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Summary

With the development of high-speed railroads the dynamic behavior of railroad
bridges is increasingly important to explore. Deeper knowledge about the influence
of different factors and what should be included in a model is essential if the designer
shall be able to make reliable estimates of responses in existing and new structures.
One factor is the soil-structure interaction (SSI), describing how the foundation of
the bridge and the soil properties affect the behavior of the bridge under dynamic
loading.

In this thesis, the influence of including SSI in a model of a portal frame railway
bridge is studied, and an analysis procedure in the frequency domain for models with
frequency-dependent boundary conditions is described. A 3D finite element model
of an existing bridge has been built up, based on the theory of linear elasticity. The
model has been given three different types of boundary conditions: clamped, static
stiffness and frequency-dependent stiffness from SSI. Results from simulated train
passages, with a train set consisting of two wagons, were compared for the different
boundary conditions. The models have also been compared with measurement data
from the bridge, which has given indications about which model describes reality in
the best way.

The results show that the model in which SSI is included by frequency dependent
boundary conditions is in slightly better agreement with measurement data than the
clamped model and the model with static stiffness. The model gives a slightly better
damping of the free vibrations and the natural frequencies correspond better with
experimental data. The difference in maximum acceleration from a train passage is
very small between the different models, even if it is found that the clamped model
generally has lower accelerations and hence is non-conservative. It appears that the
train speed affects the maximum acceleration, the size of the free vibrations and the
natural frequencies that are present in the free vibrations in the models.

Further studies are suggested where it is emphasized that an analysis with longer
trains, which give resonance phenomena, should be made to see how the different
eigenfrequencies in the models affect the accelerations at different speeds. It is also
noted that more measurements would be needed in order to draw more general
conclusions about the degree of correspondence between the measurements and the
models, and to calibrate the parameters of the model against measurement data.

Keywords: acceleration, dynamics, eigenfrequencies, finite element analysis, portal
frame bridge, railway bridge, soil-structure interaction
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Sammanfattning

I och med utvecklingen av höghastighetståg är järnvägsbroars dynamiska beteende
allt viktigare att utforska. För att konstruktören ska kunna göra tillförlitliga beräkningar
på befintliga och nya konstruktioner är djupare kunskap om vilka faktorer som är
betydelsefulla och vad som ska inkluderas i en modell viktigt. En sådan faktor är
jord-bro interaktion (SSI), som beskriver hur grundläggningen och jordens egen-
skaper påverkar brons beteende under dynamisk last.

I detta examensarbete studeras inflytandet av att inkludera SSI i en modell av
en plattrambro för järnvägstrafik, och en analysmetod i frekvensdomänen för mod-
eller med frekvensberoende randvillkor beskrivs. En 3D finit element modell av
en befintlig bro har byggts upp, baserat på linjärt elastiska antaganden. Modellen
har givits tre olika typer av randvillkor: fast inspänd, statisk styvhet och frekvens-
beroende styvhet från SSI. Resultat från simulerade tågpassager, med ett vagnset
om två vagnar, har jämförts för de olika randvillkoren. Modellerna har även jämförts
med mätdata från bron vilket har gett indikationer om vilken modell som beskriver
verkligheten bäst.

Resultaten visar att modellen där SSI är inkluderad stämmer något bättre överens
med mätdata än en fast inspänd modell och en modell med statisk styvhet. Modellen
ger en något bättre utdämpning av de fria vibrationerna och även egenfrekvenser
som stämmer något bättre med mätdata. Skillnaden i maximala accelerationer från
en tågpassage är dock väldigt liten mellan de olika modellerna, även om det kan
konstateras att den fast inspända modellen generellt har lägre accelerationer och
därmed är icke-konservativ. Det visas att tåghastigheten påverkar den maximala
accelerationen, storleken hos de fria svängningarna och vilka egenfrekvenser som
finns närvarande i de fria svängningarna i modellerna.

Förslag på vidare studier ges där det betonas att en analys med längre tåg, som ger
resonansfenomen, bör göras för att se hur de olika egenfrekvenserna i modellerna
påverkar accelerationerna vid olika hastigheter. Det konstateras också att fler mät-
ningar skulle behövas för att dra mer generella slutsatser om överrensstämmelsen
mellan modellerna och mätdata, och för att kunna kalibrera parametrarna i modellen
mot mätdata.

Sökord: Accelerationer, Dynamik, Egenfrekvenser, Finit element analys, Järnvägs-
bro, Jord-bro interaktion, Plattrambro
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Chapter 1

Introduction

In view of the increasing development of high-speed railways, research on the dy-
namic properties of railway bridges is of great importance. Dynamic calculations as
well as non-trivial geometries lead to the use of the finite element method (FEM).
Thus knowledge in modeling and the use of appropriate solution methods is vital in
order to generate reliable results. Deeper understanding on which parameters and
assumptions that have a large influence on the results is desirable. In this thesis the
effect of soil-structure interaction, through the use of frequency dependent boundary
conditions representing the foundation, will be examined. Soil-structure interaction
(SSI) can, according to Ülker-Kaustell (2009), have an important effect on the stiff-
ness and damping of a structural system. SSI is believed to be most important for
relatively short and stiff structures. The results obtained from dynamic analyses
of these types of structures show a high dependency on which kind of boundary
conditions that is used. Using clamped boundary conditions instead of static or
frequency dependent SSI may be non-conservative.

1.1 Previous studies

A commonly used way of modeling soil-structure interaction is as frequency depen-
dent boundary conditions obtained from impedance functions of the foundation.
Introducing SSI results in a structure with more degrees of freedom than a fixed
structure, giving different resonant frequencies and modes of vibration. It also in-
troduces additional damping to the system, by dispersion and damping of the soil
material. The impedance depends on the elastic properties of the ground, the shape
of the loaded area and the frequency of the disturbing load. This is further described
in section 2.8. Analytical and semi-analytical solutions for impedance functions have
been developed for idealized cases. The case of a rigid circular plate on an semi-
infinite elastic body have been studied by for example Sung (1953), Arnold et al.
(1955) and Bycroft (1956). Apart from the fact that these solutions only apply for
circular foundations, this type of model has the disadvantage that it neglects the
internal damping of the soil, and only accounts for the geometric wave damping.
Furthermore, it does not include different soil layers, or the resonance phenomena
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CHAPTER 1. INTRODUCTION

from reflections and refractions at the boundaries between these layers. To incor-
porate such factors more complicated cases have been studied. In Thomson and
Kobori (1963), a rectangular foundation on an elastic half-space is investigated. In
Kobori et al. (1971), semi-analytical compliance functions are presented for a rectan-
gular foundation on a viscoelastic stratum over a rigid half space. Another study is
Luco (1976), where impedance functions for a rigid circular foundation on a layered
viscoelastic half-space are presented.

When working with frequency dependent boundary conditions, a method of solving
the problem in the frequency domain has been used by for example Takemiya and
Bian (2007). In their study, the behavior of a train viaduct and the nearby ground
is examined during a high-speed train passage. The train load, which is a series
of wheel axles, and the impedance functions of the foundations are formulated and
used in the frequency domain. The time-domain solution is then obtained from
the inverse Fourier transform. An explanation of the procedure is found in section
3.6.3. According to Spyrakos and Beskos (1982), the Fast Fourier Transform (FFT)
algorithm is used in many areas of structural mechanics, especially in earthquake
engineering with soil-structure interaction, but also in the determination of the
dynamic response of structures subjected to random or deterministic loads. In
Spyrakos and Beskos (1982) the FFT is used to obtain the time-domain response
of a dynamic problem with elastic 2D frameworks formulated and solved in the
frequency domain.

In Ülker-Kaustell (2009) a procedure for solving a dynamic problem in the fre-
quency domain, using frequency dependent stiffness functions of the foundation-soil
interface, is described. The stiffness functions of the foundation are obtained from
impedance functions produced by a FE-model of the foundation and the surround-
ing soil, as described in section 3.6.1. The influence of this kind of soil-structure
interaction is studied on a two-dimensional model of a newly built portal frame
bridge on the Bothnia line in northern Sweden. The model is analyzed using fixed
boundary conditions, elastic boundary conditions, and frequency dependent stiff-
ness functions of the foundation. The stiffness functions are calculated for a shallow
foundation, idealized as a rigid plate resting on the surface of the soil. The case
study shows that clamped boundary conditions are not conservative compared with
SSI, with respect to vertical bridge deck accelerations. Design calculations for this
portal frame bridge were performed, where a three dimensional shell model was used
with boundary conditions obtained from the static stiffness of a pile group model,
without taking the surrounding soil into consideration.

In this thesis, neither the mechanical properties of the track structure nor the full
train-track interaction has been modeled. Detailed modeling for studying track-train
interaction is featured in Ahlbeck et al. (1975), Zhai and Sun (1994) and Sun and
Dhanasekar (2002), among others. In these models the vehicle and the railroad track
parts, i.e. bogie, sleeper, rail, rail pad, ballast, and subgrade, are modeled as multiple
d.o.f.-systems with several masses, inertias, springs and dashpots. According to Zhai
and Sun (1994), their detailed model in the study gives higher accelerations in the
ballast which may affect the accelerations at the bridge deck. Their model also shows
that taking damaged parts in the track into account can give higher accelerations
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1.2. AIMS AND SCOPE

in the rail.

1.2 Aims and scope

This master thesis describes the FE-modeling and analysis of a portal frame bridge.
The intention was to create relatively simple 2D- and 3D-models of the bridge. These
basic models should be possible to use for the designer, with regard to the modeling
and computational time. In these models we thereafter included SSI by adding
frequency dependent stiffness functions representing the foundation-soil system, for
a shallow foundation as well as for a pile group. The models will be subjected to
a train load and compared with each other as well as with measurements. In this
process the authors will learn about FE-modeling as well as the basics of SSI. The
aims of this thesis can be summarized as follows:

- Starting from a simple 2D-model, create 3D-models of the portal frame bridge
and obtain results that are comparable to measurement data.

- Introduce frequency dependent stiffness functions of both a shallow foundation
and of a pile group, and evaluate the effect on the dynamics of the bridge when
these are used as boundary conditions. Compare these two cases to clamped
boundary conditions and boundaries obtained from the static stiffness of a pile
group.

The study is limited by a number of conditions. The bridge was modeled according
to the theory of linear elasticity. The shallow foundation and the pile group were also
modeled according to the theory of linear elasticity and without contact mechanics
or nonlinear material behavior. The train load was modeled as moving point loads
or moving distributed loads acting directly on the deck of the bridge. Thus neither
the mechanical properties of the track structure nor the full train-track interaction
has been modeled in this thesis. This thesis focuses instead on the effects of different
boundary conditions, and a detailed load model is not of interest. Moreover, the
influence of the backfill behind the side walls is also neglected.

The material properties of the bridge and the surrounding soil were assumed and
collected from literature. None of the material parameters used for the bridge was
from data collected from tests at the real bridge, with the exception of the bulk
modulus used for the modeling of the shallow and the deep foundations. Further-
more, no optimization of material parameters was conducted to make the models
agree better with the measurement data. The Young’s Modulus was multiplied with
a factor 0.6 due to the cracking of concrete and no account was taken to the specific
locations of cracks in the bridge.

The damping used for all models was Rayleigh damping. For the Rayleigh curve
used, see section 3.2.1. The damping has a significant impact on the response of the
structure. However, the Rayleigh damping was chosen mainly for its simplicity and
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CHAPTER 1. INTRODUCTION

for its applicability to all types of analysis in the FEM-software Abaqus, described
in section 3.1.

The SSI taken into account in this thesis is the interaction between the foundation
and the subsoil. No consideration was taken to embankments and backfill. The
issues regarding the modeling of the SSI, which was made by Ülker-Kaustell (2009),
are described in section 3.6.1.

1.3 The case study bridge and measurements

In this section the bridge studied in this project is described. The measurements
made on the bridge are also described, from which acceleration data was extracted
and used to validate the model results in this project.

1.3.1 Properties of the bridge

The bridge modeled in this project is situated on the Bothnia line which is a railroad
connection between Ångermanälven north of Kramfors and Umeå, see figure 1.1.
This rail connection was completed in August 2010. The bridge is a portal frame
integral bridge in Hörnefors spanning a road, Norra Kungsvägen, with a free height
of approximately 4.7 meters. The theoretical span of the bridge is 15.7 meters and
the width is 5.9 meters excluding edge beams. The wing walls stretch out in the

Figure 1.1: The Bothnia line, where Hörnefors is seen in the northern part of the
section, Botniabanan AB.
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1.3. THE CASE STUDY BRIDGE AND MEASUREMENTS

Figure 1.2: Photo of the Hörnefors bridge.

Table 1.1: Assumed material parameters for the concrete of the bridge.

