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Abstract

Research performed on the subject of dynamic soil–structure interaction (SS) con-
cerning railway bridges is presented in this thesis with the focus on simply supported
railway bridges supported by shallow foundations in soil strata on bedrock. The
research aims to obtain insight into the SSI of high-speed railway bridges and to
provide recommendations on how to model the soil–bridge system from a design
perspective.

A three-dimensional (3D) simply supported soil–bridge model was first developed
and the effects from model assumptions made on the soil–foundation system was
evaluated in a 3D setting (paper I). The soil–foundation system was then refined and
a model assumptions study was performed in order to evaluate the effects of model
assumptions on impedance functions, including the influence of the permanent load
acting on the soil–foundation system (paper II). Finally, a study of the assembled
soil–bridge system was performed in an extensive parametric study including a set
of 2D bridge models in combination with a set of shallow foundations in soil strata
on bedrock (paper III). A supplementary section related to paper III was also added
in this thesis, showing the effects of the substructure mass.

The model assumptions made when creating the soil–foundation model and the
soil–bridge model can be very important and must be made with care. The perma-
nent load acting on the soil–foundation systems of shallow foundations may alter
the impedance functions significantly. The substructure mass may alter the behav-
ior of the soil–bridge system depending on its magnitude, and neglecting it gives
inaccurate results. The 3D effects of SSI do not cause high vibrations due to modes
other than the first bending mode, and assuming a 2D bridge model is generally
acceptable.

The effects of SSI on the soil–bridge systems with shallow soil strata are largely
dependent on the ratio between the natural frequency of the bridge and the fun-
damental frequency of the soil. Depending on the value of this ratio, the effect of
including SSI in bridge models may contribute to the bridge obtaining a negligi-
ble, conservative, or non-conservative response, as compared to the bridge with the
assumption of non-flexible supports.

Keywords: Dynamic soil–structure interaction; Railway bridge; Impedance func-
tion; Soil dynamics; High-speed train
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Sammanfattning

Forskning i syfte att utröna effekten av dynamisk jord–struktur-interaktion (SSI)
på järnvägsbroar presenteras i denna avhandling med huvudfokus på fritt upplagda
broar med stöd av plattgrundlagda fundament i jordar på fast berggrund. Forsknin-
gen syftar till att ge förståelse för interaktionen mellan jord och järnvägsbroar samt
att ge rekommendationer på hur systemet kan modelleras ur ett designperspektiv.

En tredimensionell (3D) fritt upplagd jord–bromodell utvecklades först och effek-
terna av modellantaganden gjorda på jord–grundläggningssystemet utvärderades
i en 3D miljö (artikel I). Jord–grundläggningssystemet förfinades och en studie
genomfördes för att utvärdera effekterna av modellantaganden på impedansfunk-
tioner, inklusive påverkan av den permanenta belastningen som verkar på jord–
grundläggningssystemet (artikel II). Slutligen utfördes en omfattande parametrisk
studie av det sammansatta jord–brosystemet där en uppsättning tvådimensionella
(2D) bromodeller kombinerades med en uppsättning jordar (artikel III). Ett kom-
pletterande avsnitt relaterat till artikel III lades till i denna avhandling som visar
effekterna av massan av underbyggnaden på jord–brosystemet.

De modellantaganden som görs vid skapandet av jord–grundläggningsmodeller och
jord–bromodeller kan vara mycket viktiga och bör utföras med varsamhet. Den per-
manenta belastningen som verkar på jord–grundläggningssystemet kan väsentligt
förändra impedansfunktionerna. Massan av underbyggnaden kan vidare ändra re-
sponsen i jord–brosystemet, beroende på dess storlek, och att försumma den kan ge
felaktiga resultat. De 3D effekterna av SSI orsakar inte höga vibrationer på grund
av andra moder än den första böjmoden, och att anta en 2D bromodell är således
generellt sett motiverat.

Effekterna av SSI på jord–brosystemet i grunda jordar beror till stor del av kvoten
mellan brons naturliga frekvens och jordens fundamentala frekvens. Beroende på
värdet på denna kvot kan effekten av att inkludera SSI i bromodeller bidra till att
bron får en försumbar, konservativ, eller icke-konservativ respons, i jämförelse med
bron med antagandet om fasta upplag.

Nyckelord: Dynamisk jord–struktur interaktion; Järnvägsbro; Impedansfunktion;
Jorddynamik; Höghastighetståg
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Chapter 1

Introduction

1.1 Background

Railway bridges subjected to passing trains may reach a state of resonance if the
frequency of the loading coincides with the natural frequency of the bridge [1–3].
The resonant speed of a railway bridge superstructure due to moving loads can be
described by the following equation:

vn,cr =
fn d

i
(1.1)

where fn is the nth natural frequency of the bridge, d is the characteristic axle
distance, and i is an integer [4]. The critical vibrations of the resonance are gov-
erned by the modal properties of the bridge, including the natural frequency and
the associated modal damping ratio. To properly describe and understand the phe-
nomenon of resonance of railway bridges it is, therefore, necessary to study the
modal properties of the bridges.

High levels of vibrations in railway superstructures may cause passenger discomfort,
ballast instability, degradation of the tracks, and raise maintenance costs [1, 5].
Short to medium-span bridges can be particularly sensitive to these vibrations since
their masses are low, causing accelerations to be high [6, 7]. Single-spanned bridges
are, in addition, particularly sensitive to the resonant vibrations whereas the effect
is decreased for continuous bridges [7–9]. To avoid the detrimental effects inherent
from high acceleration levels, EN 1990 [10] requires that the maximum acceleration
of the bridge deck should be less than 3.5 m/s2 for ballasted tracks and 5 m/s2 for
un-ballasted tracks.

To predict the actual accelerations of a bridge in the design stage can however
be a difficult task, and the modeled response of a bridge using the current design
recommendations and guidelines may differ substantially from experimental tests
of the constructed bridge. In the design of some of the earliest high-speed railway
lines in Europe, the requirement to perform a dynamic check including the effects
of resonance was not yet applied, as in the case of the first German lines [11].
With the introduction of the Eurocode, dynamic checks according to EN 1991-2
[12] were made mandatory also on the old lines. Field tests were performed on some
of the bridges [see 11, and references therein] and were compared against modeled
results to verify the acceleration levels. The acceleration levels of the models were
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CHAPTER 1. INTRODUCTION

unsatisfactory high in many cases, especially for short-spanned bridges. The field
tests, however, revealed that the actual acceleration levels for many of the bridges
were considerably lower than those resulting from the models, and the damping
ratios of the bridges were in general higher than those stipulated by the design
codes. With the verified bridge models, the requirements of EN 1991-2 were fulfilled.
Experiments verifying the acceleration levels are not possible in a design stage and
engineers must rely on the calculated response of the models using conventional
modeling techniques. This may lead to uneconomical and environmentally adverse
bridges. There is thus a need for understanding the causes of the discrepancy
between modeled and measured response, and one of those causes may be the
interaction between the soil and the bridge.

