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Abstract

Two strengthening methods for the Söderström Bridge are investigated. One method
aims at shifting the stress from tension to compression in the bottom �ange of the
�oor beams. This is done by prestressing of the beams. The other method aims
at reducing the stress range from passing trains by adding arches under the bridge.
Both methods are tested in a �nite element model of the original bridge. The model
has been veri�ed by comparison with measurements. Both methods proof capable
of increasing the fatigue life of the bridge. The e�ectiveness of the strengthening
methods are also tested for high speed tra�c and the calculated acceleration levels
of the bridge deck are compared to the limitations stated in the Eurocode and the
Swedish code BV Bro. It is concluded that large di�erences between the di�erent
codes exist.
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Sammanfattning

I den här rapporten utreds två olika förstärkningsmetoder för Bro över Söderström
i Stockholm. Bron är en stålbro i sex span med en totallängd på 200m. En bild av
bron åter�nns i Appendix A, Fig. 2.1. Det primära målen var att undersöka om bron
livslängd med avseende på utmattning kunde förlängas och hur förstärkningsme-
toderna påverkar brobanans vertikala acceleration vid passage av höghastighetståg.
En av metoderna gick ut på att förspänna tvärbalkarna i bron för att uppnå konstant
tryckspänning i under�änsen hos dessa. I den andra metoden placerades stålbågar
under bron för att ge extra stöd. Båda metoderna undersöktes med hjälp av en
�nita element (FE) modell.

För att utföra arbetet behövdes en FE modell som, med tillräcklig noggrannhet,
kunde beskriva brons beteende när den utsattes för rörliga laster på ett av de två
spåren. Samtidigt behövdes en modell som var tillräckligt enkel för att möjlig-
göra dynamisk analys. En linjär elastisk model med enbart balkelement skapades i
FE-programmet Abaqus (Dassault Systèmes, 2008). Välvning och inverkan av tem-
peraturväxlingar beaktades ej. Den färdiga modellens beteende vid belastning av
ett Rc6-lok i 82 km/h jämfördes med mätningar gjorda på bron vid samma belast-
ning. En jämförelse mellan moment och normalkraft för en av tvärbalkarna visas i
Fig. 1. Extremvärdena i den uppmätta normalkraften som inte �nns med i de beräk-
nade värdena tros komma från ickelinjäriteter. Ett intressant problem med modellen
var att den inte kunde analyseras med modalanalys. I stället användes direktinte-
grering. Detta berodde på att lokala moder i sekundära element, vars frekvenser
låg över 120Hz, hade stor betydelse för resultatet. Med modalanalys behövde �er
än 4000 moder beaktas för att få bra resultat. Detta var inte genomförbart för den
aktuella modellen p.g.a. begränsningar i datorkapacitet.

När modellen var klar skapades två kopior där de olika förstärkningmetoderna tes-
tades. Båda metoderna visade sig ha positiv inverkan på livslängden med avseende
på utmattning. Fig. 2 visar acceleration i förhållande till tåghastighet för alla HSLM-
A-tåg1. Figuren visar bågmetodens positiva e�ekt och samtidigt antyder den att
förspänningsmetoden inte har någon märkbar e�ekt på accelerationerna.

1High Speed Load Model(HSLM). Lastmodeller för höghastighetståg enligt Eurokod.
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En jämförelse mellan den svenska normen, BV Bro (Banverket, 2008), och den
Europeiska normen, Eurocode (CEN, 2003a) visas i Fig. 3. Stora skillnader i beräk-
nade accelerationer visade sig, med upp till 3 gånger högre värde för Eurocode än
för BV Bro. Skillnaderna berodde på att man i Eurocoden var tvungen att ta med
frekvenser upp till 180Hz2 i analysen medan man i BV Bro endast behövde utföra
analysen för frekvenser upp till 30Hz.

Arbetet i denna rapport utmynnade i en artikel som accepterats för publicering i
den vetenskapliga tidsskriften Engineering Structures. Denna rapport bygger på
artikeln och tar inte upp vissa saker som beskrivs i artikeln.
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Figure 1: Jämförelse mellan uppmätta och beräknade värden för moment och nor-
malkraft i en tvärbalk vid passage av ett Rc6-lok i 82 km/h.

2Det största av 1.5 gånger den första egenfrekvensen eller den tredje egenfrekvensen för den
studerade konstruktionsdelen.
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Figure 2: Jämförelse mellan maximal acceleration för orginalmodellen och de båda
förstärkningsmetoderna vid analys av HSLM-A-tågen i hastigheter mellan
200 km/h och 350 km/h.
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Figure 3: Jämförelse mellan maximal acceleration i orginalmodellen för Eurocode
och BV Bro vid analys av HSLM-A-tågen i hastigheter mellan 200 km/h
och 350 km/h.
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Chapter 1

Introduction

1.1 Background

A substantial part of the bridge stock in Sweden and in the rest of Europe is older
than 50 years. These bridges are often exposed to higher axle loads, higher speeds
and larger tra�c volume than expected during design. By economical and environ-
mental reasons, it would be a great bene�t to extend the service life of these bridges,
instead of demolishing and reconstruction.

