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Abstract

This thesis investigates the dynamic response of end-shield railway bridges sub-
jected to high-speed train loading, with a particular focus on the role of soil—-
structure interaction (SSI). The objective is to assess the performance of a sim-
plified 2D modelling approach that can reliably estimate bridge accelerations
under resonance conditions, while significantly reducing computational effort
compared to full 3D finite element models.

Eighteen existing railway bridges with varying span numbers, geometries, and
foundation types were analysed. A reference 2D model incorporating impedance
functions, validated against experimental data, served as the benchmark. The
proposed simplified 2D model introduces the effect of surrounding soil with
concentrated springs and dashpots at the abutments and columns foundations,
and distributed springs and dashpots at the end-shields. Sensitivity analyses
were conducted to evaluate the effects of soil stiffness, damping, and boundary
conditions on the response of the bridge.

The results show that the simplified model generally produces slightly higher
accelerations and lower natural frequencies, yielding conservative but accept-
able predictions. While shallow foundations at the abutments show minimal
influence on the bridge response, the contribution of pile foundation becomes
significant, especially in single-span bridges. The flexibility of column foun-
dations gives a substantial contribution to the dynamic response of the bridge.
Moreover, the sensitivity analysis confirms that the stiffness and damping prop-
erties of the backfill soil at the end-shields influence the modal damping and
may affect the acceleration response, especially for single span bridges. The
findings confirm that the simplified approach offers a practical and conservative
tool for early-stage design and evaluation of end-shield bridges under dynamic
loading.
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1 INTRODUCTION

1.1 Background

The end-shield bridge, a common type of railway bridge used in Sweden, is
characterized by one or more spans and a deck that extends beyond the end
supports, embedding into the surrounding soil through end frames, as illustrated
in Figure 1.

EDGE BEAM

\i’" STRUCTURE

» END FRAME I WING
SUPPORT wa!

END FRAME BRIDGE BASE FOUNDATION

Figure 1. Schematic representation of the end shield bridge.(adopted from Sandberg et al.[1])

The continuous implementation of high-speed railways necessitates a thorough
analysis of the dynamic behavior of such bridges. Vibrations induced by high-
speed trains are significantly greater than those caused by commuter trains.
These bridges usually have natural vibration frequencies that cannot be reached
with the passage of typical trains. As train speeds increase, the natural vibration
modes of the bridge may be excited, potentially reaching resonance conditions.
This phenomenon can cause passenger discomfort, rail instability, and damage
to the track embankment.

The analyses conducted in this project consist of simulating train passages at
different speeds. The train is modelled as a series of moving point loads trav-
eling along the bridge deck, and the focus is placed on identifying resonance
conditions by measuring the resulting accelerations throughout the structure.
According to Eurocode (EN 1990) [2], maximum allowable accelerations are
limited to 3.5 m/s® for ballasted tracks and 5 m/s? for slab tracks. Exceed-
ing these limits compromises safety and passenger comfort, making dynamic
analysis crucial to confirm or reject the suitability of existing infrastructure for
high-speed operations.

As previously described, the bridge’s end shields are in contact with the soil.
Numerous studies have been conducted to understand the influence of Soil-
Structure Interaction (SSI) on the dynamic response of bridges. These studies



demonstrate that the additional damping provided by the soil significantly re-
duces bridge accelerations [3]. Most of this research has relied on 3D finite el-
ement models (FEM) that incorporate soil in the analysis. While this approach
has yielded accurate results, it demands substantial computational resources and
time due to the complexity of modeling soil behavior and defining its properties.

To address this challenge, researchers have explored simplified approaches by
replacing detailed soil models with spring-dashpot systems that approximate
the soil’s effects. These simplified models reduce computational costs while
maintaining reasonable accuracy.

Building on this body of work, the current project seeks to further evaluate and
refine simplified 2D models for different end-shield bridges. Hosseini Tehrani
[3] developed initial simplified models, and this project will extend that research
by introducing additional simplifications and validating their performance.

1.2 Purpose and Aim

The purpose of this thesis is to investigate the suitability of simplified 2D beam
models for assessing the maximum resonance response of end shield bridges.
This objective is pursued by testing the proposed simplifications on a series of
existing bridges, using both their as-built and design geometry. The results are
compared to those from a reference model, which has been validated against
experimental results and can be considered reliable.

The aim is to develop a simple model that provides a good and conservative
approximation of the real dynamic response of these bridges, and to propose its
adoption by companies involved in such assessments.

1.3 Limitations

The use of existing bridges allows us to obtain realistic results, that would have
been different with a parametric study on the geometric characteristics. Despite
that, every bridge has his own cross section, span length, and cantilever part
length, which means that the response is singular and difficult to predict.

Moreover, the geometry is well defined, but the material properties are usually
unknown. Especially for the soil, there are several uncertainties regarding the
elastic modulus and the damping ratio. A sensitivity analysis on these properties
is addressed in the following chapters.



2 THEORETICAL BACKGROUND

The first section of this chapter reviews previous studies on the dynamic anal-
ysis of end-shield bridges and SSI, highlighting key findings and identifying
gaps in the existing literature. This review is essential to understand the current
state of knowledge in the field and demonstrate the need for further investiga-
tion, particularly in developing a practical and simplified model to assess the
dynamic behaviour of end-shield bridges efficiently.

2.1 Previous studies on SSI in railway bridges

In the past, the dynamic analysis of railway bridges was simplified using Dy-
namic Amplification Factors (DAF) for the estimation of the response to mov-
ing loads. These solutions were conservative and the interaction between the
structure and the surrounding soil was disregarded. With the growing demands
for higher performance of these bridges, the subject has been thoroughly inves-
tigated in various studies. In particular, the role of SSI in the dynamic behavior
of bridges has been analysed. Ulker-Kaustell et al. [4] have analysed a por-
tal frame bridge with a traditionally clamped model and two other models with
static and dynamic SSI incorporated in the supports. They showed that the orig-
inal model largely overestimates the vertical acceleration of the bridge; the soil
contributes significantly the modal damping ratio, especially for soil with a low
elastic modulus.

Several studies on the interpretation of SSI for embedded bridges have been
conducted by Zangeneh. In [5], Zangeneh analyzed the dynamic response of
a short-span portal frame bridge considering the effect of the backfill and the
subsoil supporting the bearings. He created a 3D Finite Element Model (FEM)
of the concrete bridge, and he modelled the interaction with the soil by using
distributed spring-dashpots over the walls. The model was calibrated using the
experimental results from field tests with applied harmonic load. The results
showed an increase in the natural frequencies and the damping ratios due to
the contribution of the surrounding soil. In [6] another portal frame bridge was
analysed. This time, a full 3D model of the bridge-soil system was used, and the
experiments included monitoring of train passages. He found that the damping
ratio of the fundamental mode of the bridge is about five times higher than
the recommended values. Moreover, a simplified model with spring-dashpot
system for the backfill soil was proposed, similar to [5], but with tangential
directions included. The results have shown an overestimation of the dissipative

9



effect with respect to the calibrated model.

Also, Hosseini Therani has thoroughly investigated the SSI in railway bridges,focusing
particularly on end-shield bridges with one or more spans. The findings of his
studies are presented in the following three papers:

I.Dynamic soil-structure interaction of a continuous railway bridge [7].

[I.Dynamic soil-structure interaction of a three-span bridge subject to high-
speed train passage [8].

[II.Simplified soil-structure interaction modeling techniques for the dynamic
assessment of end shield bridges [9].

In the first paper, the subject of study is a continuous three-span railway bridge.
A 2D model was proposed to assess the effect of SSI on the bridge’s response.
In this model, the SSI was incorporated using springs and for each degree of
freedom. A 3D model of the surrounding soil was created, and the values for
the dynamic stiffness of these springs were derived from the impedance func-
tion of this model. Dashpots were ignored in this model and the damping for
the entire structure was assigned using the modal damping obtained from ex-
perimental results. The train passage was conducted using moving point loads
along the bridge deck. Four different scenarios were analysed: the model with
soil and the contribution of the first three modes of vibration; the model with
soil but only the first mode; the model without soil; and the model with removal
of the cantilever part, including the end shield.

The results showed that the presence of soil contributes significantly to the re-
duction of the bridge’s accelerations. The first bending mode was dominant;
the contribution of the higher modes was negligible. Removing the end shield
reduced the overall stiffness, with a consequent shift of the resonance speed and
a slight increase in accelerations.

In the second paper, the same bridge was analysed using a 3D model of the
structure and the surrounding soil, which was calibrated against the experimen-
tal results obtained from dynamic tests on the bridge. The calibrated model
was used to evaluate the dynamic response under different loading scenarios.
Consistent with the first paper, the results indicated that the presence of soil
reduces the accelerations of the bridge. In contrast, the absence of soil results
in an impact effect when the train reaches the end shield, with consequent high
accelerations.

A parametric study was conducted on the calibrated 3D model to investigate
uncertainties related to soil properties. The properties of the backfill soil were
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shown to influence both the stiffness of the system and the amplitude of the ac-
celerations. A similar trend was obtained for the soil under the columns. How-
ever, the properties of the soil under the end supports did not affect the response
of the bridge.

The third paper investigates various scenarios aimed at simplifying the 3D model
developed in the second paper. In this analysis, three additional bridges were
examined, resulting in a total of two single-span and two three-spans end-shield
bridges. First, a calibrated 3D model was created for each bridge and calibrated
to the experimental data. The simplified models proposed in the study are:

* A 3D model of the bridge incorporating spring-dashpot systems to replace
the soil.

* A 2D model with springs-dashpots placed at the location of the end-shield,
supports, and columns.

In the simplified 3D model, the spring and dashpot values were derived from
empirical expressions that account for the geometry and properties of the sur-
rounding soil. These springs and dashpots were applied across the entire surface
of the shield.

For the 2D model, the spring and dashpot values at the end shield, were obtained
using the impedance function, as in the first paper. This time, the dashpot co-
efficients were explicitly derived from the impedance function and applied in
the numerical model. For the soil under the supports and columns, values were
taken from formulas found in existing literature.

The results showed that the simplified models provided a good approximation
of the bridge response and yielded conservative results. However, the level of
accuracy was found to be higher for three-span bridges compared to the single-
span ones.

2.2 Impedance Function

The most accurate method to capture the interaction between a structure and the
surrounding soil is to develop a full numerical 3D model that includes both the
structure and the soil. While this approach yields accurate results, both in static
and dynamic analysis, it is computationally expensive due to the large amount
of data involved. To reduce the complexity, impedance functions are the most
suitable solution to represent the soil’s contribution.

The impedance function, for a single- or multiple-degree-of-freedom system, is
defined as the ratio between the applied force and the resulting displacement at
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a given frequency:

_ Applied force at ®
 Displacement at ®

Z()

(1)

In structural dynamics, it is typically expressed as a complex-valued function:

Z(0)=K(0)+ioC(w) ()

Here, K(w) is the frequency-dependent stiffness, and C(®) is the frequency-
dependent damping coefficient. The dynamic stiffness can be decomposed as:

K(0) =k—o*m 3)

Eq. 2 highlights the two components of the impedance function. The real part,
K(®), represents the dynamic stiffness of the system composed of the static
stiffness k and the mass contribution @?m. The imaginary part, C(®), accounts
for the dynamic damping of the system, including the material and the radiation
damping.