Despite all the research performed on the subject of SSI on railway bridges, there are
no concrete guidelines or simple-to-use tools at hand to appreciate the influence of
SSI in design. There is, further, a perception within the structural engineering soci-
ety that SSI is always beneficial and that neglecting SSI and assuming rigid supports
is conservative [13]. Because of this, SSI is neglected in the design stage; however,
the assumption may come at the cost of a potentially non-conservative model in
some cases, due to the reduction of the natural frequency, or, an over-conservative
bridge in other cases, due to the increase of modal damping, demanding larger
quantities of construction material resulting in an uneconomical and environmen-
tally adverse bridge. This licentiate thesis arises in that context, and the research
work has been performed to clarify some of the issues relating to the influence of
SSI on railway bridges.

1.2 Aims and scope

The general aim of this project is to investigate how SSI influences the dynamic
properties of high-speed railway bridges, in particular the simply supported (SS)
bridges, and to provide insight into the soil–bridge system from a design perspective.
Specific objectives are to:

i. Investigate the parameters influencing the SSI of railway bridges.

ii. Give recommendations on how to properly model the soil–bridge system.

iii. Provide guidance on what effects that can be expected from SSI at different
preconditions and when SSI should be included in the analysis of bridges.

The following limitations apply. The influence of SSI is studied concerning railway
bridges and only the interaction between the soil, the foundation, and the bridge
is considered. The bridges are simply supported and rest on piers on shallow foun-
dations, whereas in reality abutments would be present, and possibly founded by
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1.3. SCIENTIFIC CONTRIBUTION

piles. Further, the effects of train–bridge interaction is neglected, and the train
excitation is modeled as a series of moving forces with constant speed. The ma-
terial behavior of the soil is assumed linear in all dynamic calculations, and the
foundation is assumed rigid in relation to the soil stiffness.

1.3 Scientific contribution

The research project, presented in this thesis together with the appended papers,
has resulted in the following scientific contributions:

• An analysis of the influence of model assumptions on impedance functions,
including the effects of the permanent load of the structure.

• Insight into the effects of SSI on simply supported bridges.

• An efficient method of modeling the soil–bridge system.

• A parametric study of the effects of SSI on simply supported 2D bridges,
showing when SSI is potentially negligible, beneficial, or detrimental.

1.4 Outline of the thesis

The thesis consists of an introductory part and three appended papers. The in-
troductory part provides a general overview of the research field and summarizes
the research of the appended papers. The following chapters are given in the text.
Chapter 2 includes a literature review concerning SSI of railway bridges and in-
cludes sections regarding the dynamic properties of soil, impedance functions, and
the adequacy of the idealization and model assumptions made on the soil–bridge
system. Each of the appended papers is summarized in Chapter 3. The conclusions
from the research work based on the content of this thesis and suggestions for future
research are given in Chapter 4.
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Chapter 2

Dynamic soil–structure interaction
of railway bridges

Dynamic Soil–structure interaction is the interaction between the soil, the founda-
tion, and the structure built on top of it when subjected to dynamic loading. In
this research, only the effects of SSI on the structure are investigated, whereas the
effects on the surrounding soil and adjacent structures due to wave propagations
are outside of the scope of this thesis.

This chapter provides background and gives the reader an overview of the research
field including a literature review concerning SSI of railway bridges, a description of
the dynamic properties of soil, and a brief background to the dynamic impedance
functions. Finally, a discussion on the adequacy of the idealization made on the
simply supported railway bridges is given.

2.1 Literature review

The results from theoretical and experimental studies on the effects of SSI on railway
bridges have shown that the impedance of the soil–foundation system can influence
the resonant response of the bridge significantly. In this literature review, the
methods and findings of previous studies are presented.

Takemiya and Bian [14] analyzed a multi-span continuous bridge using the sub-
structure method in the frequency domain. Impedance functions were calculated
for pile groups from an axisymmetric model. The behavior of the bridge, as well as
the ground motion due to passing trains, were analyzed. The results were compared
to field measurements of the ground velocity, showing good agreement. It can be
concluded from this study that the assumption of linear soil behavior in the cal-
culation of the impedance functions is correct, which was also concluded by ERRI
D214 [1], and provides a reliable and effective method. Bucinskas and Andersen
[15] presented a solution including wheel–train interaction and the effects of SSI
in a time-domain solution. The impedance functions of the soil–foundation system
was represented in the time-domain using the lumped-parameter models (LPM), in
which an artificial system of masses, springs, and dash-pots are assembled [16, 17].
The main advantage of this method is that a frequency-dependent system with a
high number of degrees of freedom can be reduced into a much simpler system in
the time domain. A case study of a several-span bridge was analyzed showing that
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CHAPTER 2. DYNAMIC SOIL–STRUCTURE INTERACTION OF RAILWAY
BRIDGES

the method gives accurate results as compared to the frequency domain solution.

Ülker-Kaustell et al. [18] performed a qualitative study of the phenomenon of SSI
considering a portal frame railway bridge in a case study. Dynamic stiffness func-
tions (impedance functions) were calculated in 3D models and were coupled to a
2D Bernoulli-Euler model of the bridge. It was concluded that the increase of the
modal damping ratio can be substantial, in particular in the low range of soil modu-
lus. Romero et al. [19] investigated the soil–structure interaction of a SS short-span
bridge using a coupled 3D finite element–boundary element model formulated in
the time domain. The soil was assumed a homogeneous half-space with the integral
abutments located on top. The results of this case study showed that the natu-
ral frequency is reduced and the modal damping ratio is increased for decreased
stiffness of the soil. The effect of SSI on a portal-frame bridge was further studied
by Zangeneh et al. [20], and numerical models were validated by field measure-
ments performed with controlled excitation of the structure. In this case, a full
3D model including the integrated abutments and wing walls was compared to a
simplified model and to a model excluding SSI. The field tests verified the updated
numerical simulations, and show that the modal damping ratio of the bridge type
is considerably higher than that recommended in EN 1991-2 [12].