For steel bridges, the main cause of deterioration is fatigue. This phenomenon is
mainly connected to the amplitude of the stress cycles.

The Söderström Bridge has one of the highest counts of train passages per day in
Sweden. This bridge supports the only two tracks for commuter trains, regular
passenger trains and freight trains through Stockholm. Since the completion, in the
mid 1950-ies, the tra�c has increased manifold. The number of trains passing each
day to date is more than 500 (Leander et al., 2010). Recently the construction of the
Citybanan, a six kilometer long tunnel, has started and will be opened for tra�c in
2017. With this tunnel, two additional tracks through Stockholm will be available.
Before the Citybanan is taken into service, it is imperative that the tra�c on the
Söderström Bridge is not interrupted.

Problems with fatigue were �rst discovered during routine inspection. Since then,
the Swedish Rail Administration (Banverket), has initiated several investigations to
examine the problem in more detail and to �nd a way to strengthen the bridge to
prevent failure. A monitoring system for measuring accelerations and strains has
been installed on the bridge since 2008. Data obtained from this system is used to
determine stress ranges and to calculate the remaining fatigue life of some of the
steel beams in the structure. One method for strengthening the bridge is currently
being tested. The main objective of this method is to secure the stringer beams of
the bridge if a fracture occurs. Unfortunately this system does not work since it
interferes with some of the existing electrical systems on the bridge.
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CHAPTER 1. INTRODUCTION

1.2 Aim and scope

The aim of this thesis is twofold. Two methods of strengthening the Söderström
Bridge are investigated. In the �rst part of the investigation the in�uence on the
fatigue life of the bridge is studied. The second part is an evaluation of the accel-
eration levels of the track when the bridge is subjected to high speed trains. When
looking at the accelaration a comparison is also made between the analysis based on
the Eurocode (CEN, 2003a) and the Swedish code BV Bro (Banverket, 2008). The
following steps are taken to achieve this goal.

1. Create a 3D FE beam model of the bridge.

2. Calibrate the model by comparing analysis result from a dynamic analysis to
measurement data.

3. Incorporate the strengthening methods in the model.

4. Analyze the strengthened models and compare the results to the analysis re-
sults of the original not strengthened model.

To be able to reach the goals some limitations to the work had to be made.

1. The sleepers and track have not been considered in the model.

2. The supports have been modeled without the possibility for displacements.

3. The dynamic properties of the trains, such as springs, mass, and dampers,
have not been included in the load model.

4. It is assumed that the piled foundations of the bridge can handle the additional
forces from the di�erent strengthening methods.

5. In the FE model no warping of cross sections has been considered.

1.3 Thesis structure

Though no original plans existed to submit the results of this project as a paper
to a scienti�c journal, Professor Raid Karoumi, who supervised the work opted for
publication when some of the �rst analysis result became available. This means that
the �nal goal of the thesis became to collect the results in a publishable text.

This report is an extension of the paper (Wallin et al., 2010) submitted to the
scienti�c journal �Engineering Structures� in 2010. The structure of the report is
the same as that of the paper using the same titles. Each chapter begins with a
short description of its contents. Then, information about those parts of the work
that could not be included in the journal, is presented. Frequently references are
made to Appendix A which contains a manuscript of the paper.
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Chapter 2

The Söderström Bridge

The Söderström Bridge (Fig. 2.1) is located between Riddarholmen and Södermalm
in The City of Stockholm, Sweden. It was built in the mid 1950s and carries the
only two tracks through Stockholm from north to south. Today, approximately 520
trains pass the bridge every day. The trains using this bridge are regular passenger
trains, commuter trains and freight trains as well as maintenance vehicles.

Figure 2.1: Photo of the Söderström Bridge taken from Södermälarstrand west of
the bridge.

One span of the bridge is shown in Fig. 2.2, where all structural member except
the pedestrian walkway are visualized. This �gure also depicts which structural
members were instrumented with strain gauges and accelerometers. The primary
load bearing system is the two main beams. They measure 3000mm in height
and have 600mm wide �anges made of 52mm thick steel plates. Their sti�ness
over the support is increased by an additional steel plates welded to the top and
bottom �anges and increasing their thickness to 88mm. Two secondary load carrying
systems exist on the bridge. First there are �oor beams(cross beams) welded to the
main beams at a skew angle of approximately 80o. These beams are 1120mm high