Using the impedance function, the contribution of the soil can be represented
through equivalent spring-dashpot systems for each degree of freedom, where
the spring stiffness is given by K () and the dashpot coefficient corresponds to
C(w).

2.3 HSLM Train Passage

The dynamic analysis of structures is essential for evaluating their response to
dynamic loads. In the case of railway bridges, dynamic loads induced by pass-
ing trains play a critical role in assessing the bridge’s suitability for accommo-
dating specific train types and speeds.

The Eurocode [10] provides a standard procedure for the dynamic analysis of
railway bridges. For international railway lines that satisfy the European high-
speed standards, Eurocode recommends the use of a series of load models, re-
ferred to as High-Speed Load Models (HSLM). These models are designed to
represent the range of trains that may operate on these lines.

Based on the characteristics of the end-shield bridges, the analysis is carried
out using the HSLM-A models, which range from HSLM-A1 to HSLM-A10,
as shown in the table extracted from the codes in Table 1.
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The bridges analysed in this thesis were tested under all the HSLM-A models,
and the most critical was identified and used for all other analyses. The proce-
dure to apply these load models to the FE models will be explained in Section
3.6.

Table 1. HSLM-A models provided by Eurocode [10]

Universal | . Nun}ber of Coach length Bogie .axle Point force
Train intermediate coaches D [m] spacing P [KN]
N d [m]
Al 18 18 2.0 170
A2 17 19 3.5 200
A3 16 20 2.0 180
A4 15 21 3.0 190
AS 14 22 2.0 170
A6 13 23 2.0 180
A7 13 24 2.0 190
A8 12 25 2.5 190
A9 11 26 2.0 210
A10 11 27 2.0 210
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3 METHODOLOGY

This chapter presents the methodology adopted to assess the dynamic response
of end-shield bridges using simplified modeling approaches. The objective is
to develop 2D beam models and evaluate their effectiveness and accuracy by
comparing them to more detailed reference models.

The methodology includes the selection of case study bridges, the development
of numerical models, the definition of loading conditions, and the comparison
of dynamic responses under resonance conditions. The simplified models are
validated against 2D models that incorporate impedance functions.

Each step is presented in detail in the following sections.

3.1 Case study bridges

To validate the simplified models, the most reliable approach is to test them on
real bridges. This ensures that key parameters affecting the dynamic response,
such as the cross-sectional area, second moment of inertia, span length, and di-
mensions of the end shields, reflect realistic structural characteristics.

In contrast, a purely parametric study may involve variations that lead to unre-
alistic bridge configurations, which may not satisfy basic static verifications or
design standards.

Hence, the drawings of several real, built bridges among the Swedish railway
lines were collected. The selected bridges are part of single-line railway infras-
tructures with ballasted track. They vary in configuration, from single-spans
to three-spans, from fixed to pinned connections between the deck and the
columns. However, they all have in common the cantilever end-shield frame.

For a clear exposition of the results, these bridges are classified into three cate-
gories:

*  Single span bridges.
*  Two span bridges.

*  Three span bridges.

The design drawings were used to model the geometry of the bridge and the
surrounding soil.

15



3.2 Numerical models

As discussed in Chapter 2, simplified 3D and 2D models have been previously
developed and validated. The starting point of this project is the 2D model
that incorporates impedance functions, as proposed and validated by Hosseini
Therani [9]. Consequently, all models in this study have been developed in a
two-dimensional environment, where the deck and the columns are modelled
using beam elements.

The real cross sections of the bridges are geometrically complex. However,
since only the cross-sectional area and the second moment of inertia signifi-
cantly influence the dynamic behaviour, each section has been simplified to an
equivalent rectangular section. This equivalent section has the same area and
moment of inertia, and its dimensions are derived as follows:

12-1
"=V ®)
A
b="2 (5)

These railway bridges have a ballasted track system, where a thick layer of bal-
last supports the rails. While the ballast does not provide structural stiffness, its
mass, along with that of the rails and sleepers, significantly affects the dynamic
characteristics of the structure. This effect has been incorporated by assigning a
non-structural distributed mass along the deck. The total added mass was esti-
mated using the embankment geometry provided in the technical drawings and
supplemented by standard values for rail and sleeper weights.

With these simplifications, the 2D models maintain the same key structural
properties as the more detailed 3D models: total mass, cross-sectional area,
and moment of inertia.

Figure 2. Transition from 3D to 2D of a three-span bridge. The effect of backfill soil is not considered in this stage.
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Regarding boundary conditions, different approaches were used depending on
the type of bridge. For single-span bridges, the deck is supported at both ends by
abutments, which are connected to the deck via roller constraints. In addition,
the end-shield is embedded in the soil, contributing to load transfer. In the 2D
models, neither the abutments nor the surrounding soil are explicitly modelled.
Instead, the abutments are replaced by spring-dashpot systems in the vertical
direction. The total stiffness of each of these systems is calculated as the series
combination of the stiffness of the concrete abutment and the supporting soil.
The concrete stiffness is obtained using simple static formulas, while the soil
contribution is described in detail in Section 3.3. The interaction between the
end shield and the surrounding soil is treated using different modelling strate-
gies, which are explained in the following sections.

In two- and three-span bridges, the deck is supported not only by the abutments
and end shields, but also by one or two intermediate columns. These columns
can be both rigidly connected or pinned to the deck and are explicitly modelled
in the 2D environment as beam elements. Their interaction with the ground
is represented by spring-dashpot systems placed at their base, as described in
Section 3.3.

3.3 Foundations

In the studied bridges, two types of foundation are present: shallow foundations
and pile groups. The former consists of a concrete plate resting on a thin layer of
compacted materials. It’s depth ranges from 0.5 m to a few metres, depending
on the bedrock’s topography. The latter -pile foundations- are used where a
deep layer of soft soil overlays the bedrock. In these cases, the pile groups are
driven through the soil layer and anchored to the bedrock. The depth of the piles
ranges from 9 to 22 meters.

For both types of foundation, the effect on the dynamic response cannot be
neglected. Their influence is taken into account using springs and dashpots at
the location of supports and columns.

3.3.1 Shallow Foundation

The stiffness and damping coefficient for shallow foundations were adopted
from Hosseini Therani [9]. Given the limited thickness of the compacted fill
layers and their low elastic modulus, the natural frequency of the soil is signifi-
cantly higher than that of the bridge. As a result, dynamic soil behaviour can be
neglected, and the spring stiffness is defined only by its static component. For
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a rectangular foundation, the vertical component is given by:

2GL B\%" 258
ky=——-10.73+1.54 (—) 1+ =
l—v L 0.5+ 7

Here, H is the thickness of the soil layer, B and L are the semi-width and the
semi-length of the foundation base (see Figure 3), and G and v are the are the
soil’s shear modulus and Poisson’s ratio, respectively.

/\

(6)

Figure 3. Rectangular shallow foundation resting on a spring bed, showing semi-width B and semi-length L

The end supports are connected to the bridge only in the vertical direction; thus,
the rotational stiffness of the foundation does not influence the structural re-
sponse. In contrast, the columns on two- and three-span bridges are rigidly
connected to the deck, and the rotational contribution makes an important con-
tribution to the dynamic response of the bridge.

Considering the first bending mode as the dominant one, only the rotation in the
axis of the deck is relevant. The rotational stiffness of the soil foundation can
be determined as a function of the vertical stiffness k.

ke = —— (7)

The dashpot coefficients include only hysteretic damping, as radiational damp-
ing is disregarded for this type of foundation. These dashpots are frequency-
dependent. Given the first natural frequency @ of the bridge and the soil damp-
ing ratio &, the dashpot coefficient is calculated as:

18



2k,
Cr = (;) és )

This general formula can be used for both vertical and rotational dashpots by
using the corresponding stiffness values.

3.3.2 Pile Foundation

Pile foundations are more complex than shallow foundations. This type of foun-
dation is used for thick layers of soft soil with low elastic modulus. The piles
are rigidly connected to the base of the abutment or column and extend through
the soil layer until they reach the bedrock. The complexity of this system makes
it difficult to determine the dynamic stiffness using analytical formulas.

Therefore, the dynamic stiffness and the dashpot coefficient of the pile founda-
tion are obtained using impedance functions. For this purpose, 3D numerical
models were created in COMSOL Multiphysics using the geometrical data pro-
vided in the technical drawings. Since the geometry is different for each foun-
dation, due to differences in pile inclination, orientation, and length, separate
models were developed for each case.

10

-15

Infinite Layers

-10

Figure 4. 3D Model of a pile group foundation created in COMSOL Multiphysics.

Figure 4 shows an example of the 3D model, which includes the piles, the sur-
rounding soil, and the PMLs (Perfectly Matched Layers). The PMLs act as a
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boundary condition, simulating an infinite domain to prevent wave reflection
at the model’s edges, which could otherwise distort the foundation’s dynamic
properties.

The piles are rigidly connected to the pile cap, forming a single rigid surface.
The impedance function is then evaluated at a defined reference point within
this rigid connection.

3.4 End Shield

The modelling of the end shield is a crucial aspect of this project. It consists of
a retaining wall and two wing walls embedded in the surrounding soil. In a 3D
model, both the concrete elements and the surrounding soil are explicitly mod-
elled and included in the dynamic analysis. However, since the purpose of this
work is to create a simplified 2D model, these parts are not directly modelled.
This section presents two approaches for accounting for the interaction of the
end-shield with the backfill soil: impedance functions, and empirical springs
and dashpots on the retaining wall.

The most accurate approach is to use impedance functions to represent the SSI
via vertical and rotational springs and dashpots. This method, already consol-
idated in [9], was used to create a reference model to compare the results ob-
tained with the proposed simplified model. For this purpose, 3D models of the
backfill soil were created in COMSOL Multiphysics to evaluate the impedance
functions. The 3D model, shown in Figure 5, includes the soil, the retaining
wall, and the two wings. As in the pile group model, PML elements were used
to avoid wave reflection. On the bottom, due to the presence of a stiffer layer,
usually the bedrock, the model is constrained with fixed boundaries. The geom-
etry of the model follows the specifications provided in the technical drawings
and was adapted to the specific parameters of each bridge. In many cases, the
two ends of the same bridges have different configurations, and separate models
were created accordingly.

In Figure 5, a rigid surface is visible on the retaining wall. This surface rep-
resents the cross section of the deck and was used as the reference surface to
evaluate the impedance function. The red point indicates the centroid of this
rigid surface, which served as the reference point for computing the vertical
and rotational components of the impedance.

20



Wing walls

Retaining wall

Figure 5. 3D Model of the backfill created in COMSOL Multiphysics.