Parameter Value Unit

Elastic modulus, E 34 GPa
Density, ρ 2500 kg/m3

Poisson’s ratio, ν 0.2 -

longitudinal direction of the bridge and have a length of 8.0 meters at the top. The
bridge is founded on pile groups and two stay beams connect the foundation plates
with each other. A photo and some design drawings are shown in figures 1.2, 1.3
and 1.4.

The concrete is of the quality of C35/45, according to the European standards. The
stiffness value, density and Poisson’s ratio used in this thesis are summarized in
table 1.1. Due to assumed cracking of the concrete the modulus of elasticity was
reduced by a factor of 0.6 in the calculations. The bridge superstructure consists
of a single ballasted track where the depth of the ballast layer is assumed to be 0.6
meters, and the width is 4.3 meters according to the design drawings. The density of
the ballast was assumed to be 1800 kg/m3. The rail rests on sleepers with a center
distance of 0.65 meters, according to Banverket (2008).
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CHAPTER 1. INTRODUCTION

Figure 1.3: Side view of the Hörnefors bridge with dimensions in mm (ELU konsult
AB).
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1.3. THE CASE STUDY BRIDGE AND MEASUREMENTS

Figure 1.4: Side view and cross-sections of the Hörnefors bridge with dimensions in
mm (ELU konsult AB).
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Table 1.2: Properties of the Green Train.

Axle distance (m) 2.7
Bogie distance (m) 19.0
Axle load (kg) 18 500

1.3.2 Measurement data

The measurement data used to validate the FEM-models in this project originates
from tests with train passages on the bridge. These tests were performed during
June 2010 with a train type called Gröna Tåget or the Green Train in English
(www.gronataget.se), see table 1.2 and figure 1.5 for properties of the train. The
train set during measurements consisted of two wagons, thus this was the modeled
configuration. The distance between the wagons were assumed to be 5.1 m as shown
in the figure.

The bridge was instrumented with a set of 5 accelerometers, see figure 1.6. Data
was recorded from 13 train passages, wherein train speeds of approximately 180,
230, 235, 250 and 265 km/h are present. The speeds were not measured, but the
passages were conducted according to a scheme which the driver was supposed to
follow. As a consequence, the speeds may be inaccurate and may have a margin of
error of up to 20 km/h.

Figure 1.5: Upper figure: the Green Train as a two wagon set. Bottom figure: the
Green Train as modeled in the analyses of this thesis, where d is the axle
distance, D the boogie distance and P the axle load according to table
1.2.
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Figure 1.6: The positions of the accelerometers on the bridge deck.





Chapter 2

Theoretical background

In this section, the theory used in this thesis is described. A short overview of the
finite element method, structural dynamics and damping of structures will be given.
Thereafter the analysis methods used in this thesis will be presented, followed by
descriptions of the Fourier transform, analysis in the frequency domain and some
theory on soil-structure interaction. All sections except for 2.3 and 2.6 to 2.8 have
been written using Cook et al. (2002) and Chopra (2007) as references. Hence, no
further references to these sources will be made.

2.1 The finite element method

The finite element method is a procedure in which field problems are solved nu-
merically. The field problems may be for example heat transfer, magnetic fields or,
as most commonly encountered in the field of structural engineering, displacement
and stress fields. The structure is divided into a finite number of pieces, elements.
Within each element the field variable is prescribed a rather simple spatial variation,
denoted as a shape function. The arrangement of these elements is called the mesh,
and the points of intersection between these elements are called nodes. The aim
of the discretization of the structure into elements is that the mesh with a given
element type should converge to the analytical solution when increasing the number
of elements. In the case of a displacement and stress analysis problem the elements
are given the ability to translate and rotate in a number of directions at the nodes.
These translations and rotations are the degrees of freedom of the system. In static
analysis, the equation to be solved for these d.o.f:s is

Ku = f , (2.1)

where K is the stiffness matrix, u is the displacement vector and f is the vector of
applied loads. An element, kij, in the i-th row and the j-th column of the stiffness
matrix, represents the resistance of the j-th d.o.f. to the load in the i-th d.o.f.
of the system. The stiffness matrix is in the general case obtained by minimizing
potential energy functions. The solution at the nodes together with the assumed
spatial variation within the elements provide the whole numerical solution.

11



CHAPTER 2. THEORETICAL BACKGROUND

2.2 Structural dynamics

When the load is time dependent with a frequency higher than around one quarter
of the structure’s lowest natural frequency, or applied suddenly, we are facing a
dynamic problem. To understand the basics of dynamics, an idealized system such
as the one d.o.f. linear model of a mass-spring-damper system can be studied.
The system consists of a concentrated or lumped mass m, supported by a massless
structure idealized as a spring with stiffness k and a dashpot with viscous damping
coefficient c. Viscous damping is discussed in section 2.3. As for the system, it has
only one degree of freedom which is governed by the following equation of motion:

mü+ cu̇+ ku = f(t), (2.2)

where u is the displacement and f(t) the excitation. The response of the single
d.o.f. system to harmonic excitation is a classical topic in structural dynamics. The
force f(t) is then set as f(t) = f0 sinωt, where f0 is the amplitude of the force with
its frequency ω called the forcing frequency. By solving the governing differential
equation of the response, u can be obtained.

Structural systems of this type tend to oscillate with larger amplitude at certain
frequencies. These frequencies are known as natural frequencies or eigenfrequencies.
They can be calculated by setting the excitation f(t) to zero. If one would ignore
the damping in equation (2.2) the natural frequency can be calculated as:

ωn =

√
k

m
. (2.3)

If the system is damped, ωn does not fully describe the oscillations of the system.
The damped natural frequency can however be calculated as:

ωd = ωn
√

1− ξ2, (2.4)

which is valid only when the damping ratio ξ is less than 1.0. ξ is defined as

ξ =
c

2
√
km

. (2.5)

In dynamic problems, there are of course often many degrees of freedom. In such
systems there are as many natural frequencies as there are degrees of freedom. In
order to solve a multi degree of freedom system with the FE-method the governing
equation is changed into

Mü + Cu̇ + Ku = f(t), (2.6)

where K is the stiffness matrix obtained from the static case, u the response vector,
and f(t) the force vector. M and C are the mass and damping matrices respectively.
Damping is described in the next section. The mass matrix can be defined in different
ways as it is a discrete representation of a continuous mass distribution. One way
is to use a lumped mass matrix, where the mass is divided between and lumped at

12



2.3. DAMPING

the nodes, which gives a diagonal matrix. Another way is to use a consistent mass
matrix, which considers the mass variation within the element. One can also combine
the lumped and the consistent mass matrices. There are also other methods, and a
method is chosen depending on the problem at hand.

Dynamical solution methods include ways of obtaining eigenfrequencies, response to
harmonic loading and response to non-periodic loading. The solution methods used
in this project are described in section 2.4.1 to 2.5.

2.3 Damping

Damping in a structure limits the amplitude response of loading and reduces the
amplitude of the free vibrations with time. It is the dissipation of energy due to
various mechanisms, such as friction at steel connections, opening and closing of
microcracks in concrete, and friction between the structure itself and nonstructural
elements such as partition walls. These mechanisms often act simultaneously and
it is infeasible to describe each of these mechanisms mathematically. Thus, the
damping in a structure is usually represented in a highly idealized manner called
viscous damping. A common way of constructing the viscous damping matrix is
Rayleigh damping:

C = αM + βK, (2.7)

which is an efficient formulation that has no direct physical meaning. In section
3.2.1, it is explained how the coefficients α and β are calculated. The Rayleigh
damping is a form of proportional damping and is frequency dependent with high
damping for frequencies near zero as well as for high frequencies, see figure 3.2.
This is a good behavior in structural problems as this reduces rigid-body motion
and non-physical high-frequency noise that can occur in the solution. Another form
of viscous damping is modal damping. It allows the analyst to choose a damping
ratio for each eigenmode, or for each equation decoupled by the modal method. The
modal method is described in 2.4.2.

Structural damping, also called hysteretic damping, is another form of damping,
where the energy dissipating characteristics of for example soils are better taken
into account. The following paragraphs regarding structural damping are derived
from Ishihara (2006). Linear elastic behavior and a linear analysis method applies
when the level of cyclic strain is small, in the order of 10−5 and 10−6. This is
illustrated in table 2.1. Also illustrated is that when the level of cyclic strain is in
the order of 10−3 and 10−4, the behavior becomes so called elasto-plastic. This means
that the shear modulus tends to decrease as the shear strain increases. The shear
modulus and damping ratio are thus dependent on strain, but are not considered to
change with each load cycle. A so called equivalent linear method can then be used.
For strains larger than 10−3, a nonlinear material model and different methods of
response analysis must be used.

For the smallest strain when a linear elastic behavior can be assumed, the material
can be represented by a linear viscoelastic model, a constitutive model based on the
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CHAPTER 2. THEORETICAL BACKGROUND

classical theory of viscoelasticity. In this model, the stress-strain relation is assumed
linear, and the energy dissipation that occurs during the load cycles constitute the
damping. The simplest and most widely used linear viscoelastic model is called the
rate-dependent Kelvin model. What we call structural damping however, comes
from the modified or rate-independent Kelvin model. But first the rate-dependent
Kelvin model shall be explained and the terms rate-dependent and rate-independent
will be clarified. In the rate-dependent Kelvin model, in which the elastic stiffness is
represented by a spring and the damping by a dashpot, the stress-strain relationship
is

τ = Gγ +G′
dγ

dt
, (2.8)

where τ is the stress and γ is the strain. G and G′ indicate a spring and a dashpot
constant respectively, see figure 2.2. It can be shown from equation (2.8) that
(Ishihara (2006))

µ = G, µ′ = G′ω, (2.9)

where µ and µ′ are the shear and loss moduli respectively, and ω is the frequency
of the motion. The shear modulus represents elastic response and the loss modulus
represents the energy dissipating characteristics. They are related to the amplitudes
of shear stress and strain, τa and γa as

µ =
τa
γa

cos δ, µ′ =
τa
γa

sin δ. (2.10)

where δ is the phase difference, the time lag in strain response to the application of
stress. The shear and loss moduli µ and µ′ are summarized by the so called complex
modulus µ∗, as

µ∗ = µ+ iµ′ =
τ̄

γ̄
, (2.11)

where τ̄ and γ̄ are defined as the complex forms of the stress and the strain respec-
tively as

τ̄ = τae
iωt, γ̄ = γae

i(ωt−δ). (2.12)

Equation (2.11) indicates that the absolute value of the complex modulus µ∗ can
be regarded as the shear modulus of the material. There is also the loss coefficient
η, defined as

η =
µ′

µ
= 2ξ, (2.13)

Table 2.1: Soil behavior at different levels of strain and appropriate material models.
After Ishihara (2006).

Shear strain 10−6 10−5 10−4 10−3 10−2 10−1

Behavior Elastic Elasto-plastic Failure

Model Linear elastic
model

Visco-elastic
model

Load history trac-
ing type model

Method of response analysis Linear method Equivalent Linear
method

Step-by-step in-
tegration method

14



2.3. DAMPING

Figure 2.1: The hysteretic stress-strain curve, with definitions of ∆W and W , from
Ishihara (2006).

where ξ is the damping ratio. The loss coefficient η is also related to the ratio of
energy loss per hysteresis cycle, ∆W , and maximum stored energy, W , by

η =
1

2π

∆W

W
. (2.14)

The definitions of ∆W and W can be seen in figure 2.1, which shows the hysteretic
stress-strain curve. The hysteretic stress-strain curve is derived from the stress-
strain relation between a sinusoidally alternating shear stress and shear strain with
the same frequency (equation (2.15)), together with previous definitions of µ and
µ′:

τ = τa sinωt, γ = γa sin(ωt− δ). (2.15)

From equation (2.9), one can see that the loss modulus µ′ is frequency dependent,
hence the rate dependency. The rate dependency originates from the damping in
the dashpot which is viscous and thus dependent on the velocity, the rate of the
deformation. This frequency dependency can be seen as a shortcoming since many
materials exhibit frequency independent damping. Therefore, there also exists the
rate-independent Kelvin model, the stress-strain relationship of which is

τ = (G+ iG′0)γ, (2.16)
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CHAPTER 2. THEORETICAL BACKGROUND

with the shear and loss modulus defined as

µ = G, µ′ = G′0, (2.17)

where G′0 is a dashpot constant, see figure 2.3. Equations (2.16) and (2.17) corre-
spond to equations (2.8) and (2.8) of the rate-dependent Kelvin model. The fre-
quency ω is no longer present in equation (2.17), and µ′ now has the unit Pa, since it
is no longer connected to the frequency ω. Nor is the loss coefficient η, proportional
to µ′ as in equation (2.13), and the damping is thus frequency independent. As
seen in equation (2.16), the rate-independent dashpot gives the imaginary term iG′0
which leads to a complex loss coefficient η. This does not have a physical corre-
spondence, but gives the rate-independent model sometimes needed to accurately
describe the behavior of soil. As mentioned earlier, structural damping is defined as
this rate-independent damping. It is used in the method of obtaining the dynamic
stiffness matrices described in section 3.6.