3



CHAPTER 2. THE SÖDERSTRÖM BRIDGE

and have 330mm wide �anges of the same thickness as in the main beams. Parallel
to the main beams four stringer beams are welded to the �oor beams. They are
450mm in height and 225mm wide with �ange thicknesses of 20mm and 18mm
for the top and bottom �anges respectively. The stringer beams are the part to
which the track is attached. There is no ballast on the bridge and the wooden
sleepers are bolted directly to the stringer beams. There are three di�erent bracing
systems taking care of horizontal forces. The wind bracing system connects the
mid point of a �oor beam to the end points of an adjacent �oor beam. A brake
bracing system present at each support takes care of braking and acceleration forces.
Both wind and brake bracing systems are created from welded T-pro�les of di�erent
dimensions. Finally the two stringer beams carrying one track are connected with
a zigzag bracing system to prevent torsion and lateral movement. The elements of
the zigzag bracing system is made from L-pro�les. Attached to the west side of the
bridge is a pedestrian walkway. It acts as a console, with cross beams welded to
the main beams at regular intervals. To the top of these cross beams two parallel
stringer beams are connected. The stringer beams carry the 80mm thick concrete
slab creating the walkway. A cross section of the bridge superstructure is shown in
Figure 2.3. In this �gure all main structural members (main beams, �oor beams and
stringer beams) are depicted as well as some of the non structural member which
only add mass to the bridge.

All structural members of the bridge are created from steel grade St44s except for
the zigzag bracing for which the steel grade is St37. The properties of these steel
grades used in the design of the bridge are shown in Table 2.1.

Table 2.1: Properties of the di�erent steel grades used in the bridge members (Le-
ander, 2008).

Grade fyk / MPa fuk / MPa

St44s 260 430

St37 220 360

4
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tural members of the bridge and the locations where strain gauges, F-O,
and accelerometers, A-E, are located.
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Figure 2.3: Cross section of the bridge superstructure depicting some of the struc-
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Chapter 3

Strengthening Methods

Two strengthening methods for The Söderström Bridge have been tested in this
thesis. In the �rst method, arches are placed under the bridge. The second method
aims at prestressing the lower edge of the �oor beams with tendons.

3.1 Arches Under the Bridge

This method aims at lowering the stress range in all structural parts of the bridge
by adding support at the center of each stringer beam. The two hinge arches could
also work as a safety measure.

The arches are placed under the center of the stringer beams. For the part of the
bridge located in a curve the arches are still located in a straight line and place
approximately under the center line of the stringer beams. The locations for the
hinges are submerged and approximately one meter from the edges of the foundation
slabs as shown in Fig. 3.1.

MW

Foundation slab

Arch hinge

Figure 3.1: Detail at one of the supports showing the location of the arch hinge.

For further information on this method, see Appendix A, Section 3.1.
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CHAPTER 3. STRENGTHENING METHODS

3.2 Prestressing of Floor Beams

This method aims at shifting the stress in the lower �ange of the �oor beam to pure
compression. This is done by attaching two tendons at each end of each �oor beam
and applying a prestressing force as shown in Fig. 3.2.

Walkway

Track 1Track 2

Tendon

Small duct Large duct Steel grating

Sleeper

Floor beam
cross section

Bridge cross section

Detail (Fig. 7)

Figure 3.2: Detail at one of the supports showing the location of the arch hinge.

The �oor beams have been checked for lateral torsional buckling according to the
Eurocode (CEN, 2003b). The loads used for the check was the maximum loads
from the model loaded with gravity and a Rc6-locomotive at 82 km/h multiplied
by a correction factor of 1.2 and the prestressing force. The correction factor was
calculated by comparing the modeled response with the measured response and
using the maximum di�erence as a correction factor. The full length of the �oor
beams was used as buckling length and no lateral bracing from the stringer beams
was considered. This calculation showed that the maximum utilization of the beam
reached 23%.

For further details, see Appendix A, Section 3.2.
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Chapter 4

Field Measurements

A large part of the work is to compare the response from the FE-model with mea-
surements from The Söderström Bridge. The measurements used in this report
where performed in the year 2008 as a step in an investigation of the remaining
service life of the bridge with respect to fatigue. Measurements were performed only
in the span between supports 7 and 8.

4.1 Instrumentation and data acquisition

The instrumentation of the bridge comprised 56 strain gauges, 5 accelerometers, a
MGCplus data acquisition system with a ML801 ampli�er. A short description of
the system is available in Appendix A, Section 5.1. To decide the locations of the
strain gauges an investigation has been made to ensure that stress concentrations at
connection points does not pollute the measurements (Andersson, 2009). In Fig. 4.1
a strain gauge and an accelerometer installed on the bridge are shown.

Figure 4.1: A picture of a strain gauge on the left and an accelerometer on the right.

9



CHAPTER 4. FIELD MEASUREMENTS

4.2 Signal analysis

Most of the signal analysis performed in this thesis is described in Appendix A
Section 5.3, but one clari�cation is needed regarding the free vibration of the bridge
after a train passage. Directly after the train has left the bridge, there is still some
response that does not have the properties of free vibration. The analysis of free
vibration, used to evaluate the damping of the bridge is based on the �rst part of the
signal after the train has left the bridge that is continuously decreasing in amplitude.

10



Chapter 5

FE Model

A FE model was created using the two node Timoschenko beam element. This
element was chosen for its ability to take into account the shear deformations in
a beam, which is important for beam with a low slenderness ratio i.e. the ratio
between the length and height of the beam. A description of the model can be
found in Appendix A Section 6. Some complementary information is added below.