With the values obtained from the impedance function, the 2D model in Figure
6 was obtained. The depicted model represents a three-span bridge; the same
considerations are valid for single-span and two-span bridges.

oW Th

e Ke¥
g 3

Figure 6. 2D Model of a three-span bridge with Impedance Functions at the end-shields

The second approach concerns the use of empirical springs and dashpots. In this
method, the retaining wall is included in the 2D beam model, while the wing
walls are not considered. The spring-dashpot formulations presented here were
originally used in a simplified 3D model in [9]. In that model, the soil was re-
placed by distributed springs and dashpots acting on the surfaces of the retaining
wall and the wings, in the normal direction and two tangential directions.

In this project, the same formulas were applied to the 2D model. Specifically,
the normal springs and the tangential springs in the vertical direction were re-
tained. The horizontal tangential direction does not exist in a two-dimensional
environment and was therefore omitted. Moreover, the same expression from
Section 3.3 was used to apply a concentrated spring at the base of the wall.
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For the normal springs on the wall, the following formulas were used:

2 V2
ko = — s ©)
o S
;S’“ +PpsViast/1— <5> for ¢ > 1

\

Here, ps, Vs, &, Vs, and Vias refer to the density, Poisson’s ratio, hysteretic
damping ratio, shear wave velocity, and Lysmer’s analog wave velocity of the
backfill soil, respectively. H,, is the height of the retaining wall, @ is the
bridge’s first natural frequency, and ¢ is a dimensionless frequency parame-
ter representing the ratio between the natural frequency of the bridge and that
of the backfill soil. It is expressed as:

@

¢= (Vs /2Hs)

(11)
where Hj is the height of the backfill soil, measured from the top of the retaining
wall to the bedrock.

Unlike the impedance-based approach, the stiffness calculated in Eq. 9 is not
frequency dependent. Eq. 10 defines the dashpot coefficient associated with
the normal spring as a function of the relative frequency parameter ¢. When
the natural frequency of the bridge is lower than that of the backfill soil (¢ <
1), only material damping is considered. When the bridge’s natural frequency
exceeds that of the soil (¢ > 1), both the material and the radiational damping
are included.

The springs and the dashpots in the tangential direction, which account for the
frictional effect, are assumed to be proportional to the normal ones:

2
;
ks,t - (VL.’:SI,S) ks,n (12)
V.
cwzgﬁ)@m (13)

In the 2D model, these springs are applied along the vertical beam that repre-
sents the retaining wall. To ensure uniform distribution, the wall is divided into
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segments and a spring is assigned to each. The spring values are scaled by the
effective area that each segment represents.

In this new approach, concentrated spring and dashpot are also applied on the
bottom surface of the wall, using Eq. 6 and 8.
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Figure 7. Simplified 2D Model of a three-span bridge with the new springs and dashpots distributed on the vertical
retaining wall.

3.5 Material Properties

The bridges analysed in this thesis have been designed by Swedish companies
and have already been built in the existing railway lines. However, the actual
properties of the materials are difficult to evaluate.

This evaluation would require in situ tests on the soil and concrete and accurate
dynamic experiments to obtain calibrated values for the elastic modulus and ma-
terial damping ratio. This procedure was performed on the four bridges adopted
from [9]. For the other bridges, the same properties were assumed for the first
analysis and their effect on the response of the bridge during the train passage
was investigated in the next analyses. Table 2 shows the material properties for
the concrete, the backfill soil, and the underpinning soil which are used for the
first analysis.

Table 2. Material properties used for the comparison between different models.

Density Elastic Modulus Damping Ratio
Concrete pe = 2400 kg/m®  E. =40 GPa E=1%
Backfill Soil ps = 1800 kg/m? Eg = 100 MPa Esp = 0%

Underpinning Soil ps = 1800 kg/m3 Eg . = 100 MPa 5570 = 6%
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Consequently, the results of the first analysis, in which the different models are
compared, do not always represent the most unfavorable response of the bridge.

3.6 Dynamic Loading and Response Evaluation

To evaluate the dynamic response of the bridge models under high-speed train
loading, a frequency-domain approach was employed. The Frequency Response
Function (FRF) was extracted from Abaqus using a steady-state dynamic anal-
ysis and subsequently post-processed in MATLAB.

The FRF was computed over a frequency range of 0 to 20 Hz with a resolution
of 0.01 Hz. To simulate the train loading, the FRF was multiplied by the Fast
Fourier Transform (FFT) of the selected load model (HSLM-A), allowing for
the efficient calculation of the system’s response. The maximum acceleration
was then obtained by transforming the result back into the time domain and
evaluating the peak response for each train speed of interest.
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4 RESULTS/ANALYSIS

This chapter presents the results of the dynamic analyses performed on the se-
lected bridges. The chapter is structured into three sections, based on the num-
ber of spans of the bridges:

* 7 single-span bridges
* 3 two-span bridges
» 8 three-span bridges

Each bridge is briefly described, and an overview of its configuration is pro-
vided using technical drawings. A series of analyses were carried out to eval-
uate the influence of key parameters on the maximum acceleration response of
the bridge during the train passage. For each bridge, the following graphs are
presented:

*  Model Comparison Analysis: The analysis tests the accuracy of the pro-
posed simplified model. The 2D model with impedance functions at the
end shield is used as a reference.

For single-span bridges, the supports are initially modelled using springs
and dashpots. An additional curve is included in the results to show the
effect of replacing these with fixed supports, enabling a direct comparison
between the two boundary conditions.

For two- and three-span bridges, both the supports and intermediate columns
are modelled with springs and dashpots. To evaluate their individual in-
fluence, the replacement with fixed constraints is performed in two stages:
first, only the supports are fixed, and then both supports and columns are
fixed. This results in two additional curves per graph, each representing a
different level of constraint, allowing a step-by-step assessment of bound-
ary condition effects. For more clarity, these models are presented at the
beginning of each section.

«  Backfill soil sensitivity analysis: This graph explores the influence of
backfill soil properties, which are often uncertain in practice. The upper
and lower bound values are assumed to reflect a realistic range of bridge
response. Specifically, the elastic modulus is varied between 100 MPa and
500 MPa, while the damping ratio is varied between 2% and 6%.

*  Column foundation sensitivity analysis (two- and three-span bridges
only): This graph examines the influence of the soil beneath the columns.
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Two values of the elastic modulus are considered: 100 MPa and 500 MPa.
In addition, a model with fully fixed column bases is included for compar-
1son.

The purpose of these analyses is to validate the proposed simplified model and
to assess how SSI influences the dynamic response of the bridge. The model
incorporates springs and dashpots to simulate the effects of SSI. By testing var-
ious soil properties and boundary condition configurations, the most conserva-
tive modelling approach can be identified.
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4.1 Single Span Bridges

The single-span bridges presented in this section share the same key character-
istics: end shields on both sides and roller-type connection at the abutments.
Figures 8 and 9 show the two models used to analyse these bridges. Regarding
the boundary conditions, the abutments are initially modelled using spring and
dashpot in the vertical direction (Figure 9). Then, fixed constrains are applied
at the supports to assess the influence of the supports flexibility on the dynamic
response (Figure 10).

YR e

Figure 8. 2D Model of single span bridges with the impedance functions at the end-shields.

Figure 10. Simplified 2D Model with fixed supports.
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4.1.1 Aspan

The Aspan bridge has a span length of 24 m and extends with a cantilever
length of 1 m on each side. The deck has a constant cross section through-
out its length. The abutments are supported by a shallow foundation placed on
compacted crushed rock material.
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Figure 12. Maximum acceleration of the bridge during HSLM-A9 train passage: comparison between the 2D
model with Impedance, the Simplified 2D Model and the Simplified 2D Model with Fixed Support.

Figure 12 shows the maximum acceleration of the bridge for the three differ-
ent models. The simplified model produces a slightly higher acceleration peak
compared to the model with impedance, indicating that this simplification re-
mains on the conservative side. However, a noticeable shift in critical speed
is observed, corresponding to a reduction in the first natural frequency of the
bridge, as reported in Table 3.
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Table 3. First natural frequency and damping ratio of the models in Figure 12.

f1 (Hz) &1 (%)

2D Model with Impedance 6.07 2.07
Simplified 2D Model 5.18 3.23
Simplified — Fixed Supports ~ 5.30 3.58

When the spring and dashpot at the supports are replaced by fixed boundary
conditions, the results show an increase in natural frequency and a decrease in
peak acceleration. This is also reflected in the data in Table 3. Interestingly,
even though the dashpot at the supports are removed, the overall damping ratio
of the structure increases. This behaviour is driven by a change in the mode
shape: the displacement and the velocity at the end-shield increase; therefore,
also the effect of the dampers increases.

Based on these observations, the most conservative model in this case is the one
that includes spring-dashpot systems at the supports.

2.5
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— — —E,;, = 500 MPa, &, = 6%

0.5
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Figure 13. Bridge response for different properties of the backfill soil: E;, = 100MPa, &, = 6%; Es, = 100MPa,
&b =2%; Es, = 500MPa, &, = 6%; and E, = 500MPa, &, = 2%.

Table 4. Damping ratio of the first mode for the four scenarios in Figure 13.

Model with: &1 (%)

E,p =100 MPaand &p, =2%  2.60
E,p =100 MPaand &, = 6%  3.23
Egp =500 MPaand &y =2% 141
E¢p =500 MPaand &, =6%  1.85

29



The sensitivity analysis for the properties of the backfill soil in Figure 13 shows
a noticeable increase in maximum acceleration when the elastic modulus in-
creases to 500 MPa. The key parameter influencing this behaviour is the fre-
quency parameter ¢, defined in Eq. 11. The dashpots distributed along the
retaining wall are evaluated using Eq. 10, which includes both hysteretic and
radiational damping when ¢ > 1, and only hysteretic damping when ¢ < 1.

The transition from 100 MPa to 500 MPa results in a significant increase in
the natural frequency of the backfill soil. As a consequence, the value of ¢
decreases from 1.31 to 0.65, shifting the system from a regime where radiational
damping is present to one where it is no longer included. This loss of radiational
damping has an impact on modal damping (Table 4), leading to the observed
increase in maximum acceleration.

30



4.1.2 Bodavigen

The Bodavagen bridge has a span length of 22 m and extends with a cantilever
length of 2.4 m on each side. The deck features a constant cross section through-

out its length. The abutments are supported by a shallow foundation placed on
compacted crushed rock material.
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Figure 14. Technical drawings of Bodavagen bridge.
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Figure 15. Maximum acceleration of the bridge during HSLM-A7 train passage: comparison between the 2D
model with Impedance, the Simplified 2D Model and the Simplified 2D Model with Fixed Support.

The comparison in Figure 15 reveals the same differences as for the previous
bridge: the maximum acceleration of the simplified model is higher and the
first natural frequency is reduced. The model with fixed supports presents a

lower acceleration, due to an higher effect of the dampers at the end-shield and
a consequent increase in modal damping ratio (Table 5).

