVB makes it vital to understand the in-
fluence of PVB on the overall dynamic behavior of the structure. Therefore, the
various iterations of the numerical model help in understanding the interaction of
the different layers of the laminate and its overall effect on the dynamic behavior of
the windscreen.

3.2 Modal Analysis

In order to study the random response of the windscreen, it becomes vital to know
the modal response of the system, which will help to understand which frequencies
have the largest impact on the structure [23]. It is a general principle to include as
many modes as possible to get the most accurate result.
However, including many modes increases the computation time and the process
becomes cumbersome. So sufficient number modes are chosen with the highest mass
participation factor. A mode with high mass participation factors is usually a signif-
icant contributor to the structural response of the system. Modes are selected such
that it at least has a contribution of 2% of the total mass of the system [26][23].
The study of natural frequencies of the system helps to identify the material param-
eters of the laminate structure [24] and also forms the initial step in the random
response analysis. So the parameters of the modal analysis setup are selected such
that modes associated with the frequency range of 1-100Hz are simulated. This
range of frequency is of interest, because it matches the PSD profile used to simu-
late transport conditions [21] [19].
From previous studies conducted on the study of modal properties of thicker wind-
screens [24], the first modes and its associated natural frequencies ranging from 1-50
Hz are usually associated with having higher stain energy and thereby cause greater
displacement during vibration. It is also true of the windscreen structure to possess
high damping factors at higher range of frequencies which makes it difficult to ob-
tain clear cut peaks in the FRFs being calculated during the experimental modal
analysis setup.

22



3. Method and Implementation

Figure 3.3: Numerical Modal analysis work Flow

Figure 3.3, shows the steps followed in calculating the modal characteristics of a
structure. As the FE-model is not subjected to any boundary conditions, the natu-
ral frequencies and its corresponding mode shapes are only influenced by the material
properties of the laminate. Initially the material parameters suggested by [27] shown
in table 2.1 and 2.2 were used to simulate the modal response of the windscreen.
The resulting natural frequencies and the corresponding mode shapes helped iden-
tify the areas of interest where accelerometers can be placed during the experimental
setup to capture all the modes of interest. This was done in order to validate the
behavior of the numerical model against experimental data which later on lead to
optimizing the material properties of the laminate through trial and error in order
to obtain a close match between the numerical and the experimental results.

3.2.1 Modal Analysis - Experimental Setup
The EMA carried out on the windscreen specimen forms the physical testing part
of the validating the numerical model. It is recommended as part of any method-
ology involving numerical modelling that validation of numerical results against
experimental results always help optimize the numerical model to predict the most
accurate structural behavior.
So in order to validate the constructed numerical model 3.1, a physical modal analy-
sis experiment is setup in the NVH laboratory at VCC. The test setup is as shown in
figure 3.4. The windscreen is hung to a support structure using soft bungees, which
simulates the free-free condition i.e. there is no effect of any boundary conditions
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or external forces acting on the body. Accelerometers were calibrated and placed at
areas of interest predicted by the numerical model. Hammer impacts were used to
excite the structure and the reading from the accelerometers were captured using
the tool LMS TestLab, which is developed by Siemens PLM software.

Figure 3.4: Experimental Modal analysis -Test Setup

The principle behind the selection of excitation points and accelerometer placement
points is that exciting a structure at different points leads to multiple FRFs being
calculated. These FRFs will have different shapes with frequency peaks being reg-
istered at one data collection point i.e. at one of the accelerometers, and the other
peaks being registered at other sensor locations. So it becomes vital to have the
placement of sensors in such way that it leads to most of the frequency peaks being
captured. Care is also taken such that no excitation or response points lie on the
nodal line of any modes as the input energy might not be well transferred to excite
the mode [26]. Keeping this in mind, the excitation and the sensor locations on
the windscreen are selected and shown in figure 3.5. Where, points 1-7 show the
response points and 34 impact points on the windscreen.
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Figure 3.5: Overview of the measurement points (black) and accelerometers (or-
ange)

As the experiment was carried out, the impact hammer was first calibrated so as to
avoid any erroneous impacts being recorded and the windscreen was excited 5 times
at each excitation point and the coherence function was recorded and checked if any
abnormalities in the readings were detected, the trial was carried out again until the
coherence function was varying between acceptable limits.

As discussed earlier, the choice of the impact hammer along with its tip material
plays a vital role in achieving a good result. With glass being a brittle material and
the laminate having good damping properties, the rubber tip was selected for the
hammer. As a rubber tip was used, the cutoff frequency was quite low ranging at
180-200Hz which still was above the requested range of study at 100Hz. Figure 3.6
shows the impact hammer used with its rubber tip.

Figure 3.6: Impact hammer excitation
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During the experiment, accelerometers were used to measure the acceleration of the
excited structure. Seven accelerometers were glued to the surface of the windscreen
using hot wax and placed at points 1-7 as shown in figure 3.5 and were placed on the
top surface such that the acceleration direction was out of plane of the windscreen
as shown is figure 3.7.