Figure 2.2: The rate-dependent Kelvin model, from Ishihara (2006).

Figure 2.3: The rate-independent Kelvin model, from Ishihara (2006).
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2.4 Solution procedures

2.4.1 Direct integration methods

Implicit integration

An implicit dynamic analysis uses an implicit direct integration method in order to,
step-by-step, calculate the response history. The discretization in time is accom-
plished by using finite difference approximations of time derivatives. The implicit
algorithm uses information from time step n as well as from time step n + 1. The
general expression has the form

un+1 = f(u̇n+1, ün+1,un, u̇n, ün, ...), (2.18)

with information from step n+1 on the right hand side of (2.18), leading to the fact
that a set of equations must be solved at each time step.

The Newmark methods, which is a family of methods for implicit integration, uses
the following relations for approximating un+1:

u̇n+1 = u̇n + ∆t [γün+1 + (1− γ)ün], (2.19)

un+1 = un + ∆tu̇n +
1

2
∆t2 [2βün+1 + (1− 2β)ün], (2.20)

with u the vector of d.o.f.s, ∆t the time step of the solution, and β and γ, which
are numerical factors that control characteristics of the algorithm such as accuracy,
numerical stability and the amount of algorithmic damping. In order to solve a
system for the displacements, un+1, equation (2.20) is solved for ün+1 and this
is inserted into equation (2.19). The obtained expressions for u̇n+1 and ün+1 are
substituted into the equation of motion, equation (2.6), for time step n + 1, which
is finally solved for un+1.

Abaqus, the commercial software used in this thesis and described in section 3.1,
use the Hilber-Hughes-Taylor method which is a generalization of the Newmark
methods. This method uses equation 2.19 and 2.20 together with a modified version
of the equation of motion, Hilber et al. (1977):

Mün+1 + (1 + α)Cu̇n+1 − αCu̇n + (1 + α)K,un+1 − αKun = fα, (2.21)

where M, C and K are defined according to equation (2.6), α is a constant, and
where fα is f evaluated at time tn+1 + α∆t. For α = 0 the equation collapses into
that used in the Newmark methods. The use of α < 0 introduces algorithmic damp-
ing, that reduces the non-physical high frequency noise that may be introduced
in association with the finite element discretization process. Algorithmic damping
can be introduced in the Newmark methods as well, but only in the Hilber-Huges-
Taylor method it can be used while retaining the error in computed displacements
as O(∆t2), second order accuracy. Furthermore the Hilber-Huges-Taylor method
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CHAPTER 2. THEORETICAL BACKGROUND

introduces less algorithmic damping in the lower modes, thus preserving their accu-
racy.

The abovementioned implicit methods are unconditionally stable for 2β ≥ γ ≥ 1/2
which means that there is no mathematical limit of the time step if γ is kept within
the indicated limits. In this unconditionally stable range of values of γ, large val-
ues of ∆t will not make the calculations degenerate, but may affect the accuracy.
Therefore, the size of the time increment is governed by the accepted level of accu-
racy, as it must be fine enough to represent the time variation of the loading and
the highest frequencies included in the analysis. In general, the implicit integration
method demands a less fine time step compared to the explicit method (explained
in section 2.4.1), but is on the other hand more computationally demanding at each
time increment, since a system of equations must be solved at each time step. In
Abaqus, an automatic time increment algorithm can be used for an efficient calcu-
lation. The time increment can also be set to a fixed value, so as to e.g. facilitate
the generation of frequency spectra from the results.

Explicit integration

The explicit type of integration method, although not used in this thesis to ana-
lyze the models, will be explained in this section to make the concept of implicit
integration more clear.

As for the implicit method, the explicit dynamic analysis uses a direct integration
method in which the response history is calculated using step-by-step integration in
time. Explicit direct integration methods use a central-difference expression for the
time discretization, which needs only historical information in order to perform a
step in time. The expression has the form

un+1 = f(un, u̇n, ün,un−1, ...). (2.22)

No solution for a set of simultaneous equations is needed, as is the case in the
implicit method. Explicit methods have the disadvantage of being conditionally
stable, which means that there is a critical time step that must not be exceeded if
the numerical response is to remain stable and converge. Using the explicit analysis
in Abaqus, the maximum time step is given by (with no damping)

∆tcr ≤
2

ωmax
, (2.23)

where ωmax is the highest natural frequency of the system. This may lead to the
need for very small time steps. One of the main advantages of the method is however
that it is computationally efficient since storage requirements and cost per time step
are small.
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2.4.2 Eigenfrequency extraction and modal analysis

An eigenfrequency extraction has to be made in order to perform a modal analysis.
The damping is neglected during the eigenfrequency extraction; thus the following
eigenvalue problem is to be solved:

(−ω2M + Kφ) = 0, (2.24)

where K is the mass matrix, M is the stiffness matrix, ω is the eigenfrequency and
φ the eigenvector. The number of eigenfrequencies of a structural model is the same
as the number of degrees of freedom. The linear response of the structure can be
constructed from the whole set of eigenvectors, which is the basic concept of modal
superposition. The equations are transformed with the set of N modal vectors as a
new basis, thus the displacement vector u is now expressed in modal coordinates,
q:

u =
N∑
r=1

[φrqr] = Φq. (2.25)

This leads to a set of N uncoupled equations, due to the orthogonality of the modal
vectors. An efficient calculation gives the solution expressed in modal coordinates,
and a transformation is performed to obtain the result in the original displacement
vector u. To obtain a sufficiently accurate solution in the modal analysis, one
chooses a limited number of modes from the frequency extraction that are to be
used in the modal analysis, and the engineer must estimate the maximum frequency
of interest. The solution obtained when not using all the eigenmodes of the model
is an approximate solution. But in a discrete model, the modes above the highest
frequency of interest are generally not well represented due to the mesh size. The
inclusion of all modes would not typically lead to a better solution. Compared to the
direct integrations methods, the modal method is more computationally efficient for
structural dynamic problems and it is therefore the method most commonly used
for linear problems.

2.5 Integrating the equations of motion in the fre-
quency domain

The equation of motion of a discretized linearly elastic, viscously damped structural
system is

Mü + Cu̇ + Ku = f (2.26)

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, u
is the displacement vector and f is the force vector. A steady-state dynamic analysis
is used to calculate the steady-state response of a system with a harmonic excitation
at a given frequency. Thus, in a steady-state analysis, the load, and therefore also
the displacement, is assumed to vary sinusoidally with an angular frequency ω:

f(t) = fasin(ωt) = fae
iωt −→ u(t) = uae

iωt (2.27)
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where fa is the amplitude of the load and ua is the amplitude of the displacement.
When inserted in equation (2.26) it gives

[−ω2M + iωC + K]u(t) = f(t). (2.28)

A frequency range is chosen, and the response of the system at each frequency at
chosen intervals can be calculated. In this way resonance frequencies can be detected
as peaks in the response curve, and the modes of vibration of the system at different
frequencies can be determined.

The steady-state analysis can be used to obtain the response of a system to arbitrary
load by a trick of transforming the load in time to a set of harmonic functions in
the frequency domain. The Fourier transform of equation (2.26) is

[−ω2M + iωC + K]u(ω) = f(ω). (2.29)

If the loading f is a non-harmonic function of time, in the frequency domain it be-
comes several periodic functions with different frequencies, see section 2.6 describing
the Fourier transform. Each of these periodic functions can therefore be submitted
in a steady-state analysis and, for each of these, equation (2.28) is solved and the
response is obtained as one u(t) for each frequency of harmonic load submitted. An
inverse Fourier transform can be made in order to retrieve the response in the time
domain.

Frequency dependent parameters can be introduced and the expression is modified
into

[−ω2M + iωC(ω) + K(ω)]u(ω) = f(ω). (2.30)

The main advantage of this method is that frequency-dependent effects can be mod-
eled, such as the influence of frequency-dependent boundary conditions. See section
3.6.2 for a more detailed description of how the analysis procedure was conducted
in our case.

2.6 The Fourier transform

With the help of Fourier series, one may represent arbitrary periodic functions with
series of trigonometric functions. This is the basis for the Fourier transform, which is
used for the transformation from the time domain to the frequency domain, decom-
posing the signal into its constituent frequencies. The Fourier series of a periodic
function can be written as

f(t) =
a0
2

+
∞∑
n=1

[an cos(nωt) + bn sin(nωt)], (2.31)

where

an =
2

T

∫ T/2

−T/2
f(t) cos(nωt) dt, n = 0, 1, 2, ..., (2.32)
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2.6. THE FOURIER TRANSFORM

bn =
2

T

∫ T/2

−T/2
f(t) sin(nωt) dt, n = 0, 1, 2, .... (2.33)

As a generalization of the Fourier series, the Fourier integrals have the ability to
represent non-periodic functions:

f(t) =

∫ ∞
0

[an cos(ωt) + bn sin(ωt)] dω, (2.34)

where
an =

1

π

∫ ∞
−∞

f(τ) cos(ωτ) dτ, (2.35)

bn =
1

π

∫ ∞
−∞

f(τ) sin(ωτ) dτ. (2.36)

The complex representation of the Fourier integrals is given by

f(t) =
1

2π

∫ ∞
−∞

F (ω)eiωt dω. (2.37)

This equation is known as the inverse fourier transform where

F (ω) = Ft[f(t)](ω) =

∫ ∞
−∞

f(t)e−iωt dt (2.38)

is the Fourier transformed function from f(t).

These expressions apply to continuous functions. In signal analysis the input is
discrete, as the measurements are carried out digitally. The displacements or ac-
celerations are sampled at regularly spaced points in time. The discrete Fourier
transform, DFT, of a N -periodic function is given by

Pn =
1

N

N−1∑
m=0

[p(tm)e−2πi
nm
N ] (2.39)

and the inverse DFT is given by

p(tm) =
N−1∑
n=0

[Pne
2πinm

N ] (2.40)

for the time period tm, m = 0, ..., N − 1. The discrete Fourier transform interprets
the signal as N -periodic. Therefore, best results are obtained from signals which
are zero valued at t0 and tN−1. Otherwise, the response in one end of the signal
will be reflected to the other end. The computational costs for obtaining these
transforms can be reduced by using a fast Fourier algorithm. Matlab uses a fast
Fourier algorithm based on the algorithm developed by Cooley and Tukey (1965).
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2.7 Signal analysis

The dynamic response of a system subjected to a load varying in time can be seen as
a sum of harmonic functions with different frequencies and amplitudes, as described
in the previous section. These harmonic functions contain information about the
structure as well as the applied load. Therefore it is of great interest to analyze the
response of a system in the frequency domain, where the frequencies present in the
vibrations are visualized.

2.7.1 The frequency spectrum

The frequency domain representation of a signal sampled at ∆t during a time period
T will be a frequency spectrum up to the sampling frequency, fs = 1/∆t, as shown
schematically in figure 2.4. The frequency resolution depends on the total time of
measurement T and is given by ∆f = fs/N = 1/T . The frequency at a half of
the sampling rate, fs/2, is called the Nyquist frequency after the Nyquist sampling
theorem, which states that a signal may be reconstructed only if it is sampled more
than twice per period, Brandt (2011). Thus, frequencies above half the sampling
frequency will not be properly represented in the frequency domain and the content
of the spectrum above fs/2 will be a reflection of the range 0 - fs/2.

The frequency spectrum can be scaled with different factors for different purposes.
In this thesis the main interest lies in the frequency content of a signal, and their
relative magnitude differences. The power spectral density has been used, defined
as | (Pn

N
)2 |.

2.7.2 Filters and windows

If the input signal contains many frequencies one may apply a filter that passes
only the frequencies of interest. This can be used on measurement data in order to
filter out the low frequency of the accelerometer drift, or more generally in order to
filter out all frequencies above a certain maximum frequency of interest. It is also
usable when analyzing the time history of one particular frequency of the vibra-
tions, for example when determining the damping ratios of different eigenmodes. In
the frequency domain, filters are basically a function which is unity at the wanted
frequencies and zero elsewhere. The transition from unity to zero must be smooth
to avoid distortion of the signal. The transition is constructed in different ways, in
terms of smoothness and transition range, for different types of filters. The filtered
signal can then be analyzed in the frequency domain as well as in the time domain
without the unwanted frequencies.