5.1 Geometry and Connections

In the Abaqus (Dassault Systèmes, 2008) model di�erent structural elements were
created in di�erent parts, �ve parts in total. Later the parts were connected using
connector elements.

The bracing systems are pinned to the rest of the bridge at the connection points.
All connections within the bracing systems are rigid as if they were welded together.
The same applies for all connections between main beams, cross beams and stringers,
except for the connection between the stringer beams at the center of each span
were only vertical and transverse translation are rigidly connected, resulting in an
expansion joint.

5.2 Loading

The stringers have been meshed to obtain a node at the center point of each location
where a sleeper is attached in the real structure. Di�erent distributions of the load
from one wheel have been investigated, where the load has been distributed as one,
two or three point loads. In Appendix A, Fig.15 the results of this investigation
is shown. Distributing the load as two or three point loads showed most similarity
to the measurement data. In the �nalized model the load was distributed as three
point loads.
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CHAPTER 5. FE MODEL

5.3 Analyzes and solution techniques

The mesh density of the model was investigated by looking at the strain at the
output points for a static load from a Rc6 locomotive at mid span. At �rst, the
mesh was kept constant for the whole model. Convergence was de�ned as the mesh
density for which a reduction of element size by 50% produced a change in maximum
response by less than 1%. In this case the measured response is the moment around
the sti� axis for the studied element. The moment in the stringer beams needed the
�nest mesh to converge. When the element size was 2 cm the results converged for
the stringer beams whereas for the �oor beams and main beams convergence was
reached at an element size of 20 cm. This resulted in a very large model. In Fig. 5.1
the maximum moment in a stringer beam is compared to the mesh density when a
RC6-locomotive crosses over the bridge at 82 km/h.
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Figure 5.1: Maximum bending moment in one of the stringer beams when a RC6-
locomotive passes the bridge at 82 km/h for di�erent element sizes. The
bending moment for the �nal mesh is shown as a straight line.

In an attempt to decrease the model size the element size was increased for a few
elements at a time. After each change the model was analyzed with the static load
of the Rc6 to check that the results had not changed by more than 1% compared
to the model with only 2 cm elements. The bracing systems and beams belonging
to the pedestrian walkway needed only one element between connection points. All
longitudinal beams of the main structure were divided into 4 or 5 elements between
the �oor beams except for the stringers subjected to loading, where 14 elements
between the �oor beams were needed to get a correct load distribution for the
dynamic analysis. Each �oor beam was divided into 12 elements. The only parts of
the bridge where the 2 cm element size was needed were around the output sections
on the stringers depicted in Fig. 2.2. A line in Fig. 5.1 shows the moment for the
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5.4. COMPARISON WITH MEASUREMENTS

�nal mesh of the model. Re�nement of the mesh was also needed around the other
output sections. Output from other parts of the model should be checked before
they are accepted.

5.4 Comparison with measurements

The local peak values of the axial force shown in Fig. 5.2 that exist in the measured
signal does not exist in the modeled results. One reason could be friction at con-
nection points, i.e. a certain amount of force is needed before the surfaces of two
members, starts slipping. An example of such surfaces is the connection between
�oor beams and stringer beams at the location of the expansion joint.
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Figure 5.2: Comparison between measured and modeled axial force in one of the
stringer beams for a passage of an RC6-locomotive.

5.5 Strengthening methods

The prestressing force was applied by subjecting the tendon to a temperature load
of −552 oC.
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Chapter 6

Results and Discussion

In short the results of this investigation showed that both strengthening methods
can have a positive impact on the fatigue life of the Söderström Bridge. The impact
on the dynamic properties of the bridge when subjected to high speed trains on the
other hand is good for the method with arches but no signi�cant e�ect is visible for
the arch method. The results also point at large di�erences between the Swedish
code BV Bro (Banverket, 2008) and the Eurocode (CEN, 2003a) with respect to
bridge deck acceleration levels from high speed trains. A detailed pressentation of
these results and a discussion on what they implicate can be found in Appendix A
Sections 8 and 9.

One result not discussed in the paper is that modal superposition couldn't be used for
the dynamic analysis. The problem was that to be able to use modal superposition
with good results, more than 4000 modes had to be included. Many of these modes
are probably of no importance for the analysis, but there was no available method
for selecting the modes required to get good results. It would be interesting to
develop a method for selecting the modes of interest for a given load. The modes
of interest in this case would be modes that both are in�uenced by the load and
in�uence the points on the model where output is requested.