Figure 3.7: Accelerometer placement and orientation

As the accelerometers were glued to the surface of the windscreen, the hammer was
used to excite the windscreen structure and the FRFs generated were captured using
the software LMS TestLab. After capturing the acceleration data a wireframe model
of the windscreen is constructed, figure 3.8 in LMS TestLab and the recorded FRFs
are used to simulate the dynamic behaviour of the wireframe model.

Figure 3.8: Constructed wireframe model of windscreen in LMS

With the described sampling technique, and analysing the captured data made it
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possible to visualize the experimental mode shapes and provided insight into the
natural frequencies of the structure.

3.2.2 Validation of FE models - Modal Analysis

After the experiment was carried out, the output data from the experiment such
as FRFs, mode shapes and natural frequencies of the system were analyzed and
tabulated. These results were then used to validate the modal behaviour predicted
by the numerical model.
As written earlier, because the structure was analysed in the free-free condition, was
the dynamic behaviour predicted by the numerical model solely dependent on the
mechanical material properties of the constituents of the glass laminate structure.
This along with the assumption of linear isotropic behaviour made for both glass
and PVB only leaves out Young’s modulus ’E’ and Possion’s ratio ’ν’ as the variable
parameters that can influence the dynamic behavior of the windscreen.
This coupled with the fact that both glass and PVB have a range of values for
Young’s modulus and Possion’s ratio 2.1, 2.2, makes this a good parameter study
on the effects of Young’s modulus and Possion’s ratio on the dynamic behavior of
the structure.
So a trial an error approach is adopted where the frequency response from the exper-
iment is used as the base and the material properties of glass and PVB are varied to
until the most accurate resemblance to reality is achieved. This is done by updating
the material card in the pre-processor and the results obtained from each iteration
are visually compared with the experimental results.
The material parameter set which yielded the best match to the experimental re-
sults are presented. Due to the nature of visual validation, it becomes difficult to
accurately compare the mode shapes at frequency ranges above 100 Hz as the shapes
become more complex with the increase in frequency.

3.3 Random Vibration Analysis

After the validation process carried out, the numerical model of the windscreen with
its optimized material card is simulated for random vibration analysis.
The methodology used in determining the random response characteristics of the
system consists of the following steps. First are the normal modes of the system
calculated, the steps are followed in numerical modal analysis, followed by obtaining
the normal modes of the system. This is followed by applying the PSD load case
to the system and the random response is simulated. Then the RMS value of the
response PSD is calculated and presented [23]. Figure 3.9 shows the work flow of
random vibration.
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Figure 3.9: Flowchart for pre-stressed random vibration simulation

3.3.1 Update of FE-Model
When the numerical model was constructed in earlier, see section 3.1 there were no
boundary conditions acting on the structure. This was done in order to simulate the
structure in a free-free environment. However, with the case of random vibration
which is used to simulate the transport vibrations it becomes essential to have the
boundary conditions which simulate the actual packaging method.
To that effect the numerical model is revisited and updated with the boundary loads
and constraints that the windscreen structure will experience during transportation.
Figure 3.10, shows how the windscreens are stacked in racks before and during
transportation. As seen in figure 3.10, the windscreens are held at six locations with
the help of plastic spacers and straps.

Figure 3.10: Packaging of windscreens for transportation
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The boundary setup seen in figure 3.10, was translated into the numerical envi-
ronment and the constraints and loads. The FE-model were updated according to
observation with fitting boundary conditions, constraints and forces, seen in figure
3.11, to replicate the ideal boundary conditions and strapping forces acting on the
windscreen stack during transportation.

Figure 3.11: The constructed FE model imitates the transportation rack

The constraints present on the top spacers denoted by letters ’A’ and ’B’ in figure
3.11 simulate the strapping force exerted by the plastic straps which are tightened
with a force of 400 N [2]. The straps run through the top surface of the spacer and
are held down as shown in figure 3.12.

Figure 3.12: Strapping of windscreens
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Figure 3.13: Tilting windscreens representing the rear force

It is also evident from the figure 3.12, that the windscreens are stacked in such a
way that consecutive spacers are always in contact and so certain amount of the
weight of one windscreen falls on the one behind it and so the last windscreen held
by the orange spacer experiences the weight of all the windscreens falling on it. The
stacking of windscreens results in a rear force of a 13 N force per windscreen which
amounts to a total force of around 180 N and is modelled as a compressive force
acting on the last spacer. Lastly it can also be seen that the last spacer (orange),
rests on the support of the rack, in order to mimic this, the nodes are constrained
in the X and Y directions. An enhanced image of the spacer with the applied loads
and constraints is shown in figure 3.14. The contacts between the spacer and the
windscreens were modelled using rigid body RBE3 elements.