To filter out unwanted parts of the signal in the time domain the corresponding
approach is to use a window, a function to be multiplied with the time signal that is
unity at the range of interest and zero elsewhere. Windows can for example be used
in order to minimize leakage. The phenomena of leakage dispreads the frequency
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time domain

frequency domain

time period, T

time step, ∆t

discrete Fourier transform

frequency resolution, ∆f = 1/T

Nyquist frequency, f
s
/2 sampling frequency, f

s
 = 1/∆t

Figure 2.4: Time domain and frequency domain representations of a signal contain-
ing two sines of different frequencies. The signal is sampled at a time
step of ∆t during time period T , resulting in a sampling frequency of
fs = 1/∆t and a frequency resolution of ∆f = 1/T . The Nyquist fre-
quency, fs/2, is marked with a dashed line.
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peaks of a signal that is sampled during a time period that does not coincide with
the time period of the constituent frequencies. This can be observed in figure 2.4,
where a frequency spectrum of a signal containing two sines is shown. The frequency
peaks are somewhat dispread. A window minimizes the effect of the beginning and
end of the time signal, thus the false periodicity of the signal is minimized.

2.8 Soil-structure interaction

When the foundations are subjected to loading the surrounding soil reacts with a
certain stiffness and damping. The damping originates from both internal energy
dissipation of the soil and geometrical wave radiation. The stiffness and damping of
the foundation-soil system can be described with the use of a so called compliance
function. This is a function describing the ratio between the dynamic displacement
of the foundation and a harmonic exciting force

un(ω) = Cn(ω)Qn(ω), (2.41)

where, for the n-th degree of freedom, un is the complex displacement, Cn is the
compliance function and Qn is the harmonic load of unit magnitude. The inverse
of the complex impedance function can be seen as the stiffness and damping of the
system. Hence, the real part corresponds to the stiffness and the imaginary part
corresponds to the damping according to

C = f1 + f2 =
1

k + ia0cs
, (2.42)

where a0 = ωb/cs is a non-dimensional frequency parameter with b being some
geometrical parameter related to the foundation, and with cs, the shear wave speed
of the soil. The stiffness k and the viscous damping c is given by

k =
f1

f 2
1 + f 2

2

and c = − f2
a0(f 2

1 + f 2
2 )
. (2.43)

There are analytical and semi-analytical solutions of the compliance function for dif-
ferent types of idealized foundations such as Luco (1976) and Kobori et al. (1971), as
mentioned in section 1.1. Solutions may also be obtained from FEM-models of the
foundation-soil system. The models used to obtain impedance functions in this thesis
are described in 3.6.1. Such models enable the inclusion of effects such as the interac-
tion of waves from two foundation plates, complicated geometry of the abutments,
the embedment of the foundation plates and soil inhomogeneities, Ülker-Kaustell
(2009). With the use of the FEM one may also compute the impedance functions of
pile groups. The implementation of stiffness and damping from impedance functions
is described in section 3.6.2.

When obtaining the dynamic stiffness functions by FEM there are several issues to
solve. One is what kind of interaction one wants to include in the analysis. Is it
enough to include the subsoil? Is it necessary to take into account different types
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2.8. SOIL-STRUCTURE INTERACTION

abutments? By doing so, uncertainties regarding the behavior and parameters of
the new parts will be involved, as well as the need to include more d.o.f.s due to the
increased complexity of the geometry. There also exists the issue of nonlinearity of
soils, which must be taken into account for higher levels of strain. If one can assume
the strains to be small a linear elastic material model can be used, which much
simplifies the model. Moreover, one of the most important aspects of modeling is
to have experimental data for validation.

As mentioned earlier in this section, one part of the damping in the soil included
in the complex part of the stiffness function is radiation damping. Energy is trans-
mitted throughout the soil in the form of mechanical waves, which attenuate with
the distance from the source. This attenuation is what we call radiation damping or
geometrical damping. In the rest of this section, some basic theory about waves will
be presented, all based on Novak et al. (1983) and Bodare (1997). A wave can be
defined as a transmission of disturbance from one particle of the medium to the next.
Waves are related to the deformability and inertia of the material, and if the ma-
terial is assumed completely rigid, the force is transmitted instantaneously. If only
one direction of propagation is to be considered, there are two kinds of waves prop-
agating in unbounded three-dimensional space. The first type is called a P-wave,
primary wave, where the particles vibrate in the direction of the wave propagation.
The second type is called the S-wave, secondary or shear wave. It is the wave of pure
shear deformation and the particles vibrate in the direction perpendicular to that
of the propagating wave. The directions of waves and particle motion for the two
types of waves are illustrated in figure 2.5. Since propagation in only one direction
is considered, both types of waves are plane waves. Thus, they are governed by the
wave equation:

∂2u

∂t2
= V 2

C

∂2u

∂x2
, (2.44)

where x is the direction of disturbance, u is the displacement and t is the time. VC
is the wave velocity and set to VP for a P-wave and VS for an S-wave, which are
defined as

VP =

√
λ+ 2G

ρ
, (2.45)

VS =

√
G

ρ
, (2.46)

where G is the shear modulus and λ is the Lamé’s constant. These are defined as

G =
E

2(1 + ρ)
, λ =

νE

(1 + ν)(1− 2ν)
. (2.47)

and where E is the Young’s modulus, ρ is the mass density and ν is the Poisson’s
ratio.

In an unbounded, homogenous body, there exist only P-waves and S-waves. How-
ever, in a halfspace, defined as a homogeneous space which extends only under a
plane, other types of waves can occur and the P-waves and S-waves reflect against
the free plane surface. More will not be said here about the reflections of P- and
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S-waves, of which much is written in for example Bodare (1997). However, two other
types of waves must be mentioned; the first one being the Rayleigh wave which oc-
curs in half spaces. It is a more complicated wave than the previously mentioned
ones. The Rayleigh wave propagates along the surface of the halfspace with a phase
velocity VR which depends on the S-wave velocity VS and the Poisson’s ratio ν.
The particles in the wave move in two directions, horizontal and vertical. These
waves have a much lower energy attenuation rate than that of other waves, thus
dominating at larger distances from the source. Another type of wave, called Love
waves, exists when there is a layer of limited thickness over a halfspace. This is
for example the case when alluvium lies on top of stiffer materials. The soil parti-
cles vibrate only horizontally and the wave propagates downwards. Love waves are
frequency-dependent and thus dispersive, which means that besides from lessening
in amplitude with distance, the form of the wave changes as well. For non-dispersive
waves, only the amplitude may change with time. Having said that, in media with
multiple layers, there are other types of waves and also more complicated reflec-
tion patterns, of which we will not speak further in this thesis but instead refer to
previously mentioned references.

λ

Direction of particle 

motion

Direction of particle 

motion
Direction of wave 

propagation

Direction of wave 

propagation

λ

(a)

(b)

Figure 2.5: Directions of wave and particle motion for (a) P-waves and (b) S-waves.
λ is here the wave length. From Ülker-Kaustell (2009).
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Chapter 3

Method

In this section we describe the general procedure and specific methods used for
modeling and analysis. First, the general modeling procedure in the software used,
Abaqus, is described. Then a part is dedicated to the description of the models
built, starting with the so called basic 2D- and 3D-models, which serve as basis
for further refinements. The work procedure, including the validation of models,
convergence studies and comparisons between the models and measured data are
presented. Some refinements of the models are thereafter introduced, as well as the
frequency dependent boundary conditions. The analysis procedure for the models
with frequency dependent boundary conditions is then presented. Finally, the four
models with different boundary conditions, from which results will be presented in
chapter 4, are summarized.

3.1 The modeling procedure in Abaqus

Abaqus is a suite of software applications for finite element analysis. For this thesis
one of the four core software products, Abaqus/CAE, was used. CAE stands for
computer aided engineering, and the software can be used for designing and model-
ing structures as well as visualizing the result. The description of the software and
of the modeling procedure in this thesis has been written using documentation from
Systèmes (2007) as reference. In Abaqus one can either use the graphical interface,
or use a script to generate a model and solve a problem. Abaqus uses the program-
ming language Python for scripting and customization. It is convenient to use the
graphical interface in the beginning to become familiar with the software. However,
the method of scripting makes it easier to change and to control the parameters and
the features of the model. In Abaqus/CAE, the procedure of analysis is divided into
the following modules, each described shortly as follows:

Pre-processing or modeling:

- Part: sketching the geometries of the different parts of the model.

- Property: assigning properties to the parts, such as material and cross-sectional
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properties.

- Assembly: creating instances of the parts and assembling these.

- Step: defining and customizing the type of analysis.

- Interaction: defining how the different instances are constrained and how they
interact with each other.

- Load: defining the loads and the boundary conditions.

- Mesh: defining the mesh of the model.

Processing:

- Job: executing the analysis and creating output file.

Post-processing:

- Visualization: generating reports, graphs, animations, etc., from the output
file.

3.2 The basic 2D-model

In order to learn the basics of FE-modeling, a 2D-model was built in Abaqus. In
this chapter we describe the geometry and material properties of this model, the
modeling of the load, the constraints and boundary conditions, and the mesh.

Figure 3.1: The 2D-model in Abaqus.
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Table 3.1: Deck geometry of the basic 2D model.

Cross-sectional Moment of
area, A inertia, I Length
(m2) (m4) (m)

Deck, including edge beam 5.9 2.12 15.7

3.2.1 Geometry and material properties

In Abaqus, the geometry of the models was sketched in the part module and then
put together in the assembly module. The geometry was sketched according to
blueprints of the bridge, see figure 1.3 and 1.4. The 2D-model was built up by
generalized beam profiles representing the whole depth of the bridge, see figure 3.1.
The beam that represents the deck was given a stiffness and cross-sectional area
which include the effect of the edge beams in terms of mass, center of gravity and
moment of inertia, see table 3.1. The effect of ballast was also included in the beam
by a modification of the density of the deck material. This modified deck material
is called "Modified concrete" in table 3.2. This means that the mass of the ballast
was included in the dynamic equations, but the location of its center of gravity was
placed at the center of gravity of the deck. The material properties of the concrete
and the ballast were defined according to section 1.3.1.

The damping was taken into account as Rayleigh damping, see section 2.3 for refer-
ence. The Rayleigh damping coefficients α and β were calculated from an appropri-
ate Rayleigh curve, defined by two frequencies (0.6 and 60 Hz) and two corresponding
damping ratios (0.1 and 0.07) at the boundaries of the frequency range of interest.
As can be seen in figure 3.2 the damping ratio is on average around 1% in the range
of most interest, up to 30 Hz.

The wing walls attached to the frame wall are modeled in 2D by partitioning the
frame walls into eight parts. This is to approximate the inclination of the wings.
This method is illustrated in figure 3.3 where Iwall is the area moment of inertia
for wall. The area moment of inertia for wing, area for wing, and distance between
bending axis and center of wing, at partition i, are denoted Iwing(i), Awing(i) and di
respectively. Each part has a different cross-section and a moment of inertia, see
table 3.3, where the area moment of inertia I for each partition is calculated by the
parallel axis theorem, equation (3.1).

I = Iwall + 2Iwing(i) + 2Awing(i)d
2
i (3.1)

This method of approximating the wing walls in 2D was taken from Kylén (2010).
The areas and moments of inertia from the cross-sections are then assigned to the
respective partitions of the frame walls, in 2D represented by eight short beams for
each frame wall.
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Table 3.2: Material properties of the basic 2D model.

Young’s Density, Poisson’s Rayleigh damping
modulus, E ρ ratio, ν coeff., α, β

Material Part (GPa) (kg/m3) (-) (-)

Concrete Wing walls 34·0.6 2500 0.2 0.1199, 0.0006
Ballast - - 1800 - -
Mod. concrete Deck 34·0.6 3287 0.2 0.1199, 0.0006
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Figure 3.2: The Rayleigh damping curve used for the models in this thesis.

Model beam part

Bending axis

Side view
Plane view of partition i

Partition i

Iwall

Iwing(i)
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di
Iwing(i)
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Figure 3.3: Illustration of how the moment of inertia of the different partitions of
the frame wall are calculated. From Kylén (2010).
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Table 3.3: Frame wall geometry of the basic 2D model.

Moment of Cross-sectional Partition
Partition inertia, I area, A height

Part no. (m4) (m2) (m)

Frame wall, 1 311 17 0.677
including 2 250 16.1 0.776
wing walls 3 154 14.2 0.776

4 86.4 12.4 0.776
5 42.2 10.5 0.776
6 16.4 8.64 0.776
7 4.20 6.78 0.776
8 1.57 5.86 1.085

Total height: 6.42

3.2.2 Constraints and Boundary Conditions

In the basic 2D-model, the bottom of the frame walls was fixed in the horizontal,
vertical and rotational degrees of freedom. This was taken as a first approximation
for the boundary conditions.

3.2.3 Loads

The loading is designed to represent the Green Train, as described in section 1.3.2,
since this is the train whose passages the measurement data is based on. The
properties of this train are found in table 1.2. In the basic model, the load model
used is moving point loads. Equidistant nodes are defined at the deck (or the 2D-
beam representing the deck) and these are assumed to be where the load from the
train transmits to the rest of the structure, as schematically shown in figure 3.4.

The train load was modeled as a number of concentrated loads, one for each of the
above mentioned nodes. Each concentrated load consists of the maximum value
Pmax multiplied by an amplitude function Ampp(t). Thus, the concentrated load p

Rail node

Load p

Figure 3.4: A schematic figure of the nodes at the deck, each loaded by a point load
defined by an amplitude function. From Kylén (2010).