Including SSI in the analyses in the case of SS railway bridges coupled to the soil
in the vertical degree of freedom leads to a reduction of the natural frequency of
the first bending mode of the bridge and an increase of the modal damping ratio
[21–24]. The consequence is a reduction of the resonant amplitude during train
loading, but also a decrease of the resonant train velocity. The studies made by
Doménech et al. [21] and Martínez-Rodrigo et al. [22] studied the effects of SSI
on 2D SS bridges coupled to half-spaces in a 3D FEM-BEM model. Parametric
studies considering short to medium span bridges were performed for a large set
of combinations of soil and bridge properties. The results show that the coupled
models have a clear dependency on the relative stiffness parameter, which is the
ratio between the flexural rigidity of the beam and the static stiffness of the soil–
foundation system [25], and increasing this parameter increases the effects from
SSI, meaning a larger reduction of the natural frequency, and a larger increase of
the modal damping ratio. The frequency-dependence of the impedance calculated
from soil–foundation systems in half-spaces is small [26], which is probably why
the frequency-dependence of the soil–bridge system was also small. Zangeneh et al.
[23] developed exact closed-form expressions for the fundamental natural frequency
and modal damping ratio of a single spanned 2D bridges on viscoelastic supports.
The bridge is coupled to impedance functions and the system is then investigated
considering two types of soil conditions. First, a homogeneous half-space with
the variation of the shear wave speed was performed. Secondly, a homogeneous
deposit on top of bedrock was considered where the depth of the deposit was varied.
The study confirms the conclusions of the previous studies that the effects of SSI
of bridges on top of half-spaces follow the general trend of the relative stiffness
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2.2. DYNAMIC SOIL PROPERTIES

parameter. However, considering the soil strata on bedrock, it was concluded that
the frequency-dependence of the impedance functions is important and that the
soil–bridge system depends on the relative stiffness parameter, which is the ratio
between the natural frequency of the bridge and the fundamental frequency of the
soil stratum.

2.2 Dynamic soil properties

2.2.1 Wave propagation
To model the SSI of railway bridges, radiation damping must be addressed. The
phenomenon of wave propagation and derivations of the wave types can be found
in e.g. [27] and will not be further described in the present work other than the
most essential. Two of the most important wave types for the research work are
the P-wave and the S-wave. The P-wave (compression wave) and the S-wave (shear
wave) speeds can be calculated according to:

cp =

√
2G0(1 − ν)
ρ(1 − 2ν) (2.1a)

cs =

√
G0
ρ

(2.1b)

where G0 is the small-strain shear modulus, ρ is the density of the soil, ν is the
Poisson’s ratio. The shear wave speed travels through the skeleton of the soil and
is not altered by the presence of water. In contrast, the compression wave may
travel at the speed of whichever medium of water or soil that has the highest
compression speed. However, according to Biot’s poroelastic equations [28] and in
the low frequency range (less than several kHz [29]), the wave propagation in a
saturated poroelastic material acts as a frozen mixture where no relative motion
between the water and the soil particles occur. Saturated soil can, therefore, be
modeled as an equivalent dry elastic medium. Typical ranges of wave speeds for
different soil and rock materials are presented in Tab. 2.1.

2.2.2 Small-strain dynamic properties
There are many empirical formulas to calculate the linear elastic shear modulus of
soil, and some of the formulas are summarized in e.g. [30] or [31]. The small-strain
modulus can be expressed in the following general equation [32]:

G0 = S f(e) (σ′
vσ′

h)d p(1−2d)
a (2.2)

where S is a dimensionless parameter characterizing for the particular soil, f(e) is a
function of the void ratio, σ′

v and σ′
h (kPa) are the vertical and horizontal effective

7



CHAPTER 2. DYNAMIC SOIL–STRUCTURE INTERACTION OF RAILWAY
BRIDGES

Table 2.1: Approximate P- and S-wave speeds for different soil and rock materials
[30].

Soil type P-wave velocity (m/s) S-wave velocity (m/s)

Ice 3000–4000 1500–2000
Water 1500 -
Granite/Gneiss (stiff bedrock) 4000–4700 2000—2500
Sandstone/shale (soft bedrock) 2500–3500 1200–1600
Fractured rock 1900–3500 800–1200
Saturated Moraine 1400–2400 200–700
Dry Moraine 700–1500 200–700
Saturated Sand and Gravel 1300-1700 200–400
Dry sand and gravel 300–700 200–400
Saturated Clay 1300–1600 0–250
Clay, Silt 400–700 0–250

stresses, respectively, d is a soil dependent factor between 0.3 to 0.6 indicating the
influence of stress, and pa is the atmospheric pressure.

Seed and Idriss [33] suggested a simplified formula for the small-strain shear mod-
ulus of frictional soil:

G0 = K0
√

σ′ (2.3)

where K0 is the soil modulus coefficient and σ′ is the mean effective stress. K0 is a
soil type specific constant. The Swedish design recommendations [34] have adopted
this formula and adjusted it for Swedish conditions. In the recommendations, K0
ranges from 15 000 to 30 000 where the first value corresponds to sand and the
latter to crushed fill material.

The formula in Eq. 2.4 by Hardin [35] is valid for low-plastic clay and considers the
void ratio, the over-consolidation ratio OCR, and the plasticity index IP. Here,
k is a parameter dependent on the plasticity index. The void ratio of clay ranges
typically from 0.3 to 3.0 [36]. There are also formulas relating the small-strain
modulus of cohesive soils to the Piezocone Penetration Testing (CPTU) tip resis-
tance or the undrained shear strain, see e.g. [37] and references therein. Larsson
and Mulabdic [38] suggested the empirical formula in Eq. 2.5 valid for high-plastic
and medium-plastic clays, which is based on the plasticity index and the undrained
shear strength su.

G0 =
625OCRk

0.3 + 0.7e2 (σ
′pa)0.5 (2.4)

G0 = (208
IP

+ 250)su (2.5)

8



2.2. DYNAMIC SOIL PROPERTIES

The small-strain material damping ratio represents the energy dissipation of the soil
material at small strain levels. Among others, friction between particles, strain rate
effects, and nonlinear soil behavior are mechanisms that contribute to the material
damping. In theory, there would be no dissipation of energy in the linear elastic
domain applying the hysteresis model. However, there is energy dissipation even
at very small strain levels evident from field tests and laboratory tests, and the
damping ratio, known as the small-strain damping ratio, is a constant and soil type
dependent value [39]. From laboratory tests, the small-strain damping ratios of
frictional soils are between 0.5–2%, whereas cohesion soils may have a somewhat
higher damping ratio at around 1–4 % [39, 40]. An undisturbed in-situ soil may,
however, have different properties than that of a sample tested in a laboratory
environment [41, 42] and laboratory tests give, in general, conservative values of
small-strain damping ratios and shear moduli [40]. Zeghal et al. [43] found that
the in-situ damping ratio may be as high as double, or even more, of the value of
a laboratory test at small shear strains. The material damping ratios from in-situ
testing range between approximately 2–6 % [44].

2.2.3 Material non-linearity of soil

The reduction of shear modulus and the increase of damping ratio of soils as a func-
tion of shear strain have been thoroughly investigated considering both frictional
soils [33, 40, 45] and cohesional soils [39, 46, 47]. Tab. 2.2 presents a summary
of the relative impact of affecting parameters on the nonlinear modulus reduction
and damping ratio determination of clean sand and cohesive soil. The primary
affecting parameters are strain level, mean effective confining pressure, and void
ratio. The number of load cycles is an important factor for damping ratio determi-
nation, but not considering the modulus. For cohesive soils, such as clay and silt,
the dependency on the degree of saturation is also important.