No account on the �nal conclusions of this investigation is included here. Instead
they can be found in Appendix A Section 10.
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Strengthening of a Steel Railway Bridge and its Impact on the Dynamic
Response to Passing Trains

Joakim Wallina,∗, John Leanderb, Raid Karoumib

aELU Konsult AB, Box 27006, 102 51 Stockholm, Sweden
bDivision of Structural Design and Bridges, Royal Institute of Technology (KTH), 100 44 Stockholm, Sweden

Abstract

Two different strengthening methods for a through-girder steel railway bridge are investigated. The studied struc-
ture is the Söderström Bridge, located in the city of Stockholm, Sweden. Due to fatigue problems, it is in need of
assessment and strengthening. In one of the methods, arches are added under the bridge modifying the structural
system and lowering the stress ranges for all structural members. The other method consists of prestressing the floor
beams. This increases their stiffness and transforms the mean stress in the lower flanges from tension to compression.
A 3D finite element model is created and verified with measurements. The different strengthening methods are tested
in the model by dynamic analysis with moving train loads. The strengthening methods show some positive effect
concerning the fatigue life. Changes in vertical bridge deck acceleration for high speed traffic are also presented. A
comparison between the European code and the Swedish code regarding vertical bridge deck acceleration levels for
high speed traffic shows large differences for the bridge.

Keywords: Steel bridge, Strengthening, Finite element analysis, Monitoring, High speed train, Fatigue

1. Introduction

Resent studies [1] show that more than 60% of the
railway bridge stock in Europe is over 50 years old and
more than 30% is over 100 years old. These bridges
are subjected to higher loads and speeds than those for
which they were designed. To cope with present and
future demands, several bridges are in need of strength-
ening or replacement. For economical and environmen-
tal reasons it is greatly beneficial to increase the bearing
capacity and service life of a bridge by strengthening
instead of demolition and reconstruction.

The development of high speed trains has put higher
demands on the existing railway network in Europe and
the rest of the world. It has been shown that higher
speeds increase the stress in the bridge, especially if
the load frequency is close to a resonance frequency of
the structure [2]. To adapt the existing European rail-
way network to high speed trains all bridges have to
be reassessed to ensure that they meet the requirements
stated in the Eurocode [3]. For cases where theoreti-
cal calculations are not enough to ensure the safety of a
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bridge, measurements can be performed to see if the real
behavior of the bridge is somewhat more favorable than
theoretical calculations indicate. If this is not enough,
some kind of strengthening measure or replacement is
needed.

For steel railway bridges, one of the dominant prob-
lems is fatigue. The increase in load, traffic volume
and speed yields higher stress ranges and a larger num-
ber of stress cycles resulting in a shorter fatigue life.
A number of strengthening methods to increase the fa-
tigue life and to repair already damaged structures have
been tested and presented in the literature e.g. [4, 5, 6].
Some methods require that the bridge is closed for traf-
fic during construction. For most traffic intensive rail-
way networks in Europe this poses a big problem since
it is very costly to have long interruptions in traffic. It
is also costly if the work only can be performed during
the night when there usually is less or no traffic. The
best method would be one where all the work could be
performed without disturbing the traffic at all.

One of the most important railway bridges in Sweden
is the Söderström Bridge (Fig. 1). It is a through-girder
steel railway bridge which carries the only two tracks
for commuter trains, regular passenger trains and freight
trains, passing through Stockholm. Theoretical studies
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[7] have shown that some elements of the bridge already
exceeded their fatigue life. A monitoring program was
executed in 2008 to enable an evaluation of the real be-
havior of the bridge. The data from the monitoring sys-
tem has been used for several investigations including
an enhanced fatigue evaluation [8] which confirmed the
theoretical calculations and concluded that the theoret-
ical service life of the bridge, which has been in ser-
vice for more than 50 years, has passed. The most crit-
ical elements are the continuous stringer beams and the
transversal floor beams. Part of the presented study aims
at extending the theoretical service life of the bridge
considering fatigue.

Figure 1: View of the Söderström Bridge.

In this paper two strengthening methods are analyzed
by finite element analysis (FEA). This is done to investi-
gate if these methods can increase the fatigue life of the
Söderström Bridge and if its ability to carry high speed
trains with respect to the limits on accelerations stated
in the Eurocode [3] can be improved. Both methods
are designed so that the work can be performed without
interruptions in traffic, i.e. all work can be carried out
from underneath the bridge. To study the strengthening
methods, a finite element (FE) model that captures the
behavior of the bridge has been created. The model is
a 3D linear elastic beam model created with the com-
mercial software Abaqus [9]. Both strengthening mea-
sures are modeled separately and loads from real trains
as well as the high speed load model (HSLM) trains of
the Eurocode are analyzed. The aim has not been to
create a complete design but to investigate how the dif-
ferent methods affect the behavior of the bridge under
dynamic loading.

In the first strengthening method, the arch method,
arches are mounted under the stringer beams for ex-
tra support. This should be a straight forward method
but no previous cases have been found in the literature.
The second method, the cable method, is to prestress

the lower flange of the floor beams and by doing so
transforming the stress variation to pure compression.
Previous research [10] has concluded that repaired pre-
stressed composite beams subjected to highway load-
ing are virtually fatigue proof as long as the steel beam
is kept in pure compression. The result was the same
whether the beam was cracked or non cracked at the be-
ginning of the test.