31



CHAPTER 3. METHOD
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Figure 3.5: Time-Amplitude diagrams for two axle loads Fp at two adjacent nodes.
LA1−A2 is the distance between two axles, lnode is the distance between
two nodes and Strain is the speed of the train. From Kylén (2010).

at time t has the value Fp(t) = Pmax · Ampp(t), where Pmax is the load of a train
axle. The amplitude function consists of triangular pulses, each pulse representing
a particular axle load from the train, see figure 3.5. When a particular axle of the
train passes a node at which the concentrated load p is defined, Fp has the value
1. Fp is 0 when the particular axle reaches an adjacent node. Between these nodes
FP varies linearly. The amplitude function for every node can be determined by
shifting these triangular pulses forward in time. The time shift for the same axle to
travel between two nodes is determined by dividing the distance between two nodes,
lnode, with the train speed, Strain. The time shift between two axles is determined by
dividing the distance between axles A1 and A2, LA1−A2 with the train speed, Strain.

The amplitude functions are defined by the points in time between which the mag-
nitude varies linearly. Abaqus linearly interpolates the magnitudes between these
points. To generate these points in time with the corresponding magnitudes (which
are either 0 or 1) a Matlab script was used.

3.2.4 Elements and mesh

The 2D-model was meshed with an element size of 0.1 m, the same as the distance
between the nodes through which the train load is transferred. The element used for
meshing is called B23 in Abaqus, which is an Euler-Bernoulli beam. It has two nodes
with three active degrees of freedom: horizontal (x-direction), vertical (y-direction)
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and rotation about the z-axis. Since the B23 is a cubic element it has four variables
defining the interpolation functions within the element which are the displacement
and the derivative of the displacement at the two nodes. A convergence study for the
mesh was made before choosing the element size and in order to verify the element
type, see section 3.4.2. As the train load is applied at the nodes of the deck, the
mesh will affect the representation of the load. With a finer mesh the axle loads
will move over the deck with a smaller step. But with shorter distance between the
nodes, each pulse in the train load amplitude function will be shorter. Therefore, to
capture the load pulses, a finer time step is needed in the analysis. This is discussed
further in section 3.4.2.

3.3 The basic 3D-model

In many ways, the process of creating the basic 3D-model follows the same proce-
dures as for the 2D-model. Thus, this chapter has the same structure as the previous
one. Different assumptions and simplifications must however be made in every step
of the modeling procedure.

3.3.1 Geometry and material properties

The 3D-model contains several parts which were sketched in the part module. The
parts were either merged together in the assembly module or tied together using
constraints the interaction module of Abaqus. The dimensions of the different parts
are shown in table 3.4. Material and damping properties are the same as in the
basic 2D-model, see table 3.2.

The whole model was built up by shell elements with the exception for the edge
beams which were modeled as beams. The ballast was included in the same manner
as for the basic 2D-model. Adjusting the density of the deck takes into consideration
the effect of the mass of the ballast but not its center of gravity, nor other effects
of the ballast such as how its accelerations affect those of the deck. The wing walls
could be modeled directly in 3D, whereas the edge beams were modeled as cross-
sections based on generalized beam profiles with the section area, moments of inertia
and torsional constant of the edge beams. The properties of the edge beam profile
were obtained by an analysis of a so called meshed section in Abaqus, see table 3.5.
The meshed section can be seen in figure 3.6, and was drawn after the blueprints
shown in figure 1.4. The whole 3D-model is shown in figure 3.7.

3.3.2 Constraints and Boundary Conditions

The edge beams were connected to the rest of the structure by defining what is
called tied contacts in Abaqus. The tied contact constrains the so called slave nodes
to have the same value of displacement as the governing nodes, the master nodes.
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Table 3.4: Geometry of the basic 3D-model.

Part Dimensions (m)

Deck 15.7×5.9×0.5
Frame walls 6.25×5.9×0.7
Wing walls According to figure 1.3 with thickness 0.8
Edge beams According to figure 3.6 EB with length 32.4

Figure 3.6: Sketch of edge beam section used for the edge beams in the 3D-model.

Table 3.5: Geometry of the edge beams in the 3D-model.

Bending Cross-bending, Bending Torsional
stiffness, EIz stiffness, EIzy stiffness, EIy rigidity, GJ

Part (N·m2) (N·m2) (N·m2) (N·m2)

Edge beams 4.86E+09 -2.80E+09 1.03E+10 2.82E+09
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Figure 3.7: The 3D-model in Abaqus.

In our model, the slave nodes were defined as the nodes on the edge beam and the
master nodes were part of the deck and the top edges of the wing walls. For the basic
3D-model, the boundary conditions were defined such that the bottom edges of the
frame walls and wing walls have their horizontal, vertical and rotational degrees of
freedom fixed.

3.3.3 Loads

The train load was defined according to the same principle as in the basic 2D-model,
with amplitude functions consisting of triangular pulses. However, each axle load
was divided into two parts representing the pair of wheels. These were applied along
two lines on the deck, which are the projections of the rails.

3.3.4 Elements and mesh

The 3D-model was meshed evenly throughout the structure with an element size of
0.4 m, except for elements of size 0.1 m along the lines where the train load was
applied, see figure 3.8. This is due to the fixed node distance needed to represent
the load. The element types used for the shell elements are called S4R and S3R
in Abaqus. S4R is a 4-node quadrilateral shell element; S3R is a 3-node triangular
shell element. The R stands for reduced integration. Both use linear interpolation.
Both are so called general-purpose shells which use thick shell theory as the shell
thickness increases and become discrete Kirchhoff thin shell elements as the thickness
decreases; the transverse shear deformation becomes very small as the shell thickness
decreases. The edge beams were meshed with B31-elements which are 2-node three-
dimensional beams with linear interpolation. They are Timoshenko beams, which
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Figure 3.8: The mesh of the 3D-model in Abaqus, with small elements along the
rails.

mean that transverse shear deformation is accounted for, and they can be used
for thick as well as slender beams. See section 3.4.2 for a description of the mesh
convergence study which verifies the element size and type.

3.4 Method of analysis

The main procedure in this project was to start from a simple 2D-model, analyze
it, and continue to gradually build a 3D-model with growing complexity. As results
from the models were analyzed and the nature of the problem became clearer, new
models could be built in order to better resemble reality. However the model had
to be kept relatively simple due to reasons stated in section 1.2. The analysis of the
3D-models is described in more detail as follows:

1. A load was applied to the model in order to verify the overall behavior of the
model.

2. A convergence study was carried out both for the mesh and the time step.

3. Two methods of analysis were used on the same model in order to verify the
solutions: implicit direct time integration and modal superposition method.

4. A comparison with measurement data was performed.

5. The model was refined by modifying the load representation and modifying
the model for comparison with a previous study.

6. A final model was chosen for a frequency domain analysis with frequency
dependent boundary conditions.
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Each step is described in the following subsections.

3.4.1 Verification of the model

A preliminary analysis with a low level of accuracy was performed with either of the
implicit direct time integration and the modal superposition method. In the post
processor of Abaqus a visual check was made to ensure that the movement of the
model during loading satisfies boundary conditions and internal constraints. The
behavior of the model during and after the train passage was compared in order to
verify that the load was working as intended and that the vibrations in the bridge
were damped out.

3.4.2 Convergence study

A convergence study had to be performed on the mesh of the model as well as on
the time step used in the analysis.

The convergence study of the spatial discretization was performed by refining the
mesh of the model between two frequency extraction analyses, in which the eigenval-
ues of the model were calculated. The results of the highest eigenfrequency included
were compared. When the difference in the results were within a chosen level of
accuracy the element sizes and element types were considered adequate.

The time step discretization has different impacts on the analysis depending on the
analysis type. In a modal analysis, without consideration of the representation of the
load, the time step only affects the resolution of the results and not the accuracy of
the calculation. Accuracy is governed by the included frequency range, and thereby
the included modes of vibration. But with a varying load, the time step does have
an effect on the accuracy as the behavior of the load has to be captured within the
time steps. A theoretical value of the time step was obtained by taking into account
the duration of each amplitude pulse, see section 3.2.3. In an implicit analysis the
time step affects the accuracy of the solution more directly. In theory the value of
the time step given the maximum frequency is decided by

dt =
1

2.56fmax
(3.2)

This is the theoretical value for the time step when a frequency range has been
chosen. In practice the time step had to be tested for convergence as other factors,
such as the complexity of the model and numerical errors, also affect the included
frequencies. Moreover, the time step in implicit analysis should not be larger than
1/10 of the typical period of vibration in the structure, which is a "rule of thumb"
that can be found in the Abaqus 6.10 Theory Manual. Finally, as in the modal
analysis, the time step had to be adjusted to correctly represent the variation of the
load. As for convergence, the implicit integration method used here is uncondition-
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ally stable, which means that there is no mathematical limit on the time step to
reach convergence (see also section 2.4.1).

To decide the time step in the analyses these rules were used to obtain an initial
estimate. The solution was then compared to that of an analysis with a finer time
step to assure that it was fine enough.

3.4.3 Comparison between implicit and modal analysis

The implicit analysis is not frequently used for linear problems with many degrees of
freedom, as the modal method is significantly more cost-effective. Nevertheless, dur-
ing the first simulations in this thesis both analyses were performed. This was done
so as to be able to verify the model, by comparing the two results and confirming
that they are similar. The train speed of the Green Train used in this comparison
was 200 km/h. The acceleration in a node at mid span on the 3D-model during a
simulated train passage is shown i figure 3.9. These results are filtered with a cut
off frequency at 200 Hz, as the non-physical high frequency noise produced in the
implicit analysis must be removed in order to compare the solutions. As can be seen,
the two methods of solution correspond well. The frequency content is compared
between the two different analyses. From the frequency spectrum, see figure 3.10,
the response peaks can be identified and thereby the frequencies which correspond
to the eigenmodes of the model and the frequencies induced by the train load. As
can be seen the frequency spectra correspond well in the range 0-200 Hz, which is
our range of interest. In the frequency spectrum from the implicit analysis the high
frequency noise is clearly visible. When applying a low pass filter on these results
they are comparable with those from the modal analysis.

During this process we found that the choice of damping parameters was very in-
fluential. Only when using Rayleigh damping in both of the analyses similar results
could be obtained. A visual convergence test confirmed that both modal and implicit
analysis converges between time step 1 millisecond and 0.5 milliseconds.
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Figure 3.9: Vertical acceleration in a node at mid span in the 3D-model, during a
simulated train passage at 200 km/h. Results from both implicit and
modal analysis for comparison, both filtered at 200 Hz.
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Figure 3.10: The frequency spectra from vertical acceleration in a node at mid span
in the 3D-model, from a simulated train passage at 200 km/h. Unfil-
tered results, from modal and implicit analysis respectively, for com-
parison.
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3.4.4 Comparison with measurement data

The measurement data was obtained from accelerometers placed at different loca-
tions on the real bridge, see section 1.3.2. In figure 3.11 the vertical accelerations
for a node at mid span from the basic 3D-model is compared to measurement data,
for a train passage with a speed of 250 km/h. As can be seen, the overall pattern
is fairly coincident, but the free vibrations decline much faster in the measurements
and the high frequency content of the measurements are not present in the model.
It should be noted that even within the same speed, there are great variations in
measurement data, see section 4.2, and that the set of measurement data chosen
here is one that matched the results from Abaqus well. In figure 3.12, we see the
vertical accelerations for a node at mid span from the basic 2D-model compared to
measurement data. The measurement data chosen is the same as in figure 3.11. We
see that the basic 2D-model give much lower accelerations than the basic 3D-model.
This may be due to that the node at the mid span of the 3D-model lies in the middle
of a 3D-plate which bends in two directions and thus gives higher displacements and
accelerations than those of a node in the middle of a 2D-beam.

Due to the variations in the measurement data, the fact that the 3D-model in this
case is closer to what is measured may not in itself be a reason to concentrate on
the 3D-model. But in order to capture the 3-dimensionality of this bridge, with the
bending of the plate and the effects of the wing walls, a 3D-model is needed. It may
be worth the increased number of d.o.f.s to include the true geometry of the bridge
and thus obtaining mode shapes closer to reality. It has for example been concluded
in Ülker-Kaustell (2009) that plate bending modes contribute to a significant part of
the vertical accelerations in the bridge deck, and these modes can only be obtained
in a 3D-model.

3.5 Model refinements

The basic 3D-model which has been verified in the previous steps was used as a basis
for refinements. The first refinement is to change the load representation from point
loads to distributed loads for a better representation of the train load. The second
refinement is actually a set of modifications performed to resemble a previous study
made of the same bridge. In this section, these refinements are described.