Rollins et al. [45] suggested that the normalized modulus reduction G/G0 and the
material damping ratio ζ(γ) of frictional soils are calculated according to Eqs. 2.6a
and 2.6b where γ is the shear strain.

G

G0
= 1

1 + 1600γ(1 + 10−2000γ) , 0 ≤ γ ≤ 10−2 (2.6a)

ζ(γ) = 0.8 + 18(1 + 0.15(100γ)−0.9)−0.75 (2.6b)

These equations consider only a single soil type (gravel) and the shear strain,
whereas the other controlling parameters, such as the mean effective confining pres-
sure and the void ratio, are omitted. The method proposed by e.g. Darendeli [40] to
calculate the normalized modulus reduction and material damping increase provides
a more general approach using functions of probability.
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CHAPTER 2. DYNAMIC SOIL–STRUCTURE INTERACTION OF RAILWAY
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Table 2.2: The relative importance of parameters that control the non-linear ma-
terial behavior of soil. Adapted from [40], based on [47].

Impact on modulus Impact on DampingParameter
Clean sand Cohesive soil Clean Sand Cohesive Soil

Strain amplitude *** *** *** ***
Mean effective confining pres-
sure

*** *** *** ***

Void ratio *** *** *** ***
Number of loading cycles + * *** ***
Degree of saturation * *** ** -
Over-consolidation ratio * ** * **
Effective strength envelope ** ** ** **
Octahedral shear stress ** ** ** **
Frequency of loading * * * **
Other time effects * ** * **
Grain characteristics, size,
shape, gradation, mineralogy

* * * *

Soil structure * * * *
Volume change - * - *

*** very important
** less important
* relatively unimportant
+ relatively unimportant except for sand
- unknown

2.2.4 Shear strain in soil
The shear strain can be calculated from the effective octahedral shear strain [48]
according to:

γ = α

3

√
(εx − εy)2 + (εx − εz)2 + (εy − εz)2 + 6(γ2

xy + γ2
xz + γ2

yz) (2.7)

where εi and γij are components of the strain vector and α = 0.65. This shear
strain measure has been used in previous studies [49, 50].

High-amplitude dynamic loading, such as earthquake loading, and dynamically sen-
sitive soil–foundation systems, including poor soil conditions, result in high shear
strains, and strains larger than 10-5 induce nonlinear soil behavior [51]. Nonlinear
[49, 52] or equivalent-linear [50, 53] models can be used to address this behav-
ior. However, in many cases, the soil–foundation systems are less sensitive and
the dynamic loads more modest, for example, bridge foundations on frictional soils
exposed to train loading. In such cases, the shear strains due to dynamic loading
remain in the elastic range [29], and a nonlinear dynamic analysis is uncalled-for.
The self-weight of the structure may however be relatively heavy, and the effect of
permanent load on the modulus of the soil can be relevant [54]. Not only will the
modulus be decreased from the shear strains, but it will also be increased due to
the rise in mean effective stress.
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2.2.5 Modal properties of soil strata
The natural frequency of a soil stratum on bedrock with homogeneous soil can be
calculated with:

fm = c

4H
(2m − 1)

m = 1, 2, 3, . . .
(2.8)

where m is the mode number, c is the wave velocity, and H is the stratum depth.
Depending on the type and direction of the exciting waves, this general equation
gives different natural frequencies in different degrees of freedom. Vertically travel-
ing P-waves will for example excite the vertical mode of vibration of the stratum,
whereas a vertically traveling S-wave excites the horizontal mode of vibration which,
due to the slower S-wave, has a lower natural frequency.

The dynamic characteristics of soil deposits with shear moduli varying with the
depth have been studied in [55] and [56] presenting analytical solutions for the fun-
damental periods, mode shapes, and resonant amplification functions. The varia-
tion of modulus with depth is typically due to an increase of the confining pressure
depending on the self-weight of the soil described by functions such as in Eq. 2.3
or Eq. 2.4. Using the formulas in [56], an equivalent shear modulus Geq and an
equivalent wave speed ceq of the stratum is obtained. Inserting ceq into Eq. 2.8,
the equivalent natural frequencies fm,eq are obtained.

Dynamic excitation of the stratum will not necessarily induce wave propagations.
In order for wave propagations to be evident, the exciting frequency needs to be
higher than the fundamental frequency of the soil (m = 1 in Eq. 2.8) [56].

2.3 Impedance functions

The dynamic impedance function is the frequency-dependent dynamic stiffness and
damping of a rigid and mass-less foundation due to harmonic excitation. The
dynamic impedance function is commonly expressed in complex numbers:

Z(ω) = kd(ω) + iωcd(ω) (2.9)

where kd is the dynamic stiffness coefficient, cd is the dash-pot coefficient, ω is the
cyclic frequency of excitation, and i =

√−1. The impedance function can also be
divided into a real part Re(Z) = kd and an imaginary part Im(Z) = iωcd. The
real part describes the stiffness and inertial properties of the impedance, whereas
the imaginary part describes the energy dissipative capacity and is due to both
material and radiation damping.

Radiation damping, through wave propagations, occurs when the exciting frequency
exceeds the fundamental frequency of the soil stratum and increases the imaginary
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part of the impedance function substantially [57]. With an exciting frequency
less than the fundamental frequency of the soil stratum, only material damping
contributes to the imaginary part of the impedance function. This difference in
behavior can be crucial to the SSI response and is especially relevant in the cases
of shallow soil strata which can have relatively high fundamental frequencies. For
these cases, the frequency-dependence is large, in particular when the exciting fre-
quency is close to the fundamental frequency of the soil. Considering the strata of
infinite depth (half-spaces) radiation damping is active at all frequencies, and the
impedance functions display small variations with the frequency [26].

Once the impedance function is obtained, it can easily be coupled to models of
structures and has the advantage that it can be re-used in various models and for
several foundations in the same model. In addition to efficiency, sub-structuring the
system (by the calculation of impedance functions) can also give better insight into
the dynamic behavior of the soil–foundation system since it can be studied without
the coupled effects of the structure. In a 3D setting, the impedance function is
described by a 6×6× ω matrix where the coupled impedances between the degrees
of freedom are described in the cross-terms. Only the diagonals of the impedance
matrix have been used throughout the research work.

2.3.1 Theoretical solutions
The soil–foundation systems with shallow foundations are typically defined by a
soil deposit and a mass-less and rigid foundation. The system can be classified by
its material and geometrical characteristics [58] including the shape of the founda-
tion, the embedment of the foundation, and the soil type profile, which includes
the depth, material properties, and layering. Impedance functions are published
in many journal papers and have been compiled in handbooks to give structural
engineers simple tools to take SSI into account in design. Compilations of solutions
for impedance functions can be found in e.g. Gazetas [59] or Sieffert and Cevaer
[60]. The historical background of impedance functions are given in these hand-
books, and will not be further discussed in this thesis. Solutions for the impedance
functions from the literature are, in many cases, given for a specific set of features,
such as for circular surface foundations on layered media of infinite depth [61], cir-
cular embedded foundations on a homogeneous stratum on bedrock [62], and other
specific assumptions [57, 63, 64]. The impedance functions from the literature are
in most cases given in the form of diagrams since they have been obtained using
numerical computations. However, the foundation and soil stratum in a particu-
lar project may substantially deviate from the conditions of these solutions, and
appreciating the impedance function can be a potentially precarious task.