Figure 3.14: The contacts between the brackets and the windscreen
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The constraints to the sides of the windscreen marked by areas ’E’ and ’F’ in figure
3.11, are also modelled as compressive loads with a force of 400N [2] acting along the
surface of the windscreen in the Z direction. The application of loads is illustrated
in the figure 3.15.

Figure 3.15: The side boundary force holding in Z-direction

The bottom supports of the rack have similar function as the top spacers and they
prevent any movement of the windscreen in the X and Y directions. As this boundary
should support the input PSD load, which in general practice is applied to a single
node in Nastran [37], all the nodes in contact with the supports are connected to a
single master node using rigid body elements (RBE2). Then a single point constraint
or SPC is applied on this master node such that it simulates all the connected nodes
being constrained in the X and Y direction. Then the random vibration load PSD is
applied along X axis (Vertical direction) to the same master node to simulate forced
random vibration. The boundary setup in the numerical model is depicted by figure
3.16.

Figure 3.16: The boundary supports connected with RBE2 contacts to the SPC1
constrain
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When the windscreens were modeled during the modal analysis phase of the project,
some of the plastic brackets which are used to house the rain sensors and the rear
view mirror were not modeled. However, now during the dynamic stress analysis
it becomes vital to understand how these brackets which are glued on to the rear
surface of the windscreen affect the stress distribution. Figure 3.17 shows how these
brackets are positioned on the windscreen and figure 3.18, shows the numerical
representation of the brackets in the preprocessor.

Figure 3.17: Plastic brackets glued on rear surface of windscreen

Figure 3.18: Numerical modeling of the plastic brackets

In total, four such brackets were modeled. The positioning of the brackets is unique
to the big car model. In reality, these brackets are glued on to the surface of the
windscreen which creates an adhesive contact between the two surfaces. In the nu-
merical model however, the contacts are modeled using RBE3 element which is a
rigid body interpolation element. The RBE3 element is constructed in such a way
that nodes on the brackets form the master nodes and the nodes on the windscreen
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form the slave nodes.

Out of the four brackets modeled, three of the brackets are constructed using shell
elements while the rear view mirror holder was constructed using solid element due
to its complexity. Each shell structure is meshed with quadratic elements and the
solid structure is meshed with penta-elements. A mesh size of 2 mm is kept constant
during the construction of all the brackets.

With all the applied boundary conditions and loading, a complete functional model
with components and operating boundaries integrated in the structure as the trans-
portation rack is constructed and presented.

3.3.2 Stress Analysis

The vibration experiment is performed on one of Volvo’s transportation rack with
a total of 15 windscreens. These windscreens are unique to the big car model.
From previous transportation studies [21], [20] this test is carried out to simulate
the vibrations induced during transportation and its impact on the windscreens
being transported. As stated earlier, parameters such as the driving speed and road
conditions control the transportation quality. For instance, driving on unevenness
roads (laterite roads) and potholes has increased levels of vibration than driving
on a stable road condition (concrete or asphalt). These high vibration levels could
potentially produce vibration damage to the products. Due to the limitation unable
to conduct the testing on an actual truck in service, a truck simulation standard
load is used to excite the rack. The experiment is carried according to the ASTM
standard, ASTM D4169-16 DC3 [19] standardized truck vibration with three level
profiles. The profiles are labeled as high, medium and low levels and uses a spectrum,
Figure 3.19, shows the input spectrum used to excite the test rig, a servo-hydraulic
vibrator, is used to convert the input electronic signal into mechanical movement of
the test rig which in turn induces the random vibration onto the windscreen rack
both in lateral and vertical direction. But due to the rack being heavy, the frequency
input to the test rig is limited to 30Hz. The PSD input used for the experiment was
collected and was given as input to the numerical model and the RMS stress results
obtained were analyzed.
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Figure 3.19: The inserted spectrum to the test rig [38]

The experiment is carried at Research Institutes of Sweden AB (RISE) [22] located
at Borås, Sweden. The windscreens are stacked in accordance to the packaging
instructions by VCC, and are held in position by forced straps [2]. The experiment
is carried along by placing 10 strain gauges at various user defined critical areas
showcased in figure 3.20. These strain gauges measure the local strains in all the
three directions. The strain gauges are of type SKF 24769 from KYOWA. An
enhanced view of the mounted strain gauge is shown in figure 3.21.