3.5.1 A refined load model

In the basic models, the train load was modeled as concentrated forces with am-
plitude functions, see section 3.2.3. In reality, the load applied at the sleepers is
distributed over a surface on the deck due to the ballast layer. Thus, a load model
with surface loads on the bridge deck was made for the 3D-model. In figure 3.13 the
bridge deck is shown for the model using this load model, and for the model using
the original load model with point loads. The previous concentrated loads are now
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Figure 3.11: Vertical acceleration at mid span from the basic 3D-model and mea-
surement data respectively, from a train passage with a speed of 250
km/h. The results are filtered at 200 Hz.
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Figure 3.12: Vertical acceleration at mid span from the basic 2D-model and mea-
surement data respectively, from a train passage with a speed of 250
km/h. The results are filtered at 200 Hz.
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evenly distributed over surfaces whose size are roughly determined by a compromise
between the Eurocode, CEN (2007), and an estimation based on the experience
of the authors’ supervisor, which gives a distribution inclination of about 2:1. In
order to further resemble the rail-sleeper system, each load was divided into three
parts acting on three adjacent sleepers, as is allowed to be done according to the
Eurocode, CEN (2007). Hence, each surface load was modeled with three amplitude
functions, see figure 3.14. When comparing results from the model where each axle
load was modeled as one distributed load with the model where each axle load was
modeled as three distributed loads, we found that the refinement of three loads has
negligible effect. Thus, the load model with one moving load over sleepers will be
used in the subsequent models. A comparison of accelerations from the two load
models, from a train passage at 250 km/h, are shown in figure 3.15. The load model
with each axle load modeled as one distributed load show slightly larger amplitudes.
As can be seen in figure 3.15 the sleeper surfaces introduce higher frequencies in
the acceleration response compared to the model with train loads traveling on the
deck surface, shown in figure 3.11. This is also visualized in figure 3.16 where the
acceleration plot and the frequency spectrum from the model are compared to one
set of measurement data for a train passage at 250 km/h. As can be seen, some
of the high frequencies present in the measurements are also present in the model.
The mesh was somewhat modified by the inclusion of sleeper areas. In this model
the small elements along the stretch of the rails were no longer needed, and a more
even mesh was obtained.

Figure 3.13: The deck of the model, for the load model with sleeper surfaces (above),
and for the load model with point loads along lines at the location of
the rails (below).
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Figure 3.14: Cross-section and side view of the train load acting on the rails of the
bridge, through the sleepers and onto the resulting load distribution
area on the bridge deck. In this figure one axle load P is divided into
three parts.
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Figure 3.15: Comparison of accelerations from the 3D-model with each axle load
modeled as one distributed load, with the model with each axle load
modeled as three distributed loads, from a train passage at a speed of
250 km/h. The results are filtered at 200 Hz.
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Figure 3.16: Comparison of accelerations and frequency spectra from measurements
and from the 3D-model with each axle load modeled as one distributed
load. From a train passage at a speed of 250 km/h. The results are
filtered at 200 Hz.
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3.5.2 Comparison with a previous study of the bridge

To be able to compare our model with a 3D-model from the design calculations
made by ELU konsult AB (from now on denoted in this thesis as the design model),
our basic 3D-model needed to be modified to have similar attributes. The attributes
differing from our basic 3D-model, and how they were modeled, are described here.

- Two rigid foundation plates were modeled in the design model, which each
weighs about 180 000 kg including the soil resting on the plate. The mass
of the soil above the foundation plate was also included as it may be seen
as a co-vibrating mass. Including these gave a significant increase in mass
compared to our basic 3D-model. The plates were in our model modeled as
rigid with the reference point in the mass center of the plate. The mass and
the rotational inertia were assigned directly to the reference point.

- In the design model, and also in the actual structure, there are two stay
beams connecting the foundation plates. In our implementation, as in the
design model, they were modeled as a concrete truss-element, pin-jointed to
the foundation plates.

- The damping of the design model was defined as a modal damping with ξ =
1.78% for all modes. This type of damping can however only be defined in
a modal analysis. Since our aim is to use frequency dependent boundary
conditions, which requires a steady-state analysis, a different form of damping
had to be chosen. It may be possible to derive a structural damping coefficient
which corresponds exactly to the one of modal damping. For a description of
different types of damping, see section 2.3. However, due to the simplicity
of defining a Rayleigh damping curve which, on average, gives a damping
coefficient of approximately the same size as that of the modal damping in
the design model, Rayleigh damping was used instead. The same Rayleigh
coefficients as in the previous models were used.

- The boundary conditions of the design model were defined by stiffness values
obtained from a separate analysis of the pile groups. In this separate analysis,
the stiffness values were calculated from the displacements at the pile group
center, which has different coordinates depending on which degree of freedom
one is considering. These stiffness values were included in the design model as
well as in our model by assigning springs with stiffness values for the different
degrees of freedom at the respective pile group center. The springs were then
connected to the reference points of the plates by rigid links. In our model in
Abaqus, these rigid links were modeled by so called multi point constraints.
The degrees of freedom of the plates were thus controlled by the stiffness values
of the springs as well as the influence of the distance to the pile group center.
The rotation about the vertical axis was modeled as fixed. These boundary
conditions will hereafter be denoted static stiffness boundary conditions, since
they are the stiffness obtained from the static case, when the frequency of the
load is equal to zero.
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Figure 3.17: The model built for comparison against the design model, where plates,
stay beams and rigid links can be seen.

The model built for comparison against the design model can be seen in figure 3.17.
To compare this modified model to the design model, an eigenfrequency analysis
was made. The extracted eigenfrequencies were then compared to the ones of the
design model. Some of the matching eigenmodes from the two models are shown
in table 3.6. As can be seen the eigenfrequencies differ between the two models,
and the mode number does not mach entirely, but the order in which the matching
modes appear is maintained between the models. This may be partially explained
by differences in the mesh and the element types. The design model may also have
features which were unknown to us.

Table 3.6: Eigenmodes with corresponding mode-shape between our model and the
design model.

Design model Present model

Mode 4 4.67 Hz Mode 4 3.61 Hz
Mode 10 8.73 Hz Mode 9 9.17 Hz
Mode 11 10.89 Hz Mode 11 12.40 Hz
Mode 13 12.52 Hz Mode 12 12.55 Hz
Mode 14 13.18 Hz Mode 13 15.22 Hz
Mode 15 16.33 Hz Mode 14 17.54 Hz
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3.6 Frequency dependent boundary conditions

In this section it is explained how the frequency dependent dynamic stiffness func-
tions for two different foundations have been calculated by Ülker-Kaustell (2009),
and how these dynamic stiffness functions are used in our model as boundary con-
ditions.

3.6.1 Obtaining the frequency dependent dynamic stiffness
functions

Soil-structure interaction (SSI) has been studied by Ülker-Kaustell (2009), who com-
puted the dynamic stiffness functions of shallow and deep foundations using the
commercial finite element analysis software Abaqus. These functions are applied to
our model as described in the next section. The methods for modeling the two kinds
of foundations and calculating the dynamic stiffness functions are described shortly
in this section, and can be found in a more comprehensive form in Ülker-Kaustell
(2009).

The shallow foundation was idealized as a rigid plate resting on the surface of the
soil. Thus, no embedment of the foundation was taken into account. The rigid
foundation plate has a reference point to which all the degrees of freedom of the
foundation surface are constrained. The foundation surface is then constrained to
the soil beneath, using the so called tie constraint in Abaqus. The soil beneath
the shallow foundation was modeled in the shape of a circular plate. The elastic
modulus of the soil was assumed to E = 150 MPa and the Poisson’s ratio to ν =
0.25.

In dynamical analysis, waves will be generated within the model due to the variation
of the load in time, see section 2.8 for a description of different types of waves.
To avoid modeling of a vast soil layer, special elements that prevent waves from
reflecting back into the computational domain during analysis had to be used. In
Abaqus, this is implemented by the viscous boundary. The viscous boundary absorbs
the energy from impinging waves by a set of viscous dampers.

The modeling of a deep foundation is more difficult due to the complicated geometry
of a pile group. A very large number of degrees of freedom are needed. As in the
modeling of the shallow foundation, Abaqus was used here. The pile group was
modeled as battered, as pile groups usually are in Swedish practice. The top two
meters were assumed to have no contact with the soil, as plastic deformations of the
soil in this region give rise to gaps between the piles and the soil. Five different layers
of soil were modeled, the properties of which are listed in table 3.7. The modulus
of elasticity was assumed to be four times the values of the bulk modulus from the
geotechnical survey listed in the table. This is due to the assumption that the given
bulk modulus was measured in a geotechnical context where the soil modulus is
measured at failure. In in situ conditions however, the stresses are much smaller
and the bulk modulus could thus be considered much higher, since the soil can still
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Table 3.7: Soil material parameters for pile group model.

Soil type Depth (m) Ek (MPa) ν (-) ρ (kg/m3) ξ (%)

Silt/Sand 0-4 30 0.47 2000 2
Sand 4-8 30 0.47 2000 2
Clay 8-10 5 0.47 1700 2
Silt/Sand 10-11 30 0.47 2000 2
Moraine 11-16 50 0.47 2000 2

be considered as being in the linearly elastic range. Structural damping was used
in the model (see also section 2.3). The other type of damping that exists in this
model is radiation damping, described in section 2.8.

For the shallow and the deep foundation models, the compliance functions are calcu-
lated in a steady-state analysis by applying harmonic unit forces and moments at the
reference point of the foundation plates. For each frequency, a compliance matrix is
calculated. The stiffness matrices are obtained by inverting the compliance matri-
ces. Thus a dynamic stiffness matrix is obtained for each frequency. The dynamic
stiffness values are complex, where the imaginary term represents the damping in
the system. The complex stiffness is shown in figure 3.18, and here the difference
in complexity between the shallow and the deep foundation is clear. In the figure,
’Horizontal’ refers to the direction along the span of the bridge (x-direction in our
model), and ’Vertical’ is the y-direction in our model. ’Rotation’ refers to rotation
around the direction along the depth of the bridge (z-direction in our model). These
three stiffness functions, and one coupling term, are the ones available since they
were made for application on a 2D-model in Ülker-Kaustell (2009). As will be ex-
plained in the next section, the coupling stiffness functions will not be used in this
thesis.

There are some issues concerning the modeling of these foundations, as is described
in Ülker-Kaustell (2009). In the modeling, it was assumed that the material behavior
was linear and so the material nonlinearities of the soil have not been taken into
account. If the soil strains exceed 10−4, the interface between the foundation and the
soil becomes dependent on the loading history. Another issue is that a more complex
model is needed in order to assess the influence of contact conditions between the
foundation and the soil.

3.6.2 Applying the frequency dependent dynamic stiffness
functions

The model including the refinements of section 3.5 is chosen for the application of
the frequency dependent boundary conditions. This model thus includes the refined
load model with sleeper surfaces and one moving distributed load as described in
section 3.5.1 and the modifications according to the design model described in section
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Figure 3.18: The stiffness and damping from the complex stiffness functions for the
deep and shallow foundation, plotted against frequency for horizontal,
vertical and rotational degree of freedom.
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3.5.2, excluding the boundary conditions. This was since the inclusion of the mass
of the plates, the soil above the plates, and the stay beams agrees better with the
configuration of the real bridge.

The previously fixed boundaries in the chosen model were replaced by so called
connector elements in Abaqus. These connector elements were connected to the
ground and the bottoms of the frame and wing walls. The connector behavior was
defined by assigning a connector section to the connector element. In a connector
section it is possible to define linear force versus displacement behavior, i.e. stiffness
and damping values, for different degrees of freedom. These can be chosen to be
dependent of frequency, and this is where the dynamic stiffness functions are applied.
There is also the option of defining the coupling terms of the stiffness or damping
matrices. However, this option could unfortunately not be used together with the
frequency dependency in Abaqus, which is why the coupling terms are ignored in
our analysis. However, according to Ülker-Kaustell (2009), the coupling terms do
not have much impact on a 2D-model. For now, we cannot assert the impact of these
coupling terms for the 3D-model. The degrees of freedom which were not activated
in the connector section were set as fixed.

Frequency dependent dynamic stiffness functions for the two kinds of foundations,
shallow and deep, are thus incorporated into a 3D-model including model refine-
ments, with the shortcoming of having ignored the coupling terms.

3.6.3 The analysis procedure for the models with frequency
dependent dynamic stiffness functions

The analysis of the structural model with frequency dependent boundary conditions
was conducted in the frequency domain. A modified type of a steady-state analysis
was used in Abaqus, see section 2.5, to obtain the response of the structure to
the train load. Before applying the frequency dependent boundary conditions, the
steady-state analysis, together with the procedure of transforming the load into the
frequency domain, was verified by testing it with fixed boundary conditions as in
the basic models. It was then confirmed that these results did not differ notably
from the response obtained from the same model analyzed with the modal method,
see figure 3.19.