Table 5. First natural frequency and damping ratio of the models in Figure 15.

f1 (Hz) &1 (%)

2D Model with Impedance 8.02 3.09
Simplified 2D Model 7.45 342
Simplified — Fixed Supports ~ 7.72 4.08
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Figure 16. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Es, = 100MPa,
&b =2%; Esp, = 500MPa, &, = 6%; and E, = 500MPa, &, = 2%.

Table 6. Damping ratio of the first mode for the four scenarios in Figure 16.

Model with: &1 (%)

E,p =100 MPa and &, =2%  3.14
Egp =100 MPaand & = 6%  4.20
Egp =500 MPaand &p, =2%  1.02
Esp =500 MPaand &, = 6%  1.72

The sensitivity analysis on the backfill soil properties in Figure 16 shows a sub-
stantial difference between the two limit cases. When using a stiff soil, the
acceleration exceeds the 3.5 m/s? limit. However, the critical speed also in-
creases, causing resonance to occur at speeds outside the range of interest. The
frequency parameter ¢ is 1.60 for 100 MPa and 0.83 for 500 MPa, indicating
that the increase is due to the loss of radiational damping as the elastic modulus
increases.
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4.1.3 Brustjirnsbicken

The Brustjarnsbicken bridge has a span length of 30 m and extends with a can-
tilever length of 1 m on each side. The deck is post-tensioned and features a
constant cross section in the internal span, which increases near the ends above
the supports. The abutments are supported by shallow foundations placed on
compacted crushed rock material.
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Figure 17. Technical drawings of Brustjarnsbacken bridge.
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Figure 18. Maximum acceleration of the bridge during HSLM-A1 train passage: comparison between the 3D
Model, the 2D Model with Impedance, the Simplified 2D Model and the Simplified 2D Model with Fixed Support.

The previous bridges featured slab-type deck cross sections connected to the
top of the retaining wall. In contrast, this bridge has a deep trapezoidal cross
section that interacts with the retaining wall over approximately half its depth,
as illustrated in Figure 17. Due to this configuration, a 3D model of the bridge
and backfill soil was developed in Abaqus and used as a reference for com-
parison, as shown in Figure 19. The results indicate that the 2D model with
impedance functions slightly overestimates the natural frequency compared to
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the 3D model, while the difference in peak acceleration remains minimal. Con-
versely, the simplified 2D model underestimates the natural frequency and yields
higher acceleration, confirming that it provides conservative estimates.

The removal of the spring-dashpot system at the supports has a more significant

impact on this bridge, resulting in a decrease in peak acceleration of approxi-
mately 0.5 m/s?.

Table 7. First natural frequency and damping ratio of the models in Figure 18.

f1 (Hz) &1 (%)

3D Model 5.49 2.45
2D Model with Impedance 5.97 2.15
Simplified 2D Model 5.24 1.80

Simplified — Fixed Supports ~ 5.50 2.23

Figure 19. 3D Model of the Brustjérnsbécken bridge created with Abaqus.
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Figure 20. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Es, = 100MPa,
&b =2%; Esp, = 500MPa, &, = 6%; and E, = 500MPa, &, = 2%.

Table 8. Damping ratio of the first mode for the four scenarios in Figure 20.

Model with: &1 (%)

E,p =100 MPaand &, =2%  1.60
Egp =100 MPa and & = 6%  1.80
E¢p, =500 MPaand &, =2%  1.25
Esp =500 MPaand &, =6%  1.41

The sensitivity analysis on the backfill soil in Figure 20 shows a trend similar to
that observed for the previous bridges. The computed values of the frequency
parameter ¢ are 1.31 for an elastic modulus of 100 MPa and 0.58 for 500 MPa,
indicating the same transition from a regime with radiational damping to one
without.
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4.1.4 Bubicken

The Bubédcken bridge has a span length of 17 m and extends with a cantilever
length of 1 m on each side. The deck features a constant cross section in the
internal span, which gradually increases near the ends above the supports. The
abutments are supported by pile foundations reaching a depth of 15 m, anchored
in the bedrock.
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Figure 21. Technical drawings of Bubédcken bridge.

6 10
9
5
8
7
4
E E6
z z
Cs Q5
g g
& E 4
2
3
2
1 Bubacken - Supports
f,=108Hz 1
0 0
0 5 10 15 20 0 5 10 15 20
Frequency (Hz) Frequency (Hz)

Figure 22. Vertical impedance function of the pile group for the Bubédcken bridge: real part (left) and imaginary
part (right), corresponding to the response at the supports.

Figure 22 presents the vertical impedance function of the pile group, computed
using COMSOL Multiphysics. The imaginary part of the impedance func-
tion clearly illustrates the combined effect of hysteretic and radiational damp-
ing. The curve remains nearly constant up to approximately 4 Hz, indicating
the dominance of hysteretic damping in that frequency range. Beyond this
threshold—corresponding to the natural frequency of the pile group—radiation
damping becomes significant, resulting in a sharp increase in the damping co-
efficient. Given that the natural frequency of the bridge is 10.8 Hz, which lies
well beyond this transition point, the resulting damping coefficient is relatively
high.

This effect carries over into the bridge’s response, resulting in a higher damping
ratio, as illustrated in Table 9. Figure 23 illustrates this difference through the
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comparison between the simplified model with spring and dashpot at the sup-
ports and the same model with fixed supports. This significant variation in peak
acceleration 1s primarly due to the high dashpot coefficient at the supports, as
well as the lower stiftness of the pile foundation compared to that of a shallow
foundation.
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Figure 23. Maximum acceleration of the bridge during HSLM-A1 train passage: comparison between the 2D
model with Impedance, the Simplified 2D Model and the Simplified 2D Model with Fixed Support.

Table 9. First natural frequency and damping ratio of the models in Figure 23.

f1 (Hz) &1 (%)

2D Model with Impedance 11.35 6.03
Simplified 2D Model 10.80 6.00
Simplified — Fixed Supports ~ 13.50 1.53
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Figure 24. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Eg, = 100MPa,
&b =2%; Esp, = 500MPa, &, = 6%; and E, = 500MPa, &, = 2%.

The sensitivity analysis in Figure 24 shows only a relatively small difference
between the models with varying elastic modulus. However, the computed fre-
quency parameter ¢ is 0.57 for 100 MPa and 0.26 for 500 MPa. Based on these
values, radiational damping is not involved in either model, and therefore, the
acceleration for the 500 MPa model would be expected to be lower. As previ-
ously mentioned, this bridge is strongly influenced by the spring and dashpot
at the supports, which alters the contribution of the end shield compared to the
other bridges.

Table 10. Damping ratio of the first mode for the four scenarios in Figure 24.

Model with: &1 (%)

Egp =100 MPaand &, =2%  5.90
Esp =100 MPaand &, =6%  6.00
E,p =500 MPaand &y, =2%  4.70
Egp =500 MPaand &, = 6%  4.90
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4.1.5 Degernisbicken

The Degernédsbicken bridge has a span length of 20.5 m and extends with a can-
tilever length of 1 m on each side. The deck features a constant cross section in
the internal span, which gradually increases near the ends above the supports.
The abutments are supported by pile foundations reaching a depth of 9 m, an-

chored in the bedrock.
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Figure 25. Technical drawings of Degerndsbécken bridge.
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Figure 26. Vertical impedance function of the pile group for the Degernisbédcken bridge: real part (left) and

imaginary part (right), corresponding to the response at the supports.

3 Degerndsbiacken
T T
= = = -2D Model with Impedance ,
Simplified 2D Model :‘
25~~~ - Simplified - Fixed Supports B

Qmax [m/s?]

250
v [km/h]

350

Figure 27. Maximum acceleration of the bridge during HSLM-A3 train passage: comparison between the 2D
model with Impedance, the Simplified 2D Model and the Simplified 2D Model with Fixed Support.
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A comparison between Figure 22 and Figure 26 clearly shows that the damping
coefficient—represented by the imaginary part of the impedance function—is
lower in the latter case. This difference is due to the reduced depth of the pile
foundation and the lower first natural frequency of the bridge. As a result, a
lower influence of the supports on the dynamic response of the bridge can be
anticipated.

This assumption is confirmed by the results in Figure 27 and Table 11. While
the simplified model with fixed supports still shows higher acceleration and
resonance speed, the differences are limited, further confirming the reduced
sensitivity to boundary conditions in this case.

Table 11. First natural frequency and damping ratio of the models in Figure 27.

Jf1 (Hz) &1 (%)

2D Model with Impedance 8.51 1.80
Simplified 2D Model 8.15 1.38
Simplified — Fixed Supports ~ 8.88 1.33
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Figure 28. Bridge response for different properties of the backfill soil: Ep, = 100MPa, és,b = 6%; Es, = 100MPa,
&b =2%; Es, = 500MPa, &, = 6%; and E; , = 500MPa, &, = 2%.

Table 12. Damping ratio of the first mode for the four scenarios in Figure 28.

Model with: &1 (%)

E.p =100 MPaand &y, =2%  1.21
E¢p =100 MPaand &, =6%  1.38
Egp =500 MPaand &, =2%  1.33
E,p =500 MPaand &y, = 6%  1.50
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Unlike the previous bridges, the sensitivity analysis of the backfill soil shows
a reduction in peak acceleration when the elastic modulus is increased to 500
MPa. This occurs because, in this case, the frequency parameter ¢ is below 1
for both soil stiffness values: 0.56 for 100 MPa and 0.26 for 500 MPa. As ¢ < 1
in all cases, radiational damping is not activated, and only material damping is
used. Since material damping increases proportionally with stiffness, the model
with E, = 500 MPa exhibits higher damping and consequently lower peak
accelerations.
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4.1.6 Norrmjoleian

The Norrmjdleén bridge has a span length of 29 m and extends with a cantilever
length of 1.4 m on each side. The deck features a constant cross section through-
out its length. The abutments are supported by a shallow foundation placed on
compacted crushed rock material.

Rv 30000

SKYLTAR VISANCE FRI HOID - TLLGANGLGHETSSKYDD
SLTAR VEAEE FRIED TOTAL BROLANGD = 414 M /esse—

322 328\ o~ BAS Ve oM

7T

‘ I<C R FOR ST >
OCH ATERFYLLNNG

PACKAD FYLINNG

PACKAD FYLINNG
ENIGT BGEO

ENUGT BGED

Rl

URGRAVNNG/LRSKFTNNG FRAMTIDA BOTTEN |, 5000 J, \msmswuu
2 \
ENUGT BGED * ENUGT BGEO

2
PACKAD FYLLNNG @k = 42°, Ek = 50 MPa 2 TEORETISK SPANWED = 250 M
MORAN o= 3 B - 20 My 1 EORETISK SPANNVID = 290
z

PACCAD FYLLING 0k - 47: B - 50 b2
- 3% Ek = 50 MPa

Owrovenin

SEKTION C-001 1100
VY A-001 1200

Figure 29. Technical drawings of Norrmjoleén bridge
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Figure 30. Maximum acceleration of the bridge during HSLM-A10 train passage: comparison between the 2D
model with Impedance, the Simplified 2D Model and the Simplified 2D Model with Fixed Support.