Figure 3.20: The positioning of the gauges on the windscreen
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Figure 3.21: A close-up on the gauge and its wire at a 45 degree angle [38]

The first run is carried out with strain gauges mounted on the first and the last
windscreen in the rack. The obtain strain measurements gives an idea of the vari-
ation of strain between the first and the last windscreen. The second experimental
run is carried out with the strain gauges mounted on the windscreen positioned
in the center of the rack. The first windscreen is scratched along its edges. The
scratches are made at 50 mm from the edge using a 80-grit sandpaper with a weight
of 1.5 kg used to pressure the sandpaper against the glass. These scratches are
induced to study the effect of any small imperfections causing higher stresses in the
windscreen. The scratch test carried out however has no literature backing or a
standardized testing procedure.
The local strain measurements are then used to calculate the stress distribution at
those areas and are used to validate the stress results calculated using the numerical
model. The analytical calculations are carried out according to equation 4.1.
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4
Findings and Analysis

In the following chapter, the results obtained by applying the stated methodology
are presented. The presented results follow the same work flow as described in
methodology, see section 3. Initially the results obtained from the numerical modal
analysis are presented for the two windscreens followed by the experimental modal
analysis results, later on, the validation results between the numerical and the ex-
perimental results are presented. The modal analysis results are followed by the
results pertaining to the random frequency response experimentation and numerical
analysis along with the validation of the numerical results is presented.

4.1 Phase 1: Modal Analysis Results
In this section, the results from the numerical and experimental modal analysis are
presented which is followed by the validation of numerical results with experimental
data.

4.1.1 Experimental Modal Analysis
As the windscreen was excited using hammer impacts, the recorded data was sam-
pled up till 100 Hz, and the FRF peaks captured are shown in figure 4.1.

Figure 4.1: Plot of FRF captured sampled at 100 Hz
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The peaks seen in figure 4.1, are representative of the natural frequencies of the
system and the various colours in the plot represent the data from different sensors.
The natural frequencies recorded by the 7 accelerometers and the modes associated
with these frequencies for the two windscreen models are tabulated and shown below:

Figure 4.2: Experimental results windscreen - Windscreen B

Figure 4.3: Experimental results windscreen - Windscreen A

In both tables, the first column shows the mode numbers and the first row shows
the sensor number ranging from 1-7 which were placed according to figure 3.5.
The positioning of the accelerometers is seen to have a significant impact of the
documentation of the response mode shapes. Depending of the placement different
sensors did detect various mode shapes. The small car’s windscreen is seen to be
able to sample more mode shapes than the big car’s windscreen.

4.1.2 Finite Element Analysis
As stated in the methodology, see section 3, different iterations of the numerical
model were constructed in order to get a comprehensive understanding of the effect
of various parameters may have on the simulated result. The results from the
different iterations are tabulated.
Excluding the PVB interlayer led to a decrease in the natural frequency of the
system. As the PVB layer in the windscreen structure has a thickness of 0.76mm
which is a significant portion of the overall thickness amounting to 18% of the overall
thickness, the omission of the layer leads to a structure with higher stiffness. This
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coupled with the lack of damping leads to frequency peaks at lower values. The
results from the parameter study on the influence of different element structures for
the two windscreen structures are shown in figure 4.4 and figure 4.5. In reality the
laminate structure of the windscreen experiences shear in the interlayer, which is
accurately depicted when using solid hexa elements. This shearing is not taken into
account when the structure is modeled using shell elements, hence the modal results
from the solid element iteration is taken in as the base for further validation with
the experimental results.

Figure 4.4: Modal Results for windscreen B

Figure 4.5: Modal Results for windscreen A
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4.1.3 Modal Analysis Validation
After the application of the validation methodology described in section 3. The
material cards in the numerical model were optimized in order to get a good be-
havioural match between the numerical and the experimental data. The change
material properties in the FE-models displayed no distinguishable change of mode
shapes, except from a change in the frequency range. The procedure of changing the
stiffness of the material was carried out by varying the Young’s modulus in the ma-
terial card. The most accurate match between the numerical and the experimental
data was achieved with the material parameters shown below.

Figure 4.6: The selected material card

Figure 4.7, shows the first six critical modes of the structure, these modes are asso-
ciated with frequency values that are presented in figure 4.5.

Figure 4.7: Windscreen A’s first 6 mode shapes

The colours of the figures represent the body displacements of the structure, rang-
ing from the colours blue to red. The blue colour demonstrates low displacement,
while the red colour demonstrate the maximum displacement of the structure for a
particular exciting frequency . Figure 4.7 illustrates that low activity is occurring at
the middle part of the structure, while the edges and corners are exposed to larger
displacement. As the structure is simulated in the free-free environment, the first 2
modes show the body showing a flexural wave form. The mode shapes shown by the
structure at elevated frequencies become more complex as is evident from figure 4.7
and the frequencies associated with the mode shape are shown in figure 4.8. The
results from the experimental modal analysis shown in figure 4.8 are used to validate
and calibrate the material card in the FE analysis. As it is evident from table 2.1
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and table 2.2 the Young’s modulus and poisson’s ratio for glass and PVB have a
range of values and as the modal response of the system is influenced by the stiffness
of the system which in turn is influenced by the Young’s modulus and the Poisson’s
ratio the material card in FE analysis was calibrated by validating the modal re-
sponse results with the experimental data. A method of iterative calibration was
adopted and the material card thus developed was also validated against literature
sources [4]. The material card developed was consistent with the results from the
literature as the frequency response predicted by the numerical model was in close
relation with the experimental data. As normal mode extraction is the first step
towards predicting random response [23] having a optimized material card become
vital the results of which is put forth in this chapter.