The impedance functions of the soil–foundation system can be solved using a va-
riety of calculation methods. The earliest solutions were made analytically and
were followed by the semi-analytical methods. Later, numerical methods have been
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applied to solve the problem using the FEM and the Boundary Element Method
(BEM). The advantage of numerical models is that they allow for arbitrary geome-
tries and material properties, in particular the FEM. One modeling issue that needs
to be properly addressed is the simulation of the waves propagating into infinity.
The attenuation of propagating waves has been the drawback of FEM since the
transmitting boundaries have not been sufficiently efficient. Several alternative ab-
sorbing boundaries have been suggested, including Lysmer-Kuhlemeyer boundaries
(infinite elements), absorbing region, and Perfectly Matched Layer (PML).

2.3.2 Experimental results

Field experiments validating impedance functions are limited in number and testing
have in general had a relatively small role in the research of SSI [65]. Whereas some
previous experiments have been performed at sites with substantial soil depths
[66, 67], others have included full-sized buildings [68] or both [69, 70]. Recent
studies have included complete SSI systems where minor structures are mounted to
shallow foundations on top of well-investigated soil strata and exposed to controlled
dynamic loading [71–73]. Many of these field tests are performed on deep strata of
cohesive soil, and different results can be expected for shallow strata of frictional
soil on bedrock.

Laboratory tests made on small-scale soil–foundation systems have been performed
using shake-table [74], free vibration [75, 76], and centrifuge excitation tests [77, 78].
Laboratory-scale tests are used for studying the frequency-dependence of impedance
functions and the effects of nonlinear interaction of the soil–foundation system.
However, they are limited in recreating specific field conditions [79], and the ab-
sorbing boundaries of the tests (in many cases made up by wet sawdust) may not
function perfectly as transmitting boundaries [76].

2.4 The soil–bridge system

This section describes the idealization of the soil–bridge system that formed the
basis from which the studies in the papers are derived.

The soil–bridge system is assembled from three parts: the superstructure, the sub-
structure, and the soil–foundation system. To avoid confusion on where the bound-
ary between the substructure and the soil–foundation system is given, the following
definition is offered: The substructure consists of the concrete part of the bridge
that supports the superstructure, whereas the soil–foundation system consists of the
soil stratum and the interface between the soil and the substructure. This interface,
the foundation, is assumed rigid and mass-less. In the case of a soft and deep soil
deposit, piles can be attached to the substructure as part of the foundation.
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The implications of studying soil–structure interaction of SS railway bridges, such
as in [22–24, 80], are that there are no piers since there is only a single span and that
the abutments, connecting the bridge structure to the subsoil and to the adjacent
embankment, are semi-integral since the bridge is assumed to be connected to
bearings fixed to the abutment and thus the rotational degrees of freedom of the
supports are free to move. In most studies covering this topic, the influence of
the abutment is neglected and the impedance of a shallow foundation such that
would be located under a pier is implemented. This is made partly due to the
lack of existing solutions of impedance functions for abutments, and partly due to
the complexity of modeling such cases. Further, the mass of the substructure is in
many cases neglected, where in reality, the mass of the substructures can have a
substantial proportion of the total mass of the bridge.

In the papers I and III, the substructures are considered to be piers and the SSI
related to the interface between the bridge and the embankment has been neglected.
The mass of the substructure is however included and the foundation is embedded
into the soil.

14



Chapter 3

Research work

This chapter summarizes the research work and the three appended papers. First,
the effects of SSI on a soil–bridge system including a single-span 3D bridge coupled
to impedance functions were investigated (Paper I). The influence of the permanent
load and the necessity of including all degrees of freedom of the impedance function
were analyzed. Secondly, the model assumptions of shallow foundations in soil
strata on bedrock concerning the impedance functions were investigated (Paper
II). The effects of the permanent load were also studied. Thirdly, a parametric
study was performed considering 2D SS bridges coupled to impedance functions
calculated from soil–foundation models of frictional soil strata on top of bedrock
(Paper III). The effect of SSI on the modal properties and the response during train
loading were analyzed. An additional section has also been added in this chapter
in which the effects of the substructure mass on the soil–bridge system is shown,
and is related to Paper III.

The aims of the research work were stated in Section 1.2 with the following main
objectives: (i) investigate the parameters influencing the SSI of railway bridges; (ii)
give recommendations on how to properly model the soil–bridge system; and (iii)
provide guidance on what effects that can be expected from SSI at different precon-
ditions and when SSI should be included in the analysis of bridges. Papers I and
III cover objective (i), Papers I–III handle objective (ii), and Paper III contributes
to objective (iii).

3.1 Case study of a 3D bridge (Paper I)

Paper I investigated the influence of SSI on a single-span, 3D bridge model coupled
to impedance functions representing a shallow foundation [81]. The impedance
functions were calculated from 3D FE-models for a few cases assuming various
geotechnical conditions. The effect of SSI on the bridge response was studied con-
cerning the modal properties and the response during train loading, and the results
were compared to the case of a bridge on rigid supports. Fig. 3.1 displays the
idealized bridge (right), the cross-section of the superstructure (top left), and the
soil–foundation system (bottom left).

The case study shows that by including the effects of SSI in the analysis of the
bridge, the modal damping ratios of the system is largely increased as compared to
the proportional damping ratio applied to the bridge, resulting in lower acceleration
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Figure 3.1: Bridge cross-section (upper Left), soil model in section (lower left), and
bridge model (right).
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Figure 3.2: Maximum acceleration of bridge deck vs train speed due to moving load
models HSLM-A 1-10.

amplitudes in the bridge during train response, whereas the natural frequencies had
only a small decrease. Fig. 3.2 shows the maximum acceleration of the bridge as a
function of the train speed for all high-speed load models HSLM-A 1–10, considering
four cases of impedance functions: an infinitely stiff soil, a soil including all degrees
of freedom but excluding the effects of the permanent load, a soil including all
degrees of freedom and the effects of the permanent load (increasing the modulus),
and a soil excluding the permanent load and only applied in two degrees of freedom
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(PAPER II)

(Z, rY). The maximum allowed deck acceleration for bridges with ballastless tracks
from the Eurocode is given as a reference [10]. There is a clear effect of SSI on the
response, as compared to the infinitely stiff soil, but neglecting all degrees of freedom
except for the Z and rY does not change the response significantly. Applying the
permanent load increases however the response during resonance as compared to
neglecting the permanent load.