For this bridge, the simplified 2D model yields a lower maximum acceleration
than the 2D model with impedance functions, as shown in Figure 30. Since
each bridge has a different configuration, variations in behaviour are expected
depending on their specific parameters. However, the difference in acceleration
is approximately 0.2 m/s?, which is relatively small compared to the threshold
of interest. Fixing the supports results in an increase in both the natural fre-
quency and maximum acceleration, indicating that the spring and dashpot at
the supports have a reductive effect on the resonance response. This behaviour
contrasts with that observed in the other bridges with shallow foundations.
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Table 13. First natural frequency and damping ratio of the models in Figure 30.

f1 (Hz) &1 (%)

2D Model with Impedance 6.03 1.89
Simplified 2D Model 5.74 2.36
Simplified — Fixed Supports  6.00 2.68
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Figure 31. Bridge response for different properties of the backfill soil: E;, = 100MPa, és,b = 6%; Es, = 100MPa,
Ep =2%; Esp = 500MPa, &, = 6%; and Esp, = 500MPa, &1, = 2%.

In this case as well, the difference between the two limit scenarios for the back-
fill soil depends on the frequency parameter ¢, which is 1.04 for 100 MPa and
0.48 for 500 MPa. The amplitude increases with the stiffer soil due to the loss of
radiational damping. However, since ¢ = 1.04 is close to the threshold value,
the contribution of radiational damping is small. As a result, the difference in
response between the two models is minimal, as shown in Figure 31.

Table 14. Damping ratio of the first mode for the four scenarios in Figure 31.

Model with: &1 (%)

Esp =100 MPaand &, =2%  1.81
E,p =100 MPaand &, = 6%  2.36
Eyp =500 MPa and &, = 2%  1.42
E¢p =500 MPaand &, =6%  1.87
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4.1.7 Angerin

The Angeran bridge has a span length of 21 m and extends with a cantilever
length of 1.4 m on each side. The deck features a constant cross section in the
internal span, which gradually increases near the ends above the supports. The
abutments are supported by a shallow foundation placed on compacted crushed
rock material.
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Figure 32. Technical drawings of Angeran bridge.
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Figure 33. Maximum acceleration of the bridge during HSLM-A3 train passage: comparison between the 2D
model with Impedance, the Simplified 2D Model and the Simplified 2D Model with Fixed Support.

Comparing the layout in Figure 32 with those of the previously analyzed bridges,
it is evident that the retaining wall in this case has a significantly smaller depth.
This geometric difference reduces the contribution of the backfill soil to the
overall system stiffness, thereby increasing the influence of foundation flexibil-
ity on the dynamic response. As shown in Figure 33, fixing the supports leads to
a notable increase in acceleration, with a difference of approximately 1.3 m/s?
between the model incorporating springs and dashpots and the model with fixed
supports.
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Table 15. First natural frequency and damping ratio of the models in Figure 33.

f1 (Hz) &1 (%)

2D Model with Impedance 8.38 2.42
Simplified 2D Model 7.87 2.01
Simplified — Fixed Supports ~ 8.88 1.92

T
E), =100 MPa, &, = 2%
— — —E,;, = 100 MPa, &, = 6%
E;), =500 MPa, &, = 2%
— — —E,), =500 MPa, &, = 6%
08+ b a, &) %

150 200 250 300 350
v [km/h]

Figure 34. Bridge response for different properties of the backfill soil: E;, = 100MPa, és,b = 6%; Es, = 100MPa,
Ep =2%; Esp = 500MPa, &, = 6%; and Esp, = 500MPa, &1, = 2%.

Table 16. Damping ratio of the first mode for the four scenarios in Figure 34.

Model with: &1 (%)

Esp =100 MPaand &, =2%  1.80
E,p =100 MPaand &p, =6%  2.01
Egp =500 MPaand &y =2%  1.89
E,p =500 MPaand &, = 6%  2.13

The sensitivity analysis of the backfill soil shows a reduction in peak acceler-
ation when the elastic modulus is increased to 500 MPa. This occurs because,
in this case, the frequency parameter ¢ is below 1 for both soil stiffness val-
ues: 0.68 (left) and 0.95 (right) for 100 MPa, and 0.32 (left) and 0.44 (right)
for 500 MPa. As ¢ < 1 in all cases, radiational damping is not activated, and
only material damping is used. Since material damping increases proportion-
ally with stiffness, the model with E 1, = 500 MPa exhibits higher damping and
consequently lower peak accelerations.
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4.2 Two Span Bridges

Two-span bridges are supported by abutments at the ends and additionally by
a central column. The connection between the column and the deck varies de-
pending on the bridge, and can be either rigid or pinned. The end-shield exhibits
the same characteristics as in the single-span bridges and is therefore modeled
using the same approach. The two models in Figure 37 features different bound-
ary conditions to evaluate their effect on the response of the bridge.
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Figure 35. 2D Model of three-span bridges with the impedance functions at the end-shields

] [
i %ﬁ; Hi% h
i e
ik i
= e
ik i
1Y 21

i
L

Figure 36. Simplified 2D Model of two-span bridges with the retaining wall and distributed springs and dashpots.
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Figure 37. Simplified 2D Model with fixed supports (left) and with both supports and columns fixed (right).
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4.2.1 Leduan

The Leduan bridge has a span length of 23 m and extends with a cantilever
length of 1 m on each side. The deck has a constant cross section in the internal
spans, which gradually increases near the central column. Both the abutments
and the column are supported by pile foundations, with depths of 22 m and 16
m for the abutments and the column, respectively.
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Figure 38. Technical drawings of Leduén bridge.
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Figure 39. Vertical impedance function of the pile group for the Leduén bridge: real part (left) and imaginary part
(right). Each plot shows two curves corresponding to the response at the supports and at the column.
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Figure 40. Rotational impedance function of the pile group for the Leduén bridge: real part (left) and imaginary
part (right), corresponding to the response at the column.

Figure 39 shows the vertical impedance functions for both the supports and the
column. The difference in foundation depth, 22 m for the supports and 16 m for
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the column, has a clear impact on the dynamic stiffness (real part) of the system.
However, the damping component (imaginary part) does not show significant
variation near the frequency of interest.

The model comparison in Figure 41 reveals a significant shift in frequency be-
tween the model with impedance and the simplified model. Removal of the
spring-dashpot systems at the supports leads to an increase in acceleration due
to the resulting reduction in damping, as confirmed by the values in Table 17.
In contrast, removing the spring-dashpot system at the column produces only
a minimal variation in the response, indicating a limited influence of column
rigidity on overall dynamic behavior.

Leduan
T

1.2

T
- = = 2D Model with Impedance it
Simplified 2D Model
— = = - Simplified - Fixed Supports
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v [km/h]

Figure 41. Maximum bridge acceleration during HSLM-A10 train passage: comparison between the 2D model
with impedance and three simplified 2D models with varying boundary conditions.

Table 17. First natural frequency and damping ratio of the models in Figure 41.

f1 (Hz) &1 (%)

2D Model with Impedance 5.92 2.21
Simplified 2D Model 5.40 2.44
Simplified — Fixed Supports 5.63 2.10

Simplified — Fixed Supports and Columns ~ 5.68 2.06

The sensitivity analysis of the backfill soil shows a reduction in maximum accel-
eration when the elastic modulus is increased to 500 MPa. This occurs because,
in this case, the frequency parameter ¢ is below 1 for both soil stiffness values:
0.64 for 100 MPa and 0.31 for 500 MPa. As ¢ < 1 in all cases, radiational
damping is not activated and only material (hysteretic) damping is used. Since

48



material damping is lower than radiational damping, increase in soil stiffness
is predominant in this case and the model with E ;, = 500 MPa exhibits higher
damping and consequently lower peak accelerations.

1.2

T
E,;, = 100 MPa, &, = 2%
— — —E,, = 100 MPa, &, = 6%
E), = 500 MPa, &, = 2%
— — — B, = 500 MPa, &, = 6%

Qmax [m/s7]

150 200 250 300 350
v [km/h]

Figure 42. Bridge response for different properties of the backfill soil: Ep, = 100MPa, 557b = 6%; Es, = 100MPa,
&b =2%; Es, = 500MPa, &, = 6%; and Eg, = 500MPa, &, = 2%.

To evaluate the effect of the column foundation on the bridge’s response, dif-
ferent boundary conditions were tested. Figure 43 presents the maximum ac-
celeration for the simplified model, along with a model in which the column
support is fixed. The results clearly indicate that the flexibility of the column
foundation has a negligible impact on the bridge’s dynamic response, resulting
in only a minimal variation in maximum acceleration.

Table 18. Damping ratio of the first mode for the four scenarios in Figure 43.

Model with: &1 (%)

Egp =100 MPaand &, =2%  1.82
Egp =100 MPaand &, = 6%  2.44
Esp =500 MPaand &, =2%  1.70
E,p =500 MPa and &, = 6% 230
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Figure 43. Bridge response for different values of the elastic modulus of the soil beneath the column foundations:
E, . = 100MPa and Fixed, where the springs and dashpots are replaced with fixed constraints.
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4.2.2 Lean

The Lean bridge has a span length of 18 m and extends with a cantilever length
of 0.9 m on each side. The deck is post-tensioned and features a constant
cross section in the internal spans, which increases near the ends above the
supports. The abutments are supported by shallow foundations placed on com-
pacted crushed rock material, while the central column is supported by a sealing
plate (tdtkaka), which is used to stabilize the soil.

Unlike the other bridges, the column is not rigidly connected to the deck; in-
stead, it is connected with a pinned joint.
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Figure 44. Technical drawings of Leén bridge.
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Figure 45. Maximum bridge acceleration during HSLM-A3 train passage: comparison between the 3D model, the
2D model with impedance and three simplified 2D models with varying boundary conditions.
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Table 19. First natural frequency and damping ratio of the models in Figure 45.

f1 (Hz) &1 (%)

3D Model 7.54 1.74
2D Model with Impedance 8.32 1.35
Simplified 2D Model 7.51 2.30
Simplified — Fixed Supports 7.75 2.75

Simplified — Fixed Supports and Columns  7.75 2.75

For this bridge, a 3D model was developed (Figure 46) and compared to the two
2D models in Figure 45. Among the two, the simplified 2D model yields results
that are closer to those of the 3D model. The influence of the spring-dashpot
systems at the supports and the column is minimal; their replacement results
in only a slight increase in both acceleration and stiffness. In particular, the

column has no influence on the dynamic response due to its pinned connection
with the deck.

Figure 46. 3D Model of the Leén bridge created with Abaqus.

The sensitivity analysis of the backfill soil properties reveals a similar variation
to that observed in the other bridges. The frequency parameter ¢ is 1.43 for an
elastic modulus of 100 MPa and 0.64 for 500 MPa. As a result, the acceleration
increases due to the loss of radiational damping and the corresponding reduction
in modal damping.
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Figure 47. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Eg, = 100MPa,
&b =2%; Esp, = 500MPa, &, = 6%; and E, = 500MPa, &, = 2%.