The basic concept of the analyses using the steady-state analysis is shown in figure
3.20. The boundary conditions, where the stiffness and damping properties change
with frequency, were incorporated in the model as described in the previous section.
The train load was transformed to the frequency domain using the FFT-algorithm
in MATLAB. An example of the time domain and frequency domain representation
of the train load is shown in figure 3.21. The time step of the load representation
was chosen to 0.001 seconds in this figure. Thus a complex frequency spectrum in
the range 0 to 1000 Hz, or -500 to 500 Hz alternatively, was obtained. The frequency
domain representation is symmetric around zero, or around the Nyquist frequency
500 Hz, through the complex conjugate, as the spectrum is even in the real part and
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odd in the imaginary part. Using this property of the spectrum, we could import
half the frequency content of the train load, the range 0-500 Hz, to Abaqus.

In Abaqus, the steady-state analysis was used, with the exception from the ordinary
case that each frequency contributed with its part of the train load, and the boundary
conditions changed with frequency. Thus, the steady-state analysis gave the response
of the structure as if it had been subjected to a train passage in the time domain.
The response was obtained in the frequency domain. The complex conjugate of this
response was added to the response spectrum in MATLAB, whereafter a spectrum
in the range 0-1000 Hz was again obtained. With the use of the inverse Fourier
transform, the total response in the time domain could then be extracted. The
imaginary part of the response was, as expected, nearly eliminated when going from
the frequency domain to the time domain.

To obtain a sufficiently accurate result it was necessary to manually add a frequency
response, for the real and imaginary part, at zero frequency before shifting and
applying the inverse Fourier transform. The amplitudes of vibration must also be
sufficiently near zero in the beginning and in the end of the analysis time period,
due to the periodic properties of the discrete Fourier transform. Thus, there must
be some time before the train enters the bridge, and the analysis must be performed
for a sufficiently long time period, so that the free vibrations in the structure abate.
Our analyses were performed with a frequency resolution corresponding to a time
period of 20 seconds, with around three seconds before the train enters the bridge.

As can be seen in figure 3.21 almost no frequencies above 200 Hz are present. There-
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Figure 3.19: A train passage at 250 km/h on the basic 3D-model, from modal analysis
and the modified type of steady-state analysis respectively.
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Figure 3.20: The basic concept for the analysis of the models with frequency depen-
dent boundary conditions.
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Figure 3.21: Amplitude function for the train load at one of the sleeper surfaces on
the deck, according to the load model defined in section 3.5.1. The top
and bottom figures show the time and frequency domain representa-
tions, respectively. The speed of the train is 250 km/h.
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fore the efficiency of the analysis could be much improved by using a load spectrum
containing only the frequencies up to 200 Hz, and thus conducting the steady-state
analysis up to 200 Hz. Any maximum frequency of interest can be chosen, and the
results are valid up to that frequency. In this thesis a maximum frequency of 200
Hz was chosen for the analyses of the model with frequency dependent boundary
conditions from foundation plates. For those from the pile group however, a max-
imum frequency of 30 Hz was chosen as the stiffness functions were only available
up to this frequency. 30 Hz is also the cut-off frequency stated in the Eurocode.

The total CPU time was around 1500 SEC for an analysis in Abaqus for a frequency
interval of 30 Hz with a frequency step of 0.05 Hz, corresponding to a time interval
of 20 seconds, for one train passage at one speed. The analysis was performed on
an Intel Core i5 2.4 GHz, 4 GB RAM.

3.7 The final models

In order to assess the influence of using frequency dependent dynamic stiffness func-
tions on the model of the Hörnefors bridge, four final models, that only differ in the
boundary conditions, have been chosen. Results from these four models are pre-
sented in chapter 4. The final models were based on the 3D-model with refinements
from section 3.5. Thus sleeper surfaces, stay beams and the mass of the foundation
plate including co-vibrating soil above the foundations are considered in this model.
This model is chosen since it is considered to represent the real conditions of the
bridge in a better way than the earlier models. The four different boundary condi-
tions are clamped (as used in 3.3), static stiffness boundary conditions (as used in
3.5.2), and the two kinds of frequency dependent boundary conditions, shallow and
deep foundation (as described in 3.6). Out of these four boundary conditions, the
frequency dependent deep foundation should represent reality in the best way. The
models with static stiffness and clamped boundary conditions are further simplifi-
cations of reality, whereas the model with frequency dependent shallow boundaries
is only tested for comparison.
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Results

In the subsequent sections results from the final models with different boundary
conditions, described in section 3.7, are shown and compared to each other and
to measurement data. The results are presented in the form of acceleration plots,
maximum accelerations and frequency spectra from the free vibrations after train
passages. Estimated damping ratios for the three first modes of the bridge will also
be presented.

4.1 Comparison between models

4.1.1 Acceleration data

In this section, results from the four models with different boundary conditions are
shown. In figures 4.1 and 4.2, comparisons are shown for the speeds of 265 km/h
and 235 km/h respectively. The same results for three other speeds can be seen in
appendix A, figures A.1 to A.3. The results shown in these two figures below are
for the point at the mid span of the bridge. There are results for points at one third
and two thirds of the deck span as well, but the pattern for these are similar to that
of the mid span point.

In figure 4.1, where the results from Abaqus are compared for the speed of 265
km/h, we see that the models with different boundary conditions differ mainly in
terms of the damping out of the free vibration after the train has left the bridge.
For the clamped boundary condition, the bridge continues to vibrate freely with
rather high amplitudes for a while even after the train has left the deck. The static
stiffness boundary condition leads to lower amplitudes for these free vibrations. Both
frequency dependent boundary conditions, the plate and the pile group, lead to a
better damping of these free vibrations. The pile group is the one that dampens out
the free vibrations in the best way.

For the speed of 265 km/h, the result was logical and as expected. However, if we
look at figure 4.2, where the results for the speed 235 km/h are shown instead, one
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can see that for the clamped boundary condition, the vibrations are damped out
immediately. This is probably due to that the first bending mode is not excited for
this particular speed. The fact that different train speeds excite different eigenfre-
quencies can be seen when comparing figure 4.11 and 4.12. For the clamped model,
the first bending mode at around 11 Hz is prominent in the free vibrations after the
train passage at 180 km/h, but not pronounced in those at 230 km/h. As for the
other models, they behave in the same way here as for the speed 265 km/h.

It is interesting to see how much the added weight from the soil above the foundation
plates affects the accelerations, and especially the damping of the free vibrations.
In figure 4.3 the model with the static stiffness boundary conditions are compared
to the same model but without the soil mass included in the plates, for the speed of
250 km/h. We can see that for this speed, the effect of the soil mass is quite large.
However, the effect is not quite as large for the other speeds. Thus the increased
damping of the free vibrations, when comparing to the clamped model, can for the
most part be ascribed to the stiffness coefficients of the springs at the boundaries.
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Figure 4.1: Vertical accelerations for train speed 265 km/h for a point at mid span on
the center line of the bridge, for the four different boundary conditions.
The results are filtered at 30 Hz.
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Figure 4.2: Vertical accelerations for train speed 235 km/h for a point at mid span on
the center line of the bridge, for the four different boundary conditions.
The results are filtered at 30 Hz.
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Figure 4.3: Vertical accelerations for train speed 250 km/h for a point at mid span on
the center line of the bridge, for the static stiffness boundary condition
model versus the same model but without the mass of the soil above the
plates. The results are filtered at 30 Hz.

4.1.2 Eigenfrequencies

The prominent eigenfrequencies in the models have been investigated by looking
at the frequency spectra of free vibrations after train passages. The corresponding
mode shapes of the frequencies excited in those spectra are identified by compari-
son with a frequency extraction analysis in Abaqus, for the models with clamped
and static stiffness boundary conditions. For the models with frequency dependent
boundary conditions, ordinary steady-state analyses are performed for unit loads in
the vertical and horizontal direction in the midpoint and the point at one third of
the bridge span. From these analyses the deformed configuration of the model at
the eigenfrequencies can be identified as the mode shapes.

In figure 4.4, the identified eigenfrequencies up to 30 Hz in the models with clamped
boundaries, static stiffness boundaries and frequency dependent stiffness from pile
groups are shown. The frequency spectra are taken from a point at one third of the
bridge span, from train passages at 230 km/h. The point at one third of the bridge
span is chosen as many of the eigenmodes are detectable at this point. Different
train speeds excite the eigenmodes in varying degree, these differences are further
discussed in section 4.2.2. For the model with static stiffness boundary conditions,
the mode shapes corresponding to the eigenfrequencies marked in figure 4.4 are
shown in Appendix C, figures C.1 to C.7. The corresponding mode shapes for the
other two models are similar. In figure 4.4 it can be seen that all three models have
a first sway mode around 3-6 Hz. They all have a rather prominent mode at 7 Hz in
which the wing walls are vibrating. The first bending mode of the bridge lies around
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Figure 4.4: Identified eigenfrequencies in the models with boundary conditions as
clamped, static stiffness and frequency dependent stiffness from pile
groups. The lower spectrum has a logarithmic y-axis. The spectra are
from the free vibrations in a point at one third of the bridge span, after
train passages at 230 km/h.

9-11 Hz for the three models. The model with static stiffness boundary conditions
though, show two types of first bending mode, one with more prominent movement
of the foundation plates due to the elastic boundaries. This mode is here referred
as first bending mode SSI. The first bending mode of the model with frequency
dependent stiffness from pile groups are identified as the same kind with prominent
movement of the foundation plates. The two elastic models have a mode around 17
Hz, identified as the first plate bending mode of the deck. All models show two more
bending modes of the deck around 23 Hz and 25 Hz. From the spectra, it can be
verified that the clamped boundary condition leads as expected to a stiffer model,
as the frequency of the first sway mode and the first bending mode are higher in this
model than in the others. The behavior of the clamped model differs rather much
from the two elastic ones, which show more similarities.

4.1.3 Damping

In table 4.1 the modal damping ratios at the four first eigenfrequencies are shown
for the model with static stiffness boundary conditions and for the model with
frequency dependent stiffness from pile groups. The damping ratios are obtained
by the logarithmic decrement from the free vibrations after train passages. As can
be seen, the damping ratios in the model with frequency dependent stiffness are
somewhat higher for all examined modes of vibration, 4− 5% compared to 2− 4%
for the model with static stiffness. This implies that the damping part of the stiffness
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Table 4.1: Modal damping ratios, ξn, at eigenfrequencies, fn, obtained by the log-
arithmic decrement from the free vibrations after train passages on the
model with static stiffness boundary conditions, and the model with fre-
quency dependent stiffness from pile groups.

Static stiffness Freq. dep. stiffness, pile group
fn ξn fn ξn

mode n (Hz) (%) (Hz) (%)

1st sway mode 3.6 2 3 4
wing wall mode 6.8 3 6.8 5
1st bending mode 9.2 3 - -
1st bending mode, SSI 12.5 4 10.8 5

function has an influence on the behavior of the bridge model. The damping ratios
of the clamped model, not shown here, corresponds to those of the model with static
stiffness. It is unknown though, to the authors, why the damping ratios of clamped
model and the model with static stiffness are about twice as high as what would
correspond to the applied Rayleigh damping.

4.2 Comparison between models and measurement
data

As mentioned in section 1.3.2 we have measurement data at five points of the bridge,
from five different train speeds, and from one to several measurements for each speed.
However, there are great variations within the measurement data due to the uncer-
tainties regarding the actual speeds (see section 1.3.2). For example, for the speed of
250 km/h, the measured maximum accelerations for the different runs at this speed
lie between 0.2 and 22 m/s2 unfiltered, and between 0.2 and 2.1 m/s2 when filtered
at 30 Hz. Apart from possible inaccurate actual speeds during measuring, this may
also be due to the assumption of constant moving loads, resonance phenomena or
some other phenomena connected to the vehicle-rail interaction. Due to this vari-
ation, it is difficult to use the measurement data for validation of the models, but
it is still interesting for comparison. Some characteristic results are shown in this
section and additional results are presented in the appendix B, figures B.1 to B.15.

4.2.1 Acceleration data

In this section, the Abaqus results from the model with the frequency dependent
pile group are compared against measurement data for the same speed. In figures
4.5, 4.6 and 4.7 the Abaqus results featuring the frequency dependent pile group
at speed 250 km/h is compared to three different sets of measurement data for the
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same speed. These are denoted set 250-a to set 250-c in the captions. As can be
seen, the amplitudes of measurement data vary greatly within this particular speed.
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Figure 4.5: Vertical accelerations for train speed 250 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 250-a of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure 4.6: Vertical accelerations for train speed 250 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 250-b of measurement data for
the same speed. The results are filtered at 30 Hz.

62



4.2. COMPARISON BETWEEN MODELS AND MEASUREMENT DATA

0 0.5 1 1.5 2 2.5
−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

time (s)

ac
ce

le
ra

tio
n 

(m
/s

2 )

 

 
measurement data
frequency dep, pile group

Figure 4.7: Vertical accelerations for train speed 250 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 250-c of measurement data for
the same speed. The results are filtered at 30 Hz.