From the case study in this paper, two conclusions were drawn that would influence
the forthcoming research work. First, only two of the components of the impedance
functions were necessary to include in the soil–bridge system in order to obtain a
sufficiently accurate response during train passage. This implies that the maximum
response is mainly governed by the first bending mode and that torsional effects
are small. A 2D bridge model should in this context be able to represent the
system accurately. Secondly, the influence of the permanent load had a significant
non-conservative effect on the soil–bridge system and should, therefore, be studied
further. This paper was written as part of the project of producing the technical
report Soil–structure interaction for foundations on high-speed railway bridges [82],
in which the modeling techniques and the assumptions of this paper were refined.
In the report, both shallow foundations and deep foundations (pile groups) were
studied for single-span and continuous bridges, considering both long and short
spans. For a more extensive study on the subject, see therefore the technical report.
The technical report formed the basis from which Paper II and III were later written.

3.2 Model assumptions of the soil–foundation system
(Paper II)

The influence of model assumptions on the dynamic impedance functions of shallow
foundations was investigated in Paper II [54]. The foundations had a fixed geometry
and were assumed to be located on top of strata of frictional soil on bedrock. The
finite element model is shown in Fig. 3.3. Two studies were performed. First,
the effects of model assumptions were investigated including the embedment of the
foundation, the variation of modulus with depth, and the permanent load acting
on the foundation. Secondly, a parametric study was performed analyzing the
effects of the permanent load at varying soil depths and with different soil modulus
coefficients. Small-strain modulus and modulus reduction relationships were used
in an iterative process to update the modulus due to the permanent load.

3.2.1 Model assumptions study

Four cases were considered in the model assumptions study, see Fig. 3.4: Case (a),
a surface foundation on a stratum of homogeneous soil; Case (b), an embedded
foundation in a stratum of homogeneous soil; Case (c), a surface foundation on a
stratum with modulus varying with the depth; and Case (d) an embedded foun-
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impedance functions (bottom).
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dation in a stratum with modulus varying with the depth. The equivalent shear
modulus, Geq, was applied to Cases (a) and (b) (see the appended paper for fur-
ther description of the equivalent stratum properties) and the same fundamental
frequency was obtained in all cases.

The results showed that the model assumptions included in this study can have a
great influence on the impedance functions. Not only are the static stiffness coef-
ficients largely affected by the modeling assumptions, differing in some instances
by more than 100 %, but the impedance of the full frequency range is also al-
tered. By normalizing the impedance functions (see the paper), the impedance
functions match each other well in the pre-resonant frequency range. However, in
the frequency range above the fundamental frequency, the normalized impedance
functions show a large variation. The fundamental frequency of the soil strata dic-
tates the cut-off frequency from which radiation damping is activated, and it can
be further concluded that this frequency is not significantly altered by the model
assumptions.

3.2.2 Effect of the permanent load
The effect of the permanent load was studied considering the model configuration
of Case (d) from the model assumptions study. The stratum depth and the soil
modulus coefficient were varied in the model and the permanent load was applied
with three different values: q = (0, 110, 220) kPa. The updated shear modulus
distribution due to a permanent load of q = 220 kPa compared to the insitu modulus
distribution is given in Fig. 3.5 for two soil strata with depths H1 = 2 and 8 m
respectively. Impedance functions resulting from these soil–foundation systems and
for three values of q are given in Fig. 3.6. An increase of the permanent load results
in two opposite effects on the modulus: an increase of maximum shear modulus
G0 due to the increase of the confining pressure σ′ and a reduction by G/G0 due
to the increase of shear strains γ. In the volume between the foundation and the
bedrock, the permanent load causes an increase of the modulus. The influence is
large for shallow stratum depths. Just outside of this volume, the modulus can
be either reduced or increased from permanent load depending on the stress–shear
strain interaction.

Considering the impedance functions in Fig. 3.6, one can observe that the perma-
nent load increases the static stiffness coefficient, in particular in the case of the
shallow soil stratum. The real part impedance of the shallow stratum is increased
in the full frequency range, whereas the imaginary part is similar independently on
the magnitude of the permanent load. The deep soil stratum is less affected by the
permanent load, and the change of impedance can vary between different frequency
ranges, both increasing and decreasing the impedance. In the deep strata, the per-
manent load is distributed in a larger volume and the stress and strain levels are
less pronounced, whereas, in the shallow strata, the stresses and strains are trapped
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H1 = 2 m H1 = 8 m

Figure 3.5: Updating of the shear modulus distribution due to a permanent load
of q = 220 kPa. unloaded updated. K0 = 30 000.

between the foundation and the bedrock and, consequently, increasing the effects
of the permanent load.

3.3 Parametric study (Paper III)

The influence of SSI on 2D SS railway bridges was investigated in Paper III [80].
Impedance functions were calculated considering shallow foundations in soil strata
limited by bedrock (Case (d) in Paper II, see Fig. 3.3) and were coupled to the bridge
models. The assembled soil–bridge system is displayed in Fig. 3.7 showing also the
dimensions of the substructure. investigated addressing the modal properties. A
parametric study was performed on a large set of soil–bridge systems where the
bending stiffness and the span length of the bridge model were varied, whereas the
stratum depth and the soil modulus coefficient were varied in the soil–foundation
model. Finally, the response to train loading was analyzed.

The effects of the permanent load were excluded in this paper although Papers I and
II suggest that they can be both significant and non-conservative. This assumption
was made for two reasons. First, the frequency-dependence of the impedance func-
tions is most important, and the effect of the permanent load on the fundamental
frequency is small. Secondly, by neglecting the permanent load of the bridge, the
soil–foundation system is only dependent on the substructure dimensions and inde-
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H1 = 2 m H1 = 8 m

Figure 3.6: Influence of the permanent load on the Impedance functions. K0 = 30
000.

pendent of the superstructure. This implies that a single impedance function can
be applied to all bridges, reducing the number of impedance functions needed to
be calculated.

3.3.1 The soil–bridge system
The effects of SSI are presented for the short-span bridges of L = 5 m. The results
are presented against the relative frequency parameter, which is defined as the ratio
between the natural frequency of the first bending mode of the SS bridge and the
fundamental frequency of the soil stratum:

φ = fSS/fv,eq (3.1)

For φ < 1, radiation damping does not affect the first bending mode of the bridge
and the reduction of the dynamic stiffness is the main contribution of the soil. For
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Figure 3.7: The bridge model and the dimensions of the substructure (used to
calculate Ms).