Figure 4.8: Modal validation between EMA and FE- modal analysis for windscreen

4.2 Phase 2: Dynamic Stress Analysis Results

4.2.1 External vibration data

The physical random response experiment conducted at RISE, provided the input
PSD load to be applied during the numerical modeling. As stated in the method-
ology see section 3, The input PSD had to be limited to 30 Hz due to the weight
and volume of the rack. The PSD – signal sampling rate was 600 Hz, with Nyqvist
Therom gave the sampling period of 300 Hz with highest activity below <50 Hz as
seen in figure 4.9.
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Figure 4.9: The sampled PSD- signal up to 300 Hz

The results from the strain gauges mounted in five areas on the windscreen were
analysed and it was observed that the strain gauge closest to plastic spacers recorded
higher strain rate over the period of application of load. The strain gauge at area
2, close to the upper right spacer, figure 3.20, had the highest strain and therefore
best sampling result from the experiment. The summarized local strain result is
presented in figure 4.10.

Figure 4.10: The strain results from the 2 gage B

From the strain rate seen in figure 4.10, the maximum principal stress is calculated
using, equation 4.1. The gauge is placed one centimeter below the upper right spacer
and resulted in a maximum stress of 14 MPa in the structure. The stress has no
potential risk of breaking or damaging the glass layer at frequency range of 30 Hz.
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σmax = E

2(1− v2) [(1 + v)(εa + εb) + (1− v)
√

2((εa − εb)2 + (εb − εc)2)](4.1)

The result from the two vibration tests demonstrated that the most vulnerable was
the last windscreen in the rack (closest to the metal supports). The first simulation
had no reports of visual damages to the tested windscreens. For the damaged
windscreen of the second simulation resulted in crack formations. The first crack
was observed in the transversal direction, the second crack after the longitudinal
direction and the third crack in the vertical direction. It was perceived by inclusion in
the laminate structure that close edges resulted in crack initiation and propagation,
although the test was not critical due to the use of a non-standardized testing. The
strain rates however were consistently higher near to the top right spacers for all
the testing trials.

4.2.2 Simulation of the Dynamic Numerical Model
As stated earlier, the random vibration simulation starts of by identifying the normal
modes of the constrained system. With the numerical model now being constrained
to replicate the actual stacking orientation as seen in figure 3.11. The output mode
shapes and their corresponding natural frequencies of the constrained structure are
associated with 4.12. Repeating procedure of the modal analysis phase revealed a
change in both mode shapes as in the frequency domain of the structure. The first
subsequent mode is calculated at 9.568 Hz shown in figure 4.11 than 13.81 Hz in
free-free condition figure 4.8. Here can is the deformation of the constrained FE-
model be studied to investigate the displacement rate (measured in mm) represented
by the colour scheme. Lower displacements are visualized as blue colour while the
maximum are visualized with red colour. The mode shapes demonstrate behaviour
of the structure at its natural frequency. The structure is having less deflection
between the constrained boundaries. The highest displacement, the red colour, was
once again found around edges and the corners. The highest displacement rates
are appearing away from the boundaries due to the increased of stiffness. In these
red areas, high displacement, can the windscreen oscillates and are of high interests
from a resonance perspective.

Figure 4.11: First six critical modal frequencies- constrained structure
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Figure 4.12: The windscreens’ mode shapes when placed in the rack due to the
boundary conditions

Inserting the PSD input to the SPC1 constrain, the windscreen was excited accord-
ing to the profile. The figures 4.13 and 4.2.2, represent the stress behavior of the
structured windscreen in static case before transportation (without PSD) and vibra-
tion state during transportation (with PSD) respectively. Both simulations revealed
a higher stress activity close to the rack supports while the remaining structures are
displaying a lower stress levels. Visualized from both the figures were the stresses
greater for the top spacers than the remaining supports. The result was explained
with the applied forces at the spacer, which contributed to a higher stress factor at
these regions. In a vibration state induces higher stress regions which is significantly
greater than for the static case.