Table 20. Damping ratio of the first mode for the four scenarios in Figure 47.

Amax [m/sz}

Model with:

&1 (%)

E,p =100 MPaand &p, =2%  2.00
Egp =100 MPaand &p = 6% 230
Egp =500 MPaand &p, =2%  1.22
Egp =500 MPaand &, = 6% 137

1.6 T
— E;. =100 MPa
E,. =500 MPa
141 Fixed Column )

150 200

250 300 350
v [km/h]

Figure 48. Bridge response for different values of the elastic modulus of the soil beneath the column foundations:
E; . = 100MPa; E . = 500MPa; and Fixed, where the springs and dashpots are replaced with fixed constraints.

The column foundation sensitivity analysis confirms the previous observations.
The three curves, corresponding to two different elastic modulus and fixed con-
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dition, show the same peak acceleration. For this bridge, the soil-structure in-
teraction at the foundation can be considered negligible.
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4.2.3 Stridbicken

The Stridbacken bridge has an unsymmetrical configuration, with a span of 19.5
m and the other of 22 m. They both extend with a cantilever length of 1 m.
The deck has a constant cross section in the internal spans, which gradually
increases near the central column. The abutments and the column are supported
by shallow foundations placed on compacted crushed rock material.
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Figure 49. Technical drawings of Stridbacken bridge.
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Figure 50. Maximum bridge acceleration during HSLM-A10 train passage: comparison between the 2D model
with impedance and three simplified 2D models with varying boundary conditions.

The model comparison in Figure 50 shows that the simplified 2D model results
in higher accelerations compared to the reference model. On the other hand,
varying the boundary conditions does not lead to substantial differences in the
bridge response, except for a slight increase in the first natural frequency. Con-
sequently, SSI at the supports and the column does not play a predominant role
in the dynamic response of the bridge.
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Table 21. First natural frequency and damping ratio of the models in Figure 50.

f1 (Hz) &1 (%)

2D Model with Impedance 6.12 1.56
Simplified 2D Model 5.69 1.54
Simplified — Fixed Supports 5.82 1.65

Simplified — Fixed Supports and Columns ~ 5.92 1.57
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Figure 51. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Esp, = 100MPa,
&b =2%; Esp, = 500MPa, &, = 6%; and E, = 500MPa, &, = 2%.

The sensitivity analysis of the backfill soil shows a reduction in peak acceler-
ation when the elastic modulus is increased to 500 MPa. This occurs because,
in this case, the frequency parameter ¢ is below 1 for both soil stiffness val-
ues: 0.68 (left) and 0.95 (right) for 100 MPa, and 0.32 (left) and 0.44 (right)
for 500 MPa. As ¢ < 1 in all cases, radiational damping is not activated, and
only material damping is used. Since material damping increases proportion-
ally with stiffness, the model with Ej ;, = 500 MPa exhibits higher damping and
consequently lower peak accelerations.

Table 22. Damping ratio of the first mode for the four scenarios in Figure 51.

Model with: &1 (%)

E¢p =100 MPaand &, =2%  1.28
Esp =100 MPaand &, =6%  1.54
Es, = 500 MPa and &S,b =2% 1.35
Egp =500 MPaand &, =6%  1.52
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Figure 52. Bridge response for different values of the elastic modulus of the soil beneath the column foundations:
Eg . = 100MPa; Es . = 500MPa; and Fixed, where the springs and dashpots are replaced with fixed constraints.

The sensitivity analysis on the column foundation confirms the previous obser-
vations. The three response curves—corresponding to two different values of
soil elastic modulus and the fixed-base condition—exhibit only minor differ-
ences in peak acceleration. For this bridge, the soil-structure interaction at the
column foundations has a limited influence on the dynamic response during the
train passage.
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4.3 Three Span Bridges

Three-span bridges are supported by abutments at the ends and additionally by
two central column. The connection between the column and the deck varies
depending on the bridge, and can be either rigid or pinned. The end-shield
exhibits the same characteristics as in the other categories of bridges and is
therefore modeled using the same approach. The two models in Figure 55 fea-
tures different boundary conditions to evaluate their effect on the response of
the bridge.
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Figure 53. 2D Model of three-span bridges with the impedance functions at the end-shields
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Figure 54. Simplified 2D Model of three-span bridges with the retaining wall and distributed springs and dashpots.
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Figure 55. Simplified 2D Model with fixed supports (left) and with both supports and columns fixed (right).
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4.3.1 Hinnsjobicken

The Hinnsjobédcken bridge has a central span of 20 m and two symmetric side
spans of 16 m, with a cantilever extension of 1 m on each side. The deck fea-
tures a constant cross section in the internal spans, which linearly increase in
proximity of the columns, and in correspondence of the abutments. Both the
abutments and the columns are supported by shallow foundations placed on
compacted crushed rock material.

Figure 56. Technical drawings of Hinnsjobacken bridge.
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Figure 57. Maximum bridge acceleration during HSLM-A4 train passage: comparison between the 2D model with
impedance and three simplified 2D models with varying boundary conditions.

The model comparison in Figure 57 shows no shift in critical speed between the
two models, indicating that the overall stiffness is not affected. However, the
peak acceleration of the simplified model is higher than that of the model with
impedance, indicating that this simplification remains on the conservative side.
Replacing the spring-dashpot systems at the support results in a slight increase
in acceleration, while the effect is more pronounced when the spring-dashpots
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at the columns are fixed. This indicates that the flexibility of the column foun-
dations has a grater influence on the dynamic response of the bridge.
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Figure 58. Bridge response for different properties of the backfill soil: Egp, = 100MPa, & , = 6%; Egp =100MPa,
Ep =2%; Esp = 500MPa, &, = 6%; and Esp, = 500MPa, &1, = 2%.

Table 24. Damping ratio of the first mode for the four scenarios in Figure 58.

Model with: &1 (%)

Egp =100 MPaand &, =2%  2.05
E,p =100 MPaand &, =6%  2.11
Egp =500 MPaand &, =2%  1.97
Eyp = 500 MPa and &, = 6% 2.00

The sensitivity analysis of the backfill soil in Figure 58 shows no difference
between the four scenarios, indicating that the properties of the backfill soil do
not significantly affect the bridge’s response. However, completely removing
the SSI contribution would result in an impact effect at the end-shield during
train passage, leading to higher accelerations.

Table 23. First natural frequency and damping ratio of the models in Figure 57.

f1 (Hz) &1 (%)

2D Model with Impedance 8.76 222
Simplified 2D Model 8.62 2.11
Simplified — Fixed Supports 8.74 2.03

Simplified — Fixed Supports and Columns  9.41 1.19
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Figure 59. Bridge response for different values of the elastic modulus of the soil beneath the column foundations:
Eg . = 100MPa; Es . = 500MPa; and Fixed, where the springs and dashpots are replaced with fixed constraints.

On the other side, the sensitivity analysis of the column foundations reveals
noticeable differences between the cases. Specifically, increasing the elastic
modulus from 100 MPa to 500 MPa results in a clear increase in both peak
acceleration and natural frequency. However, no difference is observed between
the response with stiff soil and with fully fixed column conditions. This suggests
that, for very stiff soil, the spring and dashpot behave similarly to a fixed support
and may be neglected in the model without significantly affecting accuracy.
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4.3.2 Husan

The Husén bridge has a central span of 35 m and unsymmetrical side spans of
21 m and 26 m, with a cantilever extension of 0.8 m on each side. The deck
features a constant cross section for all its length, except for the part above
the abutments. Both the abutments and the columns are supported by shallow
foundations placed on compacted crushed rock material.

Figure 60. Technical drawings of Husén bridge.
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Figure 61. Maximum bridge acceleration during HSLM-A4 train passage: comparison between the 3D model, the
2D model with impedance and three simplified 2D models with varying boundary conditions.

Table 25. First natural frequency and damping ratio of the models in Figure 61.

1 (Hz) &1 (%)

3D Model 4.25 1.30
2D Model with Impedance 4.37 1.27
Simplified 2D Model 4.32 1.22
Simplified — Fixed Supports 4.35 1.22

Simplified — Fixed Supports and Columns ~ 4.52 1.07
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Figure 62. 3D model of Husén bridge created with Abaqus.

Similar to the Brustjarnsbicken and Lean bridges, this bridge features a deep
deck cross-section. Therefore, a 3D model was developed (Figure 62), and the
response to high-speed train loading was compared with that of the other mod-
els. As shown in Figure 61, the response of the 3D model aligns well with the
2D model with impedance functions at the end-shield. In contrast, the simpli-
fied 2D model yields higher accelerations, providing a conservative estimation
of the dynamic response. In this case as well, fixing the column supports results
in a substantial increase in both maximum acceleration and critical speed, indi-
cating that the flexibility of the column foundation plays an important role in
three-span bridges. Conversely, due to the pinned connection between the deck
and the abutments, the dynamic response is not significantly affected by fixing
the end supports.
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Figure 63. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Eg, = 100MPa,
&b =2%; Esp, = 500MPa, &, = 6%; and E, = 500MPa, &, = 2%.

Table 26. Damping ratio of the first mode for the four scenarios in Figure 63.

Model with: &1 (%)

E,p =100 MPaand &y =2%  1.05
Egp =100 MPaand &1, = 6%  1.08
Egp =500 MPaand &y, =2%  1.01
Egp =500 MPaand &y, = 6%  1.03

While the sensitivity analysis on the backfill soil shows minimal differences
between the two limit scenarios, the analysis of the properties of the soil below
the foundations reveals a significant variation in the bridge response between
models with 100 MPa and 500 MPa soil stiffness. In contrast, only a small dif-
ference 1s observed between the 500 MPa case and the fixed column condition.
This confirms the substantial influence of soft soil at the column foundations,
with a difference in maximum acceleration reaching approximately 0.5 m/s 2.
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Figure 64. Bridge response for different values of the elastic modulus of the soil beneath the column foundations:
Eg . = 100MPa; Es . = 500MPa; and Fixed, where the springs and dashpots are replaced with fixed constraints.
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4.3.3 Nordmaling

The Nordmaling bridge has a central span of 14 m and two symmetric side
spans of 11 m, with a cantilever extension of 1 m on each side. The deck fea-
tures a constant cross section throughout its length. Both the abutments and the
columns are supported by shallow foundations placed on compacted crushed
rock material.
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Figure 65. Technical drawings of Nordmaling bridge.
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Figure 66. Maximum bridge acceleration during HSLM-A train passage: comparison between the 2D model with
impedance and three simplified 2D models with varying boundary conditions.

Table 27. First natural frequency and damping ratio of the models in Figure 66.

f1 (Hz) &1 (%)

2D Model with Impedance 9.33 1.68
Simplified 2D Model 9.26 1.71
Simplified — Fixed Supports 9.44 1.79

Simplified — Fixed Supports and Columns ~ 9.87 1.54
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The model comparison in Figure 66 shows no shift in peak velocity between
the two models, indicating that the overall stiffness is preserved. However,
the peak acceleration of the simplified model is higher than that of the model
with impedance, indicating that this simplification remains on the conservative
side. Fixing both the support and the columns results in an increase in both
acceleration and stiffness, indicating that the flexibility of the foundations has
a big impact on the response of the bridge.
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Figure 67. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Eg, = 100MPa,
&b =2%; Es, = 500MPa, &, = 6%; and Eg, = 500MPa, &, = 2%.