2. The Söderström Bridge

The Söderström Bridge (Fig. 2) is a welded through-
girder railway bridge built mostly from welded I-girders
with riveted bracing systems taking care of lateral
forces. It is a continuous bridge in six spans with a to-
tal length of 190 meters. The span lengths are 27.0 m,
33.7 m, 33.7 m, 33.7 m, 33.6 m and 26.9 m from north
to south. The last three spans are located in a curve
with an approximate radius of 2 500 m at the center line
of track 2 (Fig. 3). The bridge supports two railway
tracks on wooden sleepers bolted to the stringer beams
of the bridge. Welds connect the stringer beams to the
floor beams which in turn are welded to the main beams.
There are three different bracing systems taking care of
horizontal forces. The wind bracing system connects
the mid point of a floor beam to the end points of an
adjacent floor beam. A brake bracing system present at
each support transfer braking and acceleration forces to
the main beams. Finally the two stringer beams carrying
one track are connected with a zigzag bracing system to
prevent torsion and lateral movement. The brake and
zigzag bracing systems are aligned vertically with the
top flange of the stringer beams and the corresponding
location for the wind bracing system is at the bottom
flange of the floor beams and main beams. All bracing
systems are riveted to connection plates that are welded
to the bridge beams. Fig. 3 shows the span between sup-
port 7 and 8 with all structural elements depicted. The
end supports are abutments on land and each mid sup-
port has two concrete columns resting on a piled con-
crete slab. The piled concrete slabs which support the
bridge stretch over the whole width of the bridge and
will be used for the strengthening method with arches
studied in the present article.

The bridge was constructed in the 1950’s and car-
ries the only two railway tracks available through Stock-
holm. Today the Citybanan is under construction, which
will give two more tracks through Stockholm. It is very
important that the Söderström bridge continues to func-
tion until the completion of the Citybanan in 2017. A
disruption in traffic on the bridge would have dire con-
sequences for the whole Swedish railway network forc-
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Figure 2: Plan and elevation of the Söderström Bridge taken from [8]. RB depicts a roller bearing and FB a fixed bearing. MW is the mean water
level in Lake Mälaren.

ing the cancellation or redirection of the approximately
520 trains passing over the bridge every day.

Trains trafficking the bridge can be divided into
freight trains, people transportation and service trains.
The last category comprise locomotives, empty trains
and maintenance vehicles. In the traffic plan for 2008,
freight trains make out 5% of the traffic, people trans-
ports 90% and service trains 5% [11]. Today, an auto-
matic train control system limits the speed on the bridge
to 82 km/h.

3. Strengthening Methods

3.1. Arches Under the Bridge
The first strengthening method consists in placing

four steel arches under the bridge in each span (Fig. 4).
The arches are centered under the stringer beams and
rest on the piled foundation slabs of the original struc-
ture. A continuous beam under each stringer beam is
connected to the arches with struts under each floor
beam. The continuous beam is then connected to the
stringer beams at the midpoints between floor beams.
The arch is created from an I-girder and the continuous
beam and connection struts are rectangular hollow sec-
tions. The section profiles are shown in Fig. 5. The goal
has been to create an even support for the stringer beams
at all supported points. For this reason a stiff continuous
beam has been used to distribute the load from the sup-
ported points to the arch. This increases the efficiency
of the arch since the optimal way to load an arch is with
an evenly distributed load. The continuous beams are
supported between the arches by vertical pinned steel

columns between the foundation slab and the beam. No
lateral bracing of the arches has been designed at this
point. A two-hinge arch has been chosen since it would
probably be difficult to design the support for the arches
to transfer moments from the arch to the substructure.
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and column
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Figure 5: Cross sections for the structural members of the arch
method.

3.2. Prestressing of Floor Beams

The prestressing of the floor beams aims at transform-
ing the stress variation to pure compression for all loads
acting on the bridge. The prestressing force chosen was
430 kN and the tendon is attached to the floor beam
40 mm below the bottom flange (Fig. 6). In reality some
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Figure 3: Plan of the span between support 7 and 8 depicting the different structural members of the bridge and the locations where accelerometers,
sections A-E, and strain gauges, sections F-O, are installed.

kind of attachment should be designed to attach the ten-
don to the outer edge of the bottom flange of the main
beam. Since the flanges of the main beam and the floor
beam are of the same thickness and welded together,
the prestressing force will be transferred to the bottom
flange of the floor beam.

The resistance of the floor beams has been checked
according to the Eurocode [12]. This calculation in-
dicated that 77% of the beams capacity remained after
prestressing the tendons.

4. Fatigue

For fatigue, the governing factor is the stress range
which, as for all bridges in general, is variable over
time. Stress range spectrums for fatigue assessment are
generated using the rainflow cycle counting technique
[13]. A typical railway bridge is exposed to over 105

cycles whilst the process is classified as high cycle fa-
tigue (HCF).