Figure 4.13: Von-mises principle stress- σ1, Pre-stress state
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Figure 4.14: Von-mises principle stress- σ1, Random vibration loads case

The validation will be made 1 cm below the upper right spacer, figure 4.15. For
better demonstrations will a reference node be chosen for demonstration and ease
for validation. Observing the plots of random vibration simulation show a high
stress rate at the top of the top right spacer see figure 4.15

Figure 4.15: Von-mises principle stress- σ1, Top right spacer

The FE model was validated with the experiment by measuring the stress at areas
by selecting the elements and nodes at the same location as at of the gauge from
the experiment, see figure 3.20 at a distance of one centimeter from the top right
spacer. The node studied here is numbered N302686. The stress rates from the
static state and dynamic response have the units of MPa, which is the same unit the
validation. The initial static state stress of the windscreen in the rack measured a
pre-stress rate close up to 6.5 MPa seen in figure 4.16. It can also be observed from
figure 4.16, that the FE model predicts a higher stress of 40 MPa when simulated
for static loading, this stress result was further investigated. It was found that the
prediction of such high stress was attributed to mesh singularities occurring on the
metal bracket and so the high stress prediction was discarded.
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Figure 4.16: Maximum principle stress σ1 at gauges 23.20

The stress state induced during random response is however predicted to have a
RMS stress value of 14 MPa measured at the same area as in the static stress
state, see figure 4.17. The analytical calculations done using experimental data and
substituting the strain response in equation 4.1, calculates the stress state also to
be around 14 Mpa. Both figures 4.16 and for 4.17 defines the single real number of
stress for the reference nodes with the title “Scalar. The figures are demonstrates
the defined data achieved from the specific node(s) in the directions of X, Y Z. The
Scalar measurements have the unit MPa, both for static and random response.

The following stress validates that a identical result has been achieved between the
FE model and the analytic calculation. By assuring the region, random vibration
state, obtained a validation with equation 4.1 are two additional nodes (N294479
and N264231) visualizing the stress distribution of the region and its reliability. The
region of the sensor among of the three node references measures all a RMS stress
of 14 MPa. It is observed from the figure that the stress state is distributed over a
significant area.
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Figure 4.17: Maximum principle RMS stress σ1

Observing the plots of random vibration simulation show a high stress rate at the
top of the top right spacer see figure 4.15

In random vibration analysis, the maximum stress achieved state was calculated
close to 26 MPa, this is however the RMS value of, vonMises stress in the structure.
It is shown in figure 4.18 and was located close to the spacer previously studied
in the validation processes. It can be observed that the spacers transfer most of
the stress onto the windscreen structure resulting in the spacers being represented
in colour ’blue’ indicating lower stress values. Figure 4.18 gives an comprehensive
overview of the stress distribution. To numerically show the state of stress a node,
N287248 is selected during post processing and the stress in this area is measured
to be around 26 MPa. This area is depicted by the colour ’red’ in the figure. As the
area around the spacer experienced a stress of 26 MPa during random vibration, the
same area was measured during static loading and resulted in a stress of 9 MPa and
is shown in figure 4.19. In this picture, the colours have also changed comparable to
the vibration state. The highest areas of stress have now represented by turquoise
colour while the rest of the structure remain in blue colour recording very low stress
. It is evident from the comparison that even with the change in loading conditions,
the area close to the top right spacer is predicted to having higher stress in the
structure.
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Figure 4.18: The critical stress area location- Random vibration load case

Figure 4.19: Maximum principle stress σ1- Static load case
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5
Conclusion and Discussion

5.1 Discussion of Method

The adopted approach of this thesis was to understanding and predict the dynamic
response characteristics and stress states experienced by the windscreens during
transportation. Accomplishing the desired objective for VCC required an under-
standing of the modal response and the random vibration response of the structure.
This is achieved by constructing a numerical model of the windscreen structure and
simulating it for random response.
The first phase of this methodology, modal analysis, was carried in order to under-
stand the dynamic behavior and to calibrate the material parameters of the wind-
screen laminate. The methodology thus used was based on iterative calibration [4]
and the modal response obtained was similar to results from literature [24]. Thus by
studying previous academic reports in the relevant area of research, and validating
the FE results with the experimental data a comprehensive overview of the dynamic
response of the system and the influence of material properties on these responses
were studied . This method was thus implemented onto the constructed numerical
model. However, the Experimental Modal Experiment was bounded by equipment
and measurement limitations. All necessary equipment and measurement kits for
the experiment was provided by VCC, the methodology of the experiment was de-
termined by the factors stated and the work flow was discussed and implemented.
The described methodology for both numerical and experimental modal analysis can
be replicated and identical results can be obtained.