Table 28. Damping ratio of the first mode for the four scenarios in Figure 67.

Model with: &1 (%)

E¢p =100 MPaand &, =2%  1.65
Esp =100 MPaand &, =6%  1.71
Egp =500 MPaand &, =2%  1.48
E,p =500 MPaand &y, = 6%  1.50

As for the other three span bridges, the sensitivity analysis on the backfill soil
shows minimal differences between the two limit scenarios, while the analysis
of the properties of the soil below the foundations (Figure 68) reveals a signif-
icant variation in the bridge response between models with 100 MPa and 500
MPa soil stiffness. In contrast, no difference is observed between the 500 MPa
case and the fixed column condition. This confirms the influence of the foun-
dation flexibility on the response of the bridge.
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Figure 68. Bridge response for different values of the elastic modulus of the soil beneath the column foundations:
Eg . = 100MPa; Es . = 500MPa; and Fixed, where the springs and dashpots are replaced with fixed constraints.
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4.3.4 Sidensjovigen

The Sidensjovigen bridge has a central span of 17 m and two symmetric side
spans of 13 m, with a cantilever extension of 1 m on each side. The deck fea-
tures a constant cross section in the internal spans, which increases linearly in
proximity of the columns. Both the abutments and the columns are supported
by shallow foundations placed on crushed rock material.

Figure 69. Technical drawings of Sidensjovagen bridge.
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Figure 70. Maximum bridge acceleration during HSLM-AS train passage: comparison between the 2D model with
impedance and three simplified 2D models with varying boundary conditions.

Table 29. First natural frequency and damping ratio of the models in Figure 70.

f1 (Hz) &1 (%)

2D Model with Impedance 8.25 0.92
Simplified 2D Model 8.15 0.90
Simplified — Fixed Supports 8.25 0.90

Simplified — Fixed Supports and Columns 8.54 0.79
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The model comparison in Figure 70 shows no shift in peak velocity between
the two models, indicating that the overall stiffness is preserved. However, the
peak acceleration of the simplified model is higher than that of the model with
impedance, indicating that this simplification remains on the conservative side.
Replacement of the springs and dashpots at the support produces a slight reduc-
tion in acceleration; this effect is governed by the change in mode shape pro-
duced by the pinned supports. Fixing both the support and the columns results
in an increase in both acceleration and stiffness, indicating that the flexibility of
the foundations has a big impact on the response of the bridge.
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Figure 71. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Egp, = 100MPa,
&b =2%; Esp, = 500MPa, &, = 6%; and Eg, = 500MPa, &, = 2%.

Table 30. Damping ratio of the first mode for the four scenarios in Figure 71.

Model with: &1 (%)

Egp =100 MPaand &, =2%  0.88
E,p =100 MPaand p =6%  0.99
Ep =500 MPa and &, =2% 0.8
Egp =500 MPaand &, = 6%  0.92

The sensitivity analysis of the backfill soil shows a reduction in peak accelera-
tion when the elastic modulus is increased to 500 MPa. This occurs because the
frequency parameter ¢ remains below 1 for both soil stiffness values—0.84 for
100 MPa and 0.38 for 500 MPa, meaning that radiation damping is not activated
in either case.

For the column foundations (Figure 72), the difference in response is more pro-
nounced between the soft and stiff soil conditions than between the stiff soil and
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the fully fixed configuration.This suggests that beyond a certain stiffness, the
soil behaves similarly to a fixed support.

7 \
E,. = 100 MPa
E;. =500 MPa
6 Fixed Columns 1

0
150 200 250 300 350
v [km/h]

Figure 72. Bridge response for different values of the elastic modulus of the soil beneath the column foundations:
E; . = 100MPa; Es . = 500MPa; and Fixed, where the springs and dashpots are replaced with fixed constraints.
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4.3.5 Styrnis

The Styrnés bridge has a central span of 17 m and two symmetric side spans of
13 m, with a cantilever extension of 1 m on each side. The deck features a con-
stant cross section throughout its length. Both the abutments and the columns
are supported by shallow foundations placed on compacted crushed rock mate-
rial.
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Figure 73. Technical drawings of Styrnés bridge.
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Figure 74. Maximum bridge acceleration during HSLM-A train passage: comparison between the 2D model with
impedance and three simplified 2D models with varying boundary conditions.

Table 31. First natural frequency and damping ratio of the models in Figure 74.

f1 (Hz) &1 (%)

2D Model with Impedance 13.27 1.76
Simplified 2D Model 13.36 1.44
Simplified — Fixed Supports 13.46 1.61

Simplified — Fixed Supports and Columns  14.06 1.29

The model comparison in Figure 74 shows no shift in peak velocity between
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the two models, indicating that the overall stiffness is preserved. However, the
peak acceleration of the simplified model is higher than that of the model with
impedance, indicating that this simplification remains on the conservative side.
Replacement of the springs and dashpots at the support produces a slight reduc-
tion in acceleration; this effect is governed by the change in mode shape pro-
duced by the pinned supports. Fixing both the support and the columns results
in an increase in both acceleration and stiffness, indicating that the flexibility of
the foundations has a big impact on the response of the bridge.
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Figure 75. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Eg, = 100MPa,
&b =2%; Esp, = 500MPa, &, = 6%; and E, = 500MPa, &, = 2%.

Table 32. Damping ratio of the first mode for the four scenarios in Figure 75.

Model with: &1 (%)

Eyp =100 MPaand &y =2%  1.59
Egp =100 MPaand &y, = 6%  1.63
Egp =500 MPaand &y, = 2%  1.44
Ep =500 MPaand &y = 6%  1.47

As for the other three span bridges, the sensitivity analysis on the backfill soil
shows minimal differences between the two limit scenarios, while the analysis
of the properties of the soil below the foundations (Figure 76) reveals a signif-
icant variation in the bridge response between models with 100 MPa and 500
MPa soil stiffness. In contrast, no difference is observed between the 500 MPa
case and the fixed column condition. This confirms the influence of the foun-
dation flexibility on the response of the bridge.
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Figure 76. Bridge response for different values of the elastic modulus of the soil beneath the column foundations:
Eg . = 100MPa; Es . = 500MPa; and Fixed, where the springs and dashpots are replaced with fixed constraints.
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4.3.6 Sormjolean

The Sormjoledn bridge has a central span of 21 m and two symmetric side spans
of 15 m, with a cantilever extension of 0.8 m on each side. The deck features a
constant cross section for all its length, except for the part above the abutments.
Both the abutments and the columns are supported by pile foundations, with
depths of 11 m and 12 m for the abutments and the columns, respectively.
Unlike the other bridges, the columns are not rigidly connected to the deck; they
present, instead, a pinned joint.

STAKAD LINE
CL-OVERBYGGNAD
CLKTL STOLPE KM 93-880,120

TOTAL BROBREDD=7500
TOTAL BROLANGD-60700 STOLPE VN‘GXR 1 ANNAN ENTREPRENAD
SKYLTAR “BEGRANSAD FORDONSHID BULLERSKYDD NGAR | BULLERSKYDD, NGAR
BL - RORLET, LAGER TIAVIORP. 4 ST 'ANNAN ENTREPRENAD) | ANNAN ENTREPRENAD
- PAKURNNGSSKYDD
8295 46,368 8295 HoR 638 | 8295 W po o o0 G000

i T : : T 7 iy
!!» 0 FL ) FL STAKAD LINJE p ﬁl A N JORDANSLUTNNG /‘
+6.368 \*6.368 +6,368, o SERVICE VAG S S BADA SDORNA
e 246 70 B P00\ = T
T 0=z ] TS M 180 CLBRO i S\ GRANS FOR SCHAKT MATPUNKT FOR
i i A A — MW 0 =T % 0500 g NI Il ook MOTPYLLNG 11 JORONNG ~—
T i ‘,\ I pr . ¢ P B Y 02 n GRUSAANG )
I M N SLTIG LERA !
Wil

il P2 MO M /711 I e I T T T

I 1|l - =T
Wy e S 1w TIPATTA/ [ A Al o [
[ AW iy B " S o - 0500
I gl iy S 28 A - N - T % —e
[ Ib s 5‘[———~~17/77_"H T | e — g M/ 2
— gl L] Y :

W\ ey
— . MORAN I W I {11 W 5 T EROSONSSKYDD AV NATLR- /KROSSMATERIAL ENLIGT BGED
e I, ————u “

1= M. 500, LOKALT 300 MM VID STOD 2 OCH 3

GRUNDVATTENYTA ENLIGT BGED

& ifn
/100 mn MARKSKIVA TYP PARDC 369-00 5300 — A W P,
ELLER LKVARDGT, VD ANDSKARMARNA i

53629200 93844500 ELEVATION 1200 93:865.900 93-881200

Figure 77. Technical drawings of S6rmjdlean bridge.
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Figure 78. Vertical impedance function of the pile group for the S6rmjdlean bridge: real part (left) and imaginary
part (right). Each plot shows two curves corresponding to the response at the supports and at the columns.
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Figure 79. Rotational impedance function of the pile group for the S6rmjolean bridge: real part (left) and imaginary
part (right), corresponding to the response at the columns
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Figure 78 presents the vertical impedance functions for both the supports and
the columns. Although the two foundations have a similar depth, the stiffness
component (real part) differs significantly, primarily due to variations in the
number of piles and their configuration. In contrast, the damping component
(imaginary part) shows no substantial variation near the frequency range of in-
terest, suggesting that it is more closely related to the foundation depth than to
the pile configuration.

For the columns, the rotational impedance was also evaluated. Since the columns
are pinned to the deck, their rotational stiffness does not influence the global
dynamic response of the bridge. Nevertheless, the rotational impedance was
included in the analysis for the sake of completeness.
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Figure 80. Maximum bridge acceleration during HSLM-A9 train passage: comparison between the 2D model with
impedance and three simplified 2D models with varying boundary conditions.

Table 33. First natural frequency and damping ratio of the models in Figure 80.

1 (Hz) &1 (%)

2D Model with Impedance 6.96 1.40
Simplified 2D Model 6.86 1.30
Simplified — Fixed Supports 6.94 1.28

Simplified — Fixed Supports and Columns  7.13 1.12

As shown in Figure 80, the comparison between models reveals no signifi-
cant shift in natural frequency. The bridge features a deep cross-section, and
similarly to the previously analysed bridges of this type, there is a difference
of approximately 0.5 m/s? in peak acceleration between the 2D model with
impedance functions and the simplified 2D model. Fixing both the supports
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and the columns results in a notable increase in maximum acceleration, provid-
ing a conservative estimate of the bridge’s dynamic response.
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Figure 81. Bridge response for different properties of the backfill soil: Egp, = 100MPa, & , = 6%; Egp =100MPa,
Ep =2%; Esp = 500MPa, &, = 6%; and Esp, = 500MPa, &1, = 2%.