The strengthening methods in this study affect the
stress ranges in two ways. The method with arches
causes a reduction in the amplitude of the stress range
whilst the prestressing of the floor beams aims at trans-
forming the stress variation to compression only. The
prestressing has a negligible influence on the amplitude
of the stress range. However, the influence of a stress
range in compression only is an uncertain subject. There
exist numerous of methods for consideration of mean

stress in the literature but non of them is included in the
governing standard for the fatigue assessment of bridge
structures in Europe [14]. The following text has the
aim of showing a theoretical justification of the pro-
posed strengthening methods.

In a fracture mechanics approach, it is obvious that
a crack will not propagate if the studied detail is sub-
jected to compression only. However, a fracture me-
chanics analysis is based on the philosophy of damage
tolerance and the sole appearance of a crack might be
the fracture criterion in a safe life approach [14]. A de-
tail subjected to HCF can remain in the crack initiation
stage for a considerable part of its fatigue life [15]. This
results in a relatively small fraction of life remaining for
propagation, why a fracture mechanics analysis might
not be adequate.

Some well-known methods and expressions for con-
sideration of mean stresses are the Haigh diagram, the
modified Goodman correction, the Gerber correction
and the Soderberg correction [16, 17, 18]. Other mean
stress correction models exist [19], but several of them
are connected to localized strain behavior which gener-
ally do not apply well to welded details [16].

A Haigh diagram is constructed for a notched detail
according to [18] and shown as a solid line in Fig. 7. The
limit values are determined in an engineering approach
from characteristic material properties due to lack of ex-
perimental results. The ordinate in the figure represents
the alternating stress σa which is the stress range di-
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Figure 4: Section of the bridge showing the arch method at the span between support 7 and 8.
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Figure 6: Cross section of the bridge on the right and a cross section of a prestressed floor beam on the left.

vided by two. The abscissa represents mean stress σm.
Both are normalized by the yield stress σy. The diagram
is constructed for a detail category ∆σC = 40 MPa in
[14] and for steel with yield stressσy = 260 MPa and ul-
timate tensile strength σu = 430 MPa. The fatigue limit
for mean stress σm = 0 is determined as σf = ∆σC/2
which is valid for 2 · 106 cycles. The line for compres-
sive mean stress is inclined 45o which means that the
alternating stress can grow with the same relation as the
mean compressive stress.

In Fig. 7, the modified Goodman correction is in-
cluded as

σa

σf
+
σm

σu
= 1 (1)

and the Soderberg correction

σa

σf
+
σm

σy
= 1 (2)

and a correction given by Kihl and Sarkani, [16], which
only holds for compressive mean stress

σa

σf
+ 3

σm

σu
= 1. (3)

The Gerber correction which has a parabolic shape
does not give a favorable contribution for compressive
mean stress whilst it is not included. As a matter of cu-
riosity, the corrections given by Goodman, Gerber and
Soderberg were developed for use in bridge assessment
[17].

In Fig. 8, the influence of the corrections for mean
stress is visualized. The modified S–N-curves are cal-
culated for a shift in mean stress from zero to –20 MPa.

For non-welded or stress-relieved welded details the
condition in the Eurocode [14] can be used. It says that
the compression part of the stress range can be reduced
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Figure 8: S–N-curves for a detail in category ∆σC = 40 MPa and
corrections due to a shift in mean stress from zero to –20 MPa.

by 40 %. The formula for correction of the allowed al-
ternating stress becomes

σa

σf
=

σmax − σmin

σmax − 0.6σmin
(4)

which is a function of actual stresses instead of material
properties as the other given corrections.

As an example of the influence of compressive mean
stress, the accumulated damage is calculated for gauge
35 placed on a stringer beam of the bridge. The yearly
damage for zero mean stress is calculated to 0.4119 ac-
cording to [8]. Table 1 shows the result calculated for
the different correction methods and for a shift in mean
stress from zero to –20 MPa.

Even though a mean stress of –20 MPa would mostly

Table 1: Calculated damage at gauge 35 with a detail in category
∆σC = 40 MPa and corrections due to a shift in mean stress from zero
to –20 MPa.

Method damage/year

zero mean 0.4119

Haigh diagram 4.249 · 10−4

Modified Goodman 0.3566

Soderberg 0.3255

Kihl and Sarkani 0.2675

Eurocode 0.189

create compression in the studied section, considerable
damage is predicted by most of the methods. The use
of a Haigh diagram reduces the damage to a minimum.
The method in the Eurocode gives the second lowest
damage but, it has the restriction of being applicable to
non-welded or stress-relieved welded details only.