Having carried out modal analysis, which was used identify and optimize the material
parameters of the numerical model, the methodology for accomplishing random
vibration was established. Here, random vibration is used to simulate the truck
vibration experienced by the windscreens during transportation. With limitations
on the availability of vibration rigs at VCC, the random vibration experiment was
carried out at RISE, Borås. The input PSD used to simulate random vibration was
setup according to ASTM D4169-16 DC3 which is a truck vibration standard used in
the prediction of random responses of packages and goods which are transported for
long distances. This standard was selected as it was the most apt for the transport
case of windscreens, with higher energies at the lower frequencies which more so is
the case. The authors did face some limitations with this approach as the vibration
test rig was unable to excite the windscreen setup at frequencies above 30Hz due
to the weight restrictions. It can be said that, the followed methodology was not
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successful in validating the numerical stresses results due to this limitation. The
restrictions of control and safety regulations, could not a response signal from a
loaded truck be simulated with the transportation rack. Therefore, was the ASTM
standard a realistic alternative considered, in order to simulate the FE-model with
a PSD-load. Unfortunately higher frequencies could not be simulated at RISE, due
to the test shaker table’s limitation with respect to the mass and volume of the rack.
Forming the measuring on a truck during delivery would have been the best option
of studying the road condition and the complete transportation distance with a full
rack, 37 windscreens. The benefits of the simulations were by allowing re positioning
sampling order and studying the impact depending of the positioning inside the rack.
Following experiments gave the authors the knowledge of how positioning and the
acting forces of the surrounding is affecting in following situation. The gauges,
placed at the windscreen, were selected at areas with amplified mass displacement
than areas with close to supports. It was also found out that those areas had
considerably lower stress rate than the areas close to the supports. The variations
of stress between areas were unknown and tested in this experiment as a result for
future studies.
The selection of methods was exceptional for the work and made it possible of
accomplishing the desired objective. The methodologies in this work were new areas
of learning previously unknown by the authors. Following work has contributed in
advantage knowledge within the field of work for both the authors and the VCC
for future projects. To be part of Exterior Glass Group team and learning how
to professional handling challenges and developing solutions have been extremely
rewarding for the both authors.

5.2 Discussion of Results
The previous section discussed the methodology selection with the following section
discussing the results obtained by applying the set methodology.

As the work is structured as a research project, the work is bound by limitations,
which effect the accuracy of the obtained result. For instance, the plastic interlayer
is in general a viscoelastic material, but in the constructed numerical model the plas-
tic interlayer is modeled as a linear material. In doing so, the interlayer does not
exhibit any viscoelastic material behaviour, this assumption of a linear behaviour
leads to a simplified model. The method of iterative calibration adopted during this
work limits the applicability of the material card for applications to development of
windscreens at lower range of frequency values as the method was not successful in
predicting validated behavior at frequency range above 100Hz. This can however be
improved upon by developing a viscoelastic material model for the PVB interlayer.
The simplification of the model as a linear elastic model is however predicted to have
an effect on the stress distribution. As a visco eleastic model will have both time
dependent and frequency dependent behaviour, negating it will have a higher impact
on the stress results at higher frequencies. This assumption also adds in the fact
that the numerical model predicts linear distribution of stress through the thickness
which seldom is the case. The setup of this work with provided facilities and soft-
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ware would not have affected the outcome of results achieved. If another company
would carry out the similar experiment, they should achieve similar results as the
experimentation and the validation of the numerical model is carried out according
to ASTM and industry standards. The working procedure setup during the course
of work can be replicated which will yield identical results. The software used was
well known in this field of work, and what might have difference is the procedure
between the software’s codes it is written. VCC, had limited facilities to carry out
the random vibration, and therefore the experiment was carried out at RISE, Borås
which provided the authors with the facilities to perform the experiment. The ideal
case for authors would have been to carry out a physical experiment up to 100 Hz
instead the frequency range was limited to 30 Hz, due to the weight restrictions of
the specimen that could be mounted on the vibration rig. If the entire spectrum of
100 Hz could have been simulated, the authors believe that more data points to vali-
date the numerical model could have been achieved which in turn would have helped
in a better validation of the stress distribution predicted by the numerical model.
The positioning of the windscreen in the rack created a variance of stress distribu-
tion. All windscreens were not affected by the same stress. The positioning in the
rack decided the distribution of stress. All the boundary conditions and constraints
were in terms with the packaging directions setup by VCC. The only variance was
the application of the rear load on the windscreen, which is an effect of consecutive
windscreens resting on each other. This force is a function of the assumed angle
see appendix D. Thus a variation in this resting angle provides varied forces which
have its impact on the predicted stress distribution. It is also observed that the
windscreens positioned closest to the rack’s supports would have a higher affect of
stress than the windscreens away from the supports. This was because of the weight
from the windscreens as they are resting on each other. If another packaging design
were applied, which eliminates the tilting weight of the windscreens, could eliminate
the variance among the windscreens.
The investigated results have given VCC a better understanding and an insight of
the truck transportation of windscreens with their current packaging orientation for
truck transportation. The findings can be useful tools for future development of new
products as both cost and time savings.

5.3 Conclusion
The conclusions of the findings and results for this master thesis work will be pre-
sented in this section in terms of bullet points to highlight the main accomplishes
of this work.

• The most suitable realistic element structure mimicking a laminate was a solid
hexa structure element and its evenly distribution, which cannot be made the
same for tetras.