φ > 1, radiation damping affects the first bending mode of the bridge and high
levels of non-proportional damping are added to the system. There are two modes
of the soil–bridge system with half-sine mode shapes: mode A and mode B. The
mode shapes and the phase vectors of mode A and mode B are shown in Fig. 3.8,
with the mode shape of the SS bridge, included for comparison purposes. The
modes are displayed for two values of φ; one value below 1 and one value above 1.
For φ < 1, the support displacements of mode A are small, and the mode shape is
close to the mode shape of the SS bridge. The support displacements of mode B
are, on the other hand, large, and the mode is clearly influenced by the flexibility
of the soil. The opposite is evident when φ > 1, where the support displacements
of mode A are large, and where the mode shape of mode B is close to that of the
SS bridge. The modal support displacements of mode A are in the same direction
as the mid-span of the bridge, whereas the modal support displacements of mode
B are opposite to the displacement of the mid-span.

There are three results presented in Fig. 3.9, given as functions of φ. Fig. 3.9(a)
shows the ratios between the natural frequencies of the soil–bridge system and the

22



3.3. PARAMETRIC STUDY (PAPER III)

0 0.5 1

-0.3

-0.2

-0.1

0

0.1

0.2

0 0.5 1
-180

-90

0

90

180

0 0.5 1

-0.3

-0.2

-0.1

0

0.1

0.2

0 0.5 1
-180

-90

0

90

180

Figure 3.8: Mode shapes and phase vectors of the characteristic modes A and B.
L = 5 m and H1 = 4 m.

first natural frequency of the SS bridge fd/fSS. Fig. 3.9(b) shows the addition
of the modal damping ratio Δζ, which is calculated from the difference between
the modal damping ratio obtained from the complex eigenvalue calculation and
the proportional damping ratio of the bridge Δζ = ζd − ζstr. The proportional
damping ratio was taken as the minimum value for reinforced concrete bridges,
ζstr = 1.5%, according to EN 1991-2 [12]. Fig. 3.9(c) shows the ratios between
the resonant accelerances of the soil–bridge system and the resonant accelerance of
the first bending mode of the SS bridge Ares, d/Ares, SS. The resonant accelerance
is obtained from the peak value of an acceleration frequency response function
calculated at the mid-span of the bridge.

It can be concluded from Fig. 3.9 that the effects of SSI on the system are dependent
on φ, and that for similar values of φ, similar effects can be expected irrespective of
the soil and bridge parameters. One can distinguish three approximate ranges of φ
with different characteristic effects on the soil–bridge system: φ much smaller than
1, in which mode A induces the largest response due to train loading; φ close to 1,
in which a transition of the maximum response from mode A to mode B occurs;
and φ much larger than 1, in which mode B will induce the largest vibrations due
to loading.
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Figure 3.9: Modal properties and resonant accelerance vs. φ. L = 5 m.

Considering also the other span lengths of the parametric study, it was concluded
that the frequency-dependence of the impedance functions in shallow soil strata is
important, in particular since radiation damping will only affect the bridge modes
with a natural frequency larger than the fundamental frequency of the soil, which
occurs when φ > 1. Shorter bridges are often affected by radiation damping and the
response due to train loading may be significantly reduced when SSI is considered.
However, for longer bridges (>15 m) the effect of SSI is often small. Due to the
stiffness reduction of the impedance, some bridges may even have a detrimental
effect from SSI and a reduction of the traffic speed is obtained.

3.3.2 Train loading
The maximum acceleration at the bridge deck is presented against the train speed
in Fig. 3.10 for two bridges including SSI. Fig. 3.10(a) shows the acceleration of a
20 m long bridge with a natural frequency of the SS bridge of fSS = 5.5 Hz. In
Fig. 3.10(b), a bridge with the span length of L = 5 m and a natural frequency of
fSS = 22.2 Hz is presented. The maximum allowed deck acceleration for bridges
with ballasted tracks from EN 1990 is given as a reference [10], and the maximum
acceleration of the SS bridge is displayed for comparison purposes. The moving
load model HSLM-A1 was chosen [12] to simulate the train passage.
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Figure 3.10: Maximum acceleration vs train velocity due to HSLM-A1. (a) L = 20
m, fSS = 5.5 Hz, (b) L = 5 m, fSS = 22.2 Hz.

The train loading analysis shows three approximate characteristic ranges of φ. First,
when φ is much smaller than 1, neither the resonant velocity nor the resonant
amplitude is significantly altered, and SSI may be neglected in design. Secondly,
when φ is close to 1, the resonant velocity is reduced whereas the resonant amplitude
may only be moderately decreased. Assuming a SS bridge may be detrimental.
Thirdly, when φ is much larger than 1, the resonant amplitude of the system is
substantially reduced, and a SS model is conservative. It can then be concluded that
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excluding the effects of SSI in the analysis of SS bridges can give over-conservative
or non-conservative results.

3.4 Influence of the substructure mass (Supplementary)

In Paper III, the mass of the substructure was assumed constant in all calculations,
however, it can potentially have a large influence on the system. This section
shows the sensitivity to variations of the substructure mass in the case of the short-
span bridges of L = 5 m on top of a stratum depth of H1 = 4 m as the soil
modulus coefficient and the bending stiffness of the bridge are varied. Note that
only the substructure mass was altered, whereas the geometry of the substructure
and therefore also the impedance functions are the same as in Paper III. Each
of the substructure masses used in Paper III was Ms = 150 tonnes and to show
the influence of the substructure mass, an additional 3 values were added: 300
(doubled), 75 (halved), and 0 tonnes. The superstructure had a mass of 50 tonnes.
The results are presented in Fig. 3.11 in the same fashion as Fig. 3.9 and are given
as functions of φ. The mode shapes and the phase vectors are shown in Fig. 3.12.
It can be pointed out that φ does not account for the mass of the substructure, and
for a particular soil–bridge system, Ms does not change the value of φ.

Considering the cases where Ms is included (75, 150, and 300 tonnes), the effects
of varying the substructure mass is significant. Increasing Ms decreases the natural
frequency. The modal damping ratio is generally decreased, except in the case of
mode A and φ < 1, where a larger mass increases the modal damping ratio. The
effect of Ms on the accelerance is different for each of the two modes. Whereas the
accelerance is reduced from increased Ms considering mode A, as can be expected,
the accelerance of mode B is increased, which is contradictory to the notion that
an increase of the mass should decrease the accelerance. The effect is particularly
articulated at φ > 1. Considering the mode shapes and phase vectors in Fig.
3.12 at φ = 1.3 (right-hand side), the mode shapes are very similar independent
on the value of Ms. The difference lies in the phase vectors, where an increased
mass increases the phase difference between the supports and the beam, going
towards 180◦. The mode becomes less complex, and lower modal damping ratios
can be expected. In other words, with Ms being increased, the inertial effects at
the supports are increased, and just as in the case of very large stiffness at the
supports (i.e. high real part impedance), very large substructure masses will create
an almost-fix boundary condition, which would explain the increased accelerance
of mode B.