Table 34. Damping ratio of the first mode for the four scenarios in Figure 81.

Model with: &1 (%)

Egp =100 MPaand &, =2%  1.27
E,p =100 MPaand &p, =6%  1.30
Ep =500 MPaand &, =2% 129
Eyp =500 MPaand &, = 6% 131

The sensitivity analysis of the backfill soil (Figure 81) shows a reduction in
maximum acceleration when the elastic modulus is increased to 500 MPa. This
occurs because, in this case, the frequency parameter ¢ is below 1 for both soil
stiffness values: 0.72 for 100 MPa and 0.32 for 500 MPa. As ¢ < 1 in all cases,
radiational damping is not activated and only material (hysteretic) damping is
used. Since material damping is lower than radiational damping, increase in
soil stiffness is predominant in this case and the model with E;, = 500 MPa
exhibits higher damping and consequently lower peak accelerations.
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Figure 82. Bridge response for different conditions of the column foundations: E; . = 100 MPa and Fixed, where
the springs and dashpots are replaced with fixed constraints.

Figure 82 illustrates the influence of column foundation flexibility on the dy-
namic response of the bridge. As previously observed, fixing the columns leads
to a significant increase in peak acceleration, despite the fact that the connection
between the deck and the columns is not rigid. In general, when the dynamic
characterization of the pile foundation is not available, applying fixed boundary
conditions offers a conservative approximation of the bridge’s dynamic behav-
ior.
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4.3.7 Vasavigen

The Vasavigen bridge has a central span of 12.5 m and two symmetric side
spans of 8.6 m, with a cantilever extension of 1 m on each side. The deck
features a constant cross section throughout its length. Both the abutments and
the columns are supported by shallow foundations placed on compacted crushed
rock material.
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Figure 83. Technical drawings of Vasavdgen bridge.
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Figure 84. Maximum bridge acceleration during HSLM-A3 train passage: comparison between the 2D model with
impedance and three simplified 2D models with varying boundary conditions.

As shown in Figure 84 and Table 35, there is no shift in natural frequency be-
tween the 2D model with impedance functions and the simplified model, in-
dicating comparable global stiffness. Fixing the supports leads to a notable
reduction in peak acceleration, primarily due to changes in the mode shape. In-
terestingly, the model with both supports and columns fixed yields a slightly
lower acceleration than the model with springs and dashpots. Although this re-
sult is influenced by the specific configuration of the bridge, the difference is
small and would not significantly affect the overall dynamic response.
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Table 35. First natural frequency and damping ratio of the models in Figure 84.

f1 (Hz) &1 (%)

2D Model with Impedance 12.30 0.76
Simplified 2D Model 12.25 0.75
Simplified — Fixed Supports 12.35 0.75

Simplified — Fixed Supports and Columns  13.05 0.60
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Figure 85. Bridge response for different properties of the backfill soil: Es, = 100MPa, &, = 6%; Egp, = 100MPa,
&b =2%; Esp, = 500MPa, &, = 6%; and E, = 500MPa, &, = 2%.

Table 36. Damping ratio of the first mode for the four scenarios in Figure 85.

Model with: &1 (%)

E,p =100 MPaand & =2%  0.85
Egp =100 MPaand &, = 6% 0.8
E¢p =500 MPaand &, =2%  0.75
E¢p =500 MPaand &, =6%  0.76

As for the other three span bridges, the sensitivity analysis on the backfill soil
shows minimal differences between the two limit scenarios, while the analysis
of the properties of the soil below the foundations (Figure 86) reveals a signif-
icant variation in the bridge response between models with 100 MPa and 500
MPa soil stiffness. In contrast, small difference is observed between the 500
MPa case and the fixed column condition. This confirms the influence of the
foundation flexibility on the response of the bridge.
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Figure 86. Bridge response for different values of the elastic modulus of the soil beneath the column foundations:
Eg . = 100MPa; Es . = 500MPa; and Fixed, where the springs and dashpots are replaced with fixed constraints.
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4.3.8 Ahedain

The Ahedaén bridge has a central span of 35 m and two symmetric side spans
of 21 m, with a cantilever extension of 1 m on each side. The deck features
a constant cross section for all its length, except for the part above the abut-
ments. The two columns and the abutment on the left (Figure 87) are supported
by pile foundations, while the abutment on the right is supported by a shallow
foundation placed on compacted crushed material.

TOTAL BRLANGD-912 M

Re(Z) (GN/m)

— v W B U o u ® o
Im(Z) (GN/m)

— 8w B u oo u ®

0 5 10 15 20 0 5 10 15 20
Frequency (Hz) Frequency (Hz)

Figure 88. Vertical impedance function of the pile group for the Ahedadn bridge: real part (left) and imaginary part
(right). Each plot shows three curves corresponding to the response at the supports, left column, and right column.
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Figure 89. Rotational impedance function of the pile group for the Ahedaan bridge: real part (left) and imaginary
part (right). Each plot shows two curves corresponding to the response at the left column and at the right column.

Figure 88 presents the vertical impedance functions for the supports and for
the left and right columns, which have different foundation depths. The results
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clearly show that foundation depth has a significant influence on dynamic stiff-
ness, particularly for the two columns, which share the same pile configuration
but differ in depth (15 m and 12 m, respectively). The damping component
(imaginary part) is also affected by this variation, primarily due to differences
in the natural frequency of the respective models.

Conversely, the rotational impedance functions shown in Figure 89 are not sig-
nificantly influenced by the depth of the pile group, with only minor differences
observed between the two curves.
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Figure 90. Maximum bridge acceleration during HSLM-A3 train passage: comparison between the 2D model with
impedance and three simplified 2D models with varying boundary conditions.

Table 37. First natural frequency and damping ratio of the models in Figure 90.

f1 (Hz) &1 (%)

2D Model with Impedance 4.27 1.09
Simplified 2D Model 4.22 1.06
Simplified — Fixed Supports 4.25 1.08

Simplified — Fixed Supports and Columns ~ 4.33 1.06

As shown in Figure 90, the comparison between models reveals no signifi-
cant shift in natural frequency. The bridge features a deep cross-section, and
similarly to the previously analyzed bridges of this type, there is a difference
of approximately 0.5 m/s? in peak acceleration between the 2D model with
impedance functions and the simplified 2D model. Fixing the supports, and sub-
sequently both the supports and the columns, results in only minor variations
in the bridge’s response. This behavior can be attributed to the considerable
length of the bridge, where the influence of the surrounding soil is relatively
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small compared to the structural stiffness of the concrete. This is further sup-
ported by the constant modal damping ratios reported in Table 37.
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Figure 91. Bridge response for different properties of the backfill soil: Egp, = 100MPa, & , = 6%; Egp =100MPa,
Ep =2%; Esp = 500MPa, &, = 6%; and Esp, = 500MPa, &1, = 2%.

Table 38. Damping ratio of the first mode for the four scenarios in Figure 91.

Model with: &1 (%)

Esp =100 MPaand &, =2%  1.04
E,p =100 MPaand &p, =6%  1.06
Ep =500 MPaand &, =2%  1.03
Eyp =500 MPaand &, = 6%  1.04

The sensitivity analysis of the backfill soil (Figure 91) shows a reduction in
maximum acceleration when the elastic modulus is increased to 500 MPa. This
occurs because, in this case, the frequency parameter ¢ is below 1 for both soil
stiffness values: 0.85 for 100 MPa and 0.38 for 500 MPa. As ¢ < 1 in all cases,
radiational damping is not activated and only material (hysteretic) damping is
used. Since material damping is lower than radiational damping, increase in
soil stiffness is predominant in this case and the model with E;, = 500 MPa
exhibits lower peak accelerations.
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Figure 92. Bridge response for different conditions of the column foundations: E; . = 100 MPa and Fixed, where
the springs and dashpots are replaced with fixed constraints.

Figure 92 illustrates the influence of column foundation flexibility on the dy-
namic response of the bridge. As previously observed, fixing the columns does
not significantly affect the maximum acceleration or the critical speed. The
influence of column foundation flexibility is minimal in this case, and neglect-
ing the SSI at the foundations provides a conservative and sufficiently accurate
approximation of the bridge’s dynamic response.
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5 DISCUSSION

The results of the analyses highlight both the effectiveness and limitations of the
proposed simplified 2D modeling approach for assessing the dynamic response
of end-shield bridges under high-speed train loading.

Across the 18 analyzed bridges, the deck accelerations during critical train pas-
sages remain below the prescribed limits in all but two cases. This indicates
that, in general, end-shield bridges do not exhibit significant dynamic issues
when subjected to high-speed train loads.

The simplified model consistently produced slightly higher accelerations and
lower natural frequencies compared to the reference models with impedance
functions or full 3D finite element models. This behavior confirms its conser-
vative nature and supports its use in preliminary design or assessment stages,
particularly when detailed soil data is unavailable.

The influence of boundary conditions varied depending on the bridge typology:

Single-span bridges with shallow foundations showed minimal sensitivity to
support conditions. Fixing the supports had negligible impact on the dynamic
response, and the simplified model provided safe, conservative estimates.

In single-span bridges with pile foundations, especially those with high natural
frequencies, the soil’s dynamic stiffness and damping played a more significant
role. While neglecting SSI still resulted in conservative outcomes, these bridges
showed greater sensitivity to foundation modeling.

For two-span bridges, the influence of the backfill soil and the column—soil
interaction was similar to the single-span cases. The column foundations con-
tributed little to the global response, and fixing them had a limited effect on
acceleration or frequency.

In three-span bridges, however, the flexibility of column foundations proved to
be a critical factor. Fixing the columns led to notable increases in both natural
frequency and maximum acceleration. This highlights the importance of accu-
rately modeling column—soil interaction for multi-span structures. In contrast,
the effect of end-shield—soil interaction was found to be minor in this bridge
category, with little influence on the fundamental frequency, regardless of the
modeling approach. However, completely neglecting the SSI at the end-shields
can lead to an impact effect, causing a substantial increase in maximum accel-
eration.

The sensitivity analysis on the backfill soil further emphasized the role of the
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frequency parameter ¢. Depending on the bridge’s natural frequency and the
geometry of the backfill, the maximum acceleration occurred with either stiff
or soft soil. This variation is attributed to the presence or absence of radiational
damping, which dominates when ¢ exceeds 1. As a result, a preliminary esti-
mation of ¢ is essential to guide the choice of appropriate soil stiffness during
modeling.

Overall, these results underscore the suitability of the simplified model for pre-
liminary assessments of an end-shield bridge’s dynamic response. The sim-
plified model consistently provides conservative results, making it a reliable
tool for early-stage evaluation. When the predicted maximum acceleration is
well below the 3.5 m/s? limit, the results can be considered acceptable without
further refinement. However, if the acceleration values are close to or exceed
the threshold, additional investigation of material properties and the develop-
ment of more detailed 3D models may be necessary to obtain more accurate and
project-specific predictions.
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