• The mode shapes from both the EMA and the FE-simulation were well corre-
lated

• A material card with updated properties for glass as polyvinyl was identified
and validated against the experimental modal analysis
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• The numerical windscreen had corresponding results with the dynamic stress
experiment

• The static state stress begin at 6 MPa and with random vibration the stress
increased to 14 MPa (1 cm below the spacer)

• The critical area close to the spacer had static state stress at 14 MPa and with
random vibration stress 26 MPa, close to the tensile strength of glass

The following work has provided VCC with a functional numerical model with docu-
mentation of stresses for one of their car models in both a static and vibration state.
The following methodology procedure was shown to be successful for the following
investigations and similar process can be used for other studies.
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Future Recommendations

This chapter presents possible future investigations or recommendations for further
improving the FE-model and the experimental results.
The laminate structure in this study was modelled as a linear material for all layers,
the approach of considering all layers as linear is carried in order to simplify of the
construction and the validation of geometry. The model can be updated with a
viscoelastic inter layer in order to predict the time dependent and frequency depen-
dency on the laminate with higher accuracy.
In the work of experimental modal analysis, impact hammer was used for exciting
the windscreen at the marked points. What is recommended for further studies
is to use a shaker excitation instead and compare the result with the carried out
experiment. A shaker can provide with richer energy rate to the structure for a
longer period of time while for an impact hammer the response time is limited. A
shaker as the ability to provide a better control over the frequency range of interest
is selected by the shaker.
Fatigue testing is highly recommended for the complete transportation distance from
supplier to factory, this is to predict how the stress affect the quality of the wind-
screen. If the critical area close to the spacer tends to be true, the next procedure
is to study new possible packaging solutions.
To lower the stress rate, one of the parameter that can be varied and studied is the
different packaging orientations, It is evident from previous and the current study
that the constraints in the packaging having a very high impact on the distribution
of stresses on the windscreens. Hence, if new packaging orientations are proposed,
it makes it vital to have a parameter study on the different packaging orientation
in order to understand and predict the distribution of stresses when it is exposed to
random vibrations.
To simulate a realistic connections between the spacers and the windscreens can be
numerically constructed as sliding contacts rather than rigid body contacts which
will help in a better distribution of stresses at the predicted critical areas. So a
parameter study on the contacts used is recommended.
Another interesting investigation is how the laminate curvature of the windscreen
affects the stress results. A curvature study would be an interesting investigation to
see if the stress rate is affected by the curvature.
The final recommendation given is to perform a parameter study with different wind-
screens models and shapes, to investigate if the behavior as stress rate is maintained
or similar to the achieved results.
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ASTM D4169-14 DC3 

ASTM D4169-16 Truck Vibration Changes * 

ASTM D4169-16 DC3 

• 180 minutes divided amongst all possible shipping orientations  
o 60 minutes per axis 

• Profile based on Assurance Level I, II, or III 

• 180 minutes divided amongst all possible shipping orientations 
o Up to 3 axes  

• All the following High, Medium, and Low level  Truck profiles 
tested (no assurance levels) 

o Low Level: 120 minutes (40 minutes per axis) 
o Medium Level: 45 minutes (15 minutes per axis) 
o High level: 15 minutes (5 minutes per axis) 

* NOTE: Only the TRUCK profile is affected; there are no 

changes to any other testing schedules. Page 1 of 2 19-July-2016 



ASTM D4169-14 DC13 ASTM D4169-16 DC 13 
• 180 total minutes 

o 60 minutes truck 
o 120 minutes air  
o Divided amongst all possible shipping orientations  

• Truck: 20 min each base, side, end 
• Air: 40 min each base, side, end 

• Profiles based on Assurance Level I, II, or III 

• 180 minutes divided amongst all possible shipping 
orientations 

o Up to 3 axes  
• 60 minutes truck 
• 120 minutes air  

• All the following High, Medium, and Low level  Truck profiles 
tested (No assurance levels) 

o Truck Low Level: 40 minutes (13 min, 20 sec per axis) 
o Truck Medium Level: 15 minutes (5 min per axis) 
o Truck High level: 5 minutes (1 min, 40 sec per axis) 

• Air profile based on Assurance Level I, II, or III 
o 40 minutes per axis 

* NOTE: Only the TRUCK profile is affected; there are no 

changes to any other testing schedules. Page 2 of 2 19-July-2016 

ASTM D4169-16 Truck Vibration Changes * 
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D
Appendix- Calculations

Hanging of Windscreen - Trigonometry

Angle Placement of Windscreen for Modal Analysis
Height of windscreen: 908 mm
Angle Placement in Car: 33 degrees

Nominal Sampling Interval - Nyquist Equation
Speed of sound in glass: 4540 m/s
Sampling frequency: 200 Hz

fs = 2 ∗ 200 = 400 (D.1)

λ = 4540/400 = 11, 35m (D.2)

Boundary Condition windscreen load - Static Mechanics (Force Vector)
Quantity: 1 (for this demonstration)
Acceleration of Gravity: g
Mass: m
Angle: v
Length: l
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D. Appendix- Calculations

Fx = (1 ∗ −m ∗ g) ∗ l ∗ sin(v) (D.3)

Fy = (1 ∗ −m ∗ g) ∗ l ∗ − cos(v) (D.4)
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