In figures 4.5, 4.6 and 4.7 the point is defined on the mid span at the center line of
the bridge, the acceleration pattern of which does not differ much from the other
center line points at one third and two thirds of the deck span. In figure 4.8 the
vertical acceleration for a point on the edge beam at one third of the deck span
is shown. The pattern is, for most speeds, not as well modeled for the point on
the edge beam as for the points on the center line. In figure 4.9 the longitudinal
acceleration at one third of the deck span is shown. The pattern is very different
and the amplitudes are generally larger for the Abaqus results compared to the
measurement data. An explanation may be that we did not include any backfill in
the Abaqus models which would have contributed to the longitudinal resistance of
the bridge and a more realistic behavior in the longitudinal direction.

In figure 4.10 the maximum accelerations in the midpoint of the bridge during
train passages at the five train speeds, obtained in the four different models are
shown. The same results from the point at one third and two thirds of the bridge
span are shown in appendix B, figure B.11 and B.12. The results are compared
against measurements, plotted in grey. As seen, it is hard to evaluate the models
against measurements as there is a rather great divergence within measurement
data. Overall the models show larger accelerations than the measurements. As for
the different models it can be noted that the maximum accelerations do not differ
very much between these models, the largest difference is less than 0.5 m/s2. The
pattern differs somewhat between different points on the bridge, but generally, when
comparing also with figures B.11 and B.12, the model with frequency dependent
stiffness from foundation plates show the largest accelerations, whereas the clamped
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Figure 4.8: Vertical accelerations for train speed 250 km/h for a point at one third
of the deck span on the edge beam, for the model with the frequency
dependent pile group boundary condition versus one set of measurement
data for the same speed. The results are filtered at 30 Hz.
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Figure 4.9: Longitudinal accelerations for train speed 250 km/h for a point at one
third of the deck span on the center line of the bridge, for the model with
the frequency dependent pile group boundary condition versus one set of
measurement data for the same speed. The results are filtered at 30 Hz.
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Figure 4.10: Maximum accelerations in mid span obtained during train passages on
the models with boundary conditions as clamped, static stiffness, fre-
quency dependent stiffness from foundation plate and frequency depen-
dent stiffness from pile group. Measurement data are plotted in grey
for comparison. The results are filtered at 30 Hz.

model show somewhat smaller accelerations. The clamped model is thus considered
to be non-conservative. Also the model with frequency dependent stiffness from pile
groups show somewhat smaller accelerations, probably due to that the pile group is
relatively stiff. The model with static stiffness boundary conditions lies somewhere
in between.

4.2.2 Eigenfrequencies

The eigenfrequencies present in the free vibrations after train passages for the mod-
els with clamped boundaries, static stiffness boundaries and frequency dependent
stiffness from pile groups are compared to those of measurements in figures 4.11-
4.12. These figures show the frequency spectra from the free vibrations after train
passages at 230 and 180 km/h respectively. For train speeds 235, 250 and 265 km/h
see appendix B figures B.13 to B.15. From these figures it is evident that different
train speeds excite different eigenfrequencies of the models. Also in the measure-
ment data there are great differences in to what degree the frequencies are excited
between the different train speeds.

From the figures it can be seen that the model with frequency dependent stiffness
from pile groups captures the first eigenfrequency of the bridge very well. Its plate
bending modes around 17 Hz and 20-25 Hz also seem to be present in the measure-
ment data. However, the wing wall modes around 7 Hz and the first bending mode
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around 11 Hz in the model both seem to be too prominent compared to the mea-
surements. The model with static stiffness boundary conditions has quite the same
behavior, but its first sway mode lies a little too high compared to measurements.
The eigenfrequencies of the model with clamped boundary conditions does not seem
to capture those of the measurements at all. It can thus be concluded that an elastic
model is needed to resemble the eigenfrequencies of this bridge.
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Figure 4.11: Frequency spectra from the models with boundary conditions as
clamped, static stiffness and frequency dependent stiffness from pile
groups. The spectra are from the free vibrations in a point at one third
of the bridge span, after train passages at 230 km/h. The models are
compared to measurement data shown in grey, from data set 230-a.
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Figure 4.12: Frequency spectra from the models with boundary conditions as
clamped, static stiffness and frequency dependent stiffness from pile
groups. The spectra are from the free vibrations in a point at one third
of the bridge span, after train passages at 180 km/h. The models are
compared to measurement data shown in grey, from data set 180a.
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Chapter 5

Discussion and suggestions for future
research

In this section the results will be summarized and discussed. Some suggestions for
future research will also be presented.

5.1 Conclusions and suggestions for an enhanced
understanding of the present models

In this thesis, 3D-models were built with three different types of boundary condi-
tions: clamped, static stiffness and frequency-dependent stiffness from SSI. Train
passages were simulated for five speeds, and the results were compared with the
measurement data. The aim of this study was to see if frequency dependent bound-
ary conditions lead to any significant improvements in the model results. A first
conclusion is that none of the models describe the dynamics of a passage with the
Green Train in a fully satisfactorily way. A short summarization of what can be
ascertained from the plots present in the previous section:

- From the accelerations plots we can see that there are definitely differences
between the boundary conditions. The clamped model does not damp out
the free vibrations in a satisfactory way. The difference between frequency
dependent boundary conditions and the static stiffness model is generally not
so big, but the two frequency dependent boundary conditions do lead to a
better attenuation of the free vibrations for the most part.

- Regarding the plots of maximum acceleration, the difference between the fre-
quency dependent boundary conditions are not significant from a design point
of view, for passages with short trains. Depending on which point at the
bridge one looks at different patterns are shown. However, the clamped model
generally has lower maximum accelerations and is thus considered to be non-
conservative. The frequency dependent plate model generally gives the highest
maximum accelerations.
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- Considering the modes of vibration, the frequency dependent pile group and
static stiffness show more similarities with each other, and also perform better
at predicting eigenfrequencies present in measurement data than the clamped
boundary condition model.

There are obviously important phenomena not captured by our models, since the
results do not seem to fit measurement data in a convincing way. Often the result
differs between the five different speeds which makes it somewhat difficult to draw
general conclusions; thus it would be good to perform an analysis based on HSLM-
train models of the Eurocode. This can show resonance phenomena at different
speeds and give a better understanding of how the eigenfrequencies in the different
models affect the accelerations.

It would also be good to calibrate the parameters in the model against measure-
ments, and to better be able to validate the models. But for that we would need
measurement data for more accurate speeds, and for more speeds. This would lead
to more coherent data, and resonance phenomena may be ascertained. It would also
be good to analyze mode shapes from measured data, since at the moment we can
only look at the frequency spectra.

5.2 Some suggestions for further research

In a further and more extensive study of this bridge a more complicated model could
be built. That model could include additional phenomena and refinements suchlike
the following:

- The lateral earth pressure from the backfill on the frame walls and wing walls
could be included by a lateral earth pressure. It could also be included by
a more complicated model with springs. The lateral earth pressure could
improve the horizontal behavior of the bridge, which in our model did not
agree very well with measurements. It could also reduce the prominent wing
wall modes that were present in the free vibrations of the model, and which
did not agree with measurements.

- The cracking of the concrete can be taken into account by modeling the bridge
with varying stiffness, based on where the cracking is likely to occur. This
would lead to a stiffness that corresponds better with the real bridge, thus the
mode shapes and the accelerations may agree better with the measured ones.

- The train load can be modeled by taking into account the rail, ballast and
the dynamic properties of the train. As stated in the introduction chapter,
Ahlbeck et al. (1975), Zhai and Sun (1994) and Sun and Dhanasekar (2002)
made such dynamic models of the rail-vehicle interaction. This may improve
the accurateness of the frequencies induced by the train, and also the behavior
of the bridge under loading as the mass of the train is included in such a model.
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- In order to account for the interaction between the train and the rail before the
bridge as well as the embankment one could extend the model borders beyond
the bridge. This could show the effect of that the train may be vibrating in
an eigenmode when entering the bridge, due to the rail-vehicle interaction.

However, before building new models, an analysis with long HSLM-trains for a range
of speeds should be conducted for our model. This can show resonance phenomena
at different speeds and give a better understanding of how the eigenfrequencies in the
different models affect the accelerations. New measurements where the speeds are
better controlled are necessary for well defined measurement data. Accelerometers
can also be placed on the wing walls so that comparisons can be made for these
parts as well.
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Appendix A

Comparison between models

A.1 Acceleration data
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Figure A.1: Vertical accelerations for train speed 180 km/h for a point at mid span on
the center line of the bridge, for the four different boundary conditions.
The results are filtered at 30 Hz.
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Figure A.2: Vertical accelerations for train speed 230 km/h for a point at mid span on
the center line of the bridge, for the four different boundary conditions.
The results are filtered at 30 Hz.
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Figure A.3: Vertical accelerations for train speed 250 km/h for a point at mid span on
the center line of the bridge, for the four different boundary conditions.
The results are filtered at 30 Hz.
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Comparison between models and
measurement data

B.1 Acceleration data
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Figure B.1: Vertical accelerations for train speed 180 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 180-a of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure B.2: Vertical accelerations for train speed 180 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 180-b of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure B.3: Vertical accelerations for train speed 230 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 230-a of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure B.4: Vertical accelerations for train speed 235 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 235-a of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure B.5: Vertical accelerations for train speed 250 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 250-d of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure B.6: Vertical accelerations for train speed 265 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 265-a of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure B.7: Vertical accelerations for train speed 265 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 265-b of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure B.8: Vertical accelerations for train speed 265 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 265-c of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure B.9: Vertical accelerations for train speed 265 km/h for a point at mid span on
the center line of the bridge, for the model with the frequency dependent
pile group boundary condition versus set 265-d of measurement data for
the same speed. The results are filtered at 30 Hz.
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Figure B.10: Vertical accelerations for train speed 265 km/h for a point at mid span
on the center line of the bridge, for the model with the frequency de-
pendent pile group boundary condition versus set 265-e of measurement
data for the same speed. The results are filtered at 30 Hz.
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Figure B.11: Maximum accelerations at a point at one third of the bridge span ob-
tained during train passages on the models with boundary conditions
as clamped, static stiffness, frequency dependent stiffness from founda-
tion plate and from pile group. Measurement data are plotted in grey
for comparison. The results are filtered at 30 Hz.
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Figure B.12: Maximum accelerations at a point at two thirds of the bridge span ob-
tained during train passages on the models with boundary conditions
as clamped, static stiffness, frequency dependent stiffness from founda-
tion plate and from pile group. Measurement data are plotted in grey
for comparison. The results are filtered at 30 Hz.
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B.2 Eigenfrequencies
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Figure B.13: Frequency spectra from the models with boundary conditions as
clamped, static stiffness and frequency dependent stiffness from pile
groups. The spectra are from the free vibrations in a point at one third
of the bridge span, after train passages at 235 km/h. The models are
compared to measurement data shown in grey, from data set 235-a.
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Figure B.14: Frequency spectra from the models with boundary conditions as
clamped, static stiffness and frequency dependent stiffness from pile
groups. The spectra are from the free vibrations in a point at one third
of the bridge span, after train passages at 250 km/h. The models are
compared to measurement data shown in grey, from data set 250-c.
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Figure B.15: Frequency spectra from the models with boundary conditions as
clamped, static stiffness and frequency dependent stiffness from pile
groups. The spectra are from the free vibrations in a point at one third
of the bridge span, after train passages at 265 km/h. The models are
compared to measurement data shown in grey, from data set 265-a.
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Appendix C

Modes of vibration

In this appendix, some of the eigenmodes of the model with static stiffness boundary
conditions are shown. The figures are taken from a frequency extraction analysis
performed in Abaqus, see section 2.4.2 for reference. Only the eigenmodes present
in the free vibrations after train passages are shown.

Figure C.1: Mode of vibration at frequency 3.6 Hz, the first sway mode, for the
model with static stiffness boundary conditions.
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Figure C.2: Mode of vibration at frequency 6.9 Hz, a wing wall mode, for the model
with static stiffness boundary conditions.

Figure C.3: Mode of vibration at frequency 9.2 Hz, the first bending mode of the
bridge, for the model with static stiffness boundary conditions.
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Figure C.4: Mode of vibration at frequency 12.4 Hz, the first bending mode of the
bridge, SSI, for the model with static stiffness boundary conditions.

Figure C.5: Mode of vibration at frequency 17.5 Hz, the first plate bending mode,
for the model with static stiffness boundary conditions.
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Figure C.6: Mode of vibration at frequency 22.9 Hz, a transverse plate bending mode,
for the model with static stiffness boundary conditions.

Figure C.7: Mode of vibration at frequency 25.0 Hz, the second plate bending mode,
for the model with static stiffness boundary conditions.
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