In the soil–bridge system neglecting the substructure mass (Ms = 0), there is only
one mode shape with a sine-shape of the superstructure, and the mode is a hybrid
of mode A and mode B. This mode follows the trend of mode A for φ up until
fd = fv,eq. At this point, both the natural frequency and modal damping ratio

26



3.4. INFLUENCE OF THE SUBSTRUCTURE MASS (SUPPLEMENTARY)

(a) (b) (c)

0.6 0.8 1 1.2 1.4 1.6
0.4

0.6

0.8

1

1.2

1.4

1.6

0.6 0.8 1 1.2 1.4 1.6
0

5

10

15

20

25

30

0.6 0.8 1 1.2 1.4 1.6
0

0.2

0.4

0.6

0.8

1

Figure 3.11: Modal properties and resonant accelerance from steady-state loading
at mid-span vs. φ depending on the mass of the substructure. L = 5 m and H1 = 4
m.

strokes in different directions. For increasing φ, the natural frequency converges
towards fSS and the damping ratio goes towards a value that is similar to those of
mode B. The accelerance, however, continues to decrease similarly to mode A. In
contrast to the cases including the substructure mass, there is, therefore, no mode
causing high accelerances at φ > 1. The modal properties as functions of φ in the
case of Ms = 0 presented in this section have the same characteristics as in the
cases observed in the study by [23].

In conclusion, the substructure mass can have an important contribution to the
soil–bridge system and neglecting it can give inaccurate results. The dimensionless
parameter φ does not include the mass of the substructure but is nonetheless an
acceptable estimation of the effects of SSI.
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Chapter 4

Conclusions and future research

The main conclusions of the thesis are presented in this chapter relating to the dy-
namic soil–structure interaction (SSI) of simply supported (SS) high-speed railway
bridges, and suggestions for the continuation of the work and future research topics
are given.

4.1 Conclusions

The conclusions from the three appended papers and the supplementary findings
are presented in the following list:

Paper I: The sine-shaped bending modes (first bending mode of the SS bridge)
induce the largest response due to train loading in the case of single-spanned soil–
bridge systems. The influence of higher modes on the response was however small
and the torsional modes could be neglected in this particular case. Further, the
permanent load of the structure acting on the foundation can have a non-negligible
and non-conservative effect on the SSI of bridges.

Paper II: Model assumptions made on the soil–foundation system of shallow foun-
dations in soil strata on bedrock can have a large influence on the impedance
functions, and the decision to exclude features of the soil–foundation system must
be made carefully. The permanent load has, further, a significant influence on the
impedance functions, especially in the cases of shallow soil strata with high soil
modulus coefficients, and an increase of the permanent load leads generally to a
considerable increase of the static stiffness coefficient. The permanent load had,
however, only a small effect on the fundamental frequency of the soil–foundation
system.

Paper III: The effects of SSI on SS bridges concerning shallow foundations in soil
strata on bedrock are dependent on the relative frequency parameter φ, which is the
ratio between the natural frequency of the bridge and the fundamental frequency of
the soil stratum. Based on the study of the modal properties and the train loading
analysis, three approximate characteristic ranges of φ were concluded as follows.
With φ much smaller than 1, the first bending mode of the SS bridge is not affected
by radiation damping but by a small decrease of the dynamic stiffness of the soil.
Neither the resonant velocity nor the resonant amplitude is significantly altered, and
SSI may be neglected in design. With φ close to 1, the resonant velocity is reduced
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whereas the resonant amplitude may only be moderately decreased. Assuming a
SS bridge may be detrimental. With φ much larger than 1, the first bending mode
of the SS bridge is affected by radiation damping and, consequently, become highly
damped. The resonant amplitude of the system is substantially reduced, and a SS
model is conservative.

Short-span bridges have commonly higher natural frequencies than long-span bridges,
which gives higher values of φ and are thus more often subjected to radiation damp-
ing. The long-span bridges have, on the other hand, lower natural frequencies,
meaning low φ-values, and are therefore mainly affected by the decrease of the dy-
namic stiffness. Finally, it can then be concluded that excluding the effects of SSI
in the analysis of SS bridges can give over-conservative or non-conservative results.

Supplementary study: The substructure mass has an important influence on
the soil–bridge system and alters the dynamic behavior significantly. Neglecting
the substructure mass can give inaccurate and non-conservative results, and should
thus be included in the analysis of SSI of railway bridges.

4.2 Future research

Based on the results and conclusions of the thesis and the appended papers, the
following suggestions for the continuation of the research work are given.

4.2.1 Increase model complexity of SS bridges

The models of the soil–bridge system assumed in the research work provide good
estimations of the general effects that can be expected from SSI on single-spanned
bridges. Considering a particular bridge, however, the assumptions of these models
may not be sufficient to predict the dynamic behavior. In order to improve the mod-
els, the following suggestions are therefore made to increase the model complexity
of the soil–bridge system:

• Include abutments and wing walls. The SSI of abutments should differ from
those of the piers, and should, therefore, be included in the model.

• Analyze bridges with deep foundations, such as pile groups. This was done
in [82] but should be studied more systematically and in detail.

• Study the influence of SSI with impedance functions calculated including the
effects of the permanent load.

• Further investigate the effects of the substructure mass.
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4.2.2 Study other bridge types
The studies of SS bridges provide valuable insight into how SSI affects bridges. The
dynamic behavior may however differ from bridges with other features. Continuous
bridges on non-flexible supports show less dynamic response at resonance. Including
the effects of SSI on such bridges have not been systematically studied and should
be investigated. Further, other types of soil–bridge systems, such as the end-shield
(also end-frame or end-screen) bridge should be studied. Excluding the effects of SSI
of the end-shields in the preliminary design of these bridges results in unacceptable
vibrations that in reality are substantially less. Finding methods to simplify the
modeling techniques of these bridges is therefore desirable, and calibrating models
against experimental data is necessary.

4.2.3 Validation and seasonal effects
The results presented in this thesis are based on numerical simulations and vali-
dation against experimental data is necessary for the continuation of the research
project. Such validations are planned based on previously performed and upcoming
field tests.

The seasonal effects due to the annual variations of the environment can have a
great influence on the dynamic properties of bridges [83–85]. Some of the factors
that potentially affect the soil–bridge system and that varies with the year are the
temperature, the groundwater level, and the freezing of the soil and ballast, etc.
The previously mentioned factors can be amplified in the cases of extreme weather
conditions, and should possibly also be subject to further research.

4.2.4 Uncertainties in parameter values
The parametric space of the soil–bridge system is large and there is a particular
uncertainty in choosing the values of the soil parameters. The representativeness of
the results obtained using a deterministic approach can, therefore, be questioned.
Probabilistic methods have proven to be powerful tools to predict and visualize the
dynamic behaviors of railway bridges [7, 85, 86], and may potentially also be useful
in the case of determining the probabilities of the effects of SSI. For example, using
statistical distributions of the soil and bridge parameters, a methodology to obtain
the probability of exceeding the acceleration limit as a function of the train speed
could be implemented.
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