The influence of residual stresses has not yet been
mentioned in this exposition. Their presence can have
a substantial influence on the actual stress state near the
weld. Thick walled welded structures can have tensile
residual stresses as high as the yield stress of the welded
material [18, 20]. This implies, in conjunction with the
Eurocodes, that a correction considering mean compres-
sive stress should not be used without knowing the real
stress state near the weld. However, experiments have
shown that variable amplitude loading reduces the influ-
ence of residual stresses due to occasional plastic defor-
mations in the welded material, as opposed to constant
amplitude loading [20]. In [16], it is stated that residual
stresses may relieve themselves by gradually dissipat-
ing under sustained cyclic loads. During an experimen-
tal setup of a welded steel cruciform-shaped specimen,
it is concluded that magnitudes of residual stresses were
not large enough to influence the outcome of the study.
However, their specimen might be considered as thin
with a thickness of 7/16 in (11.1 mm). In [10], the in-
fluence of prestressing a steel beam is investigated. It is
concluded that full prestressing makes the beam virtu-
ally fatigue proof for the application studied.

If the Haigh diagram is applicable, a compressive
mean stress could reduce the fatigue damage to a mini-
mum, if the residual stresses have a negligible influence.
The referred experimental setups support such a con-
clusion. The modified Goodman and Soderberg correc-
tions give quite small reductions on the fatigue damage.
However, they are developed for mean stress levels that
are tensile [16]. All approaches for considering com-
pressive mean stress indicate an increase in the fatigue
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service life. However, it is not possible to quantitatively
determine its influence without object specific experi-
ments.

The stress range amplitude reduction caused by the
support method with arches is easier to consider theo-
retically. By use of the Basquin relation [18]

S Nf = A (Nf)B (5)

it is obvious that a lower stress range S Nf allows more
cycles Nf before a fatigue fracture occurs. The coeffi-
cient A in (5) represents the value of S Nf at one cycle,
and B is the exponent or slope of the log–log S–N-curve.
The exponential shape of the relation gives a large influ-
ence on the fatigue life.

5. Field Measurements

In 2008 a monitoring system was installed in the span
between supports 7 and 8 of the Söderström Bridge. The
reason for this was the alarming result of the theoretical
fatigue evaluation in [7]. The Swedish Rail Adminis-
tration (Banverket), funded the monitoring program and
the first measurements began July 30 2008. The ana-
lyzes presented are based on the first 43 days of contin-
uous measurements. During this period the response of
the bridge was recorded around the clock and a total of
688 GB of data was collected. Some of this data have
been used in this investigation to evaluate the properties
of the bridge and to verify the FE model. The informa-
tion about the measurements was found [8] which con-
tains a more detailed description of the monitoring sys-
tem. The installation of the equipment was performed
according to instructions in [7]. The system comprised
56 strain gauges and 5 accelerometers. Some of their
locations on the bridge are depicted in Fig. 3. In this
paper only measurements of strains on the edges of the
top and bottom flanges and vertical acceleration will be
used.

c

d

e

b

a

Figure 9: Locations of strain gauges, points a-d, and an accelerometer,
point e, on a beam cross section.

5.1. Data acquisition system
To record strains and accelerations a MGCplus data

acquisition system with a ML801 amplifier from the
manufacturer Hottinger Baldwin Messtechnik was used
in combination with a laptop computer with the com-
mercial software catmanrProfessional installed. A total
of 62 channels were recorded comprising signals from
the strain gauges and accelerometers. The sampling fre-
quency used was 400 Hz and an analogue low pass fil-
ter with a cutoff frequency of 100 Hz was applied be-
fore AD-conversion. A more detailed description can
be found in [8]. Unfortunately the cutoff frequency of
the analogue filter was chosen too low to capture the lo-
cal vertical modes of the stringer beams where the first
eigenfrequency is around 120 Hz. The system resolu-
tion was 20 bits which gave a strain tolerance of ap-
proximately 0.03 µm/m [8].

5.2. Calibration measurements
Calibration measurements using a Swedish Rc6 lo-

comotive were performed to verify the function of the
system. The Rc6 locomotive (Fig. 10) has a weight
of 78.0 tonnes split between four axles with distances
2.7 m + 5.0 m + 2.7 m. The speed of the train was kept
constant for each passage and ranged between 1 km/h
and 82 km/h. Only the west track was loaded and there
was no other traffic on the bridge at the time. Signals
from these measurements were used to verify the model
described in Section 6.

Figure 10: An illustration of a Swedish Rc6 locomotive [8].

5.3. Signal analysis
By looking at acceleration signals from ambient vi-

brations, i.e. when no train loaded the bridge, the nat-
ural frequencies of the bridge could be evaluated. Each
signal is 600 s long and 99 of these signals with ambient
vibrations have been analyzed. A power spectral den-
sity (PSD) [21] plot has been produced with the function
pwelch in Matlab [22]. A PSD from one signal and an

7



average PSD from 99 signals from the accelerometer at
section A (Fig. 3) are plotted in Fig. 11. A Hanning
window with a segment size of 80 000 samples and an
overlap corresponding to half the segment size resulted
in a frequency resolution of 200 points/Hz. The ampli-
tude of the PSD has been normalized towards the high-
est value for all PSD plots in this paper. Due to the prop-
erties of the PSD the amplitude grows toward infinity as
the frequency goes to zero. Thus the highest value for
the normalization in this case is the highest amplitude
for frequencies above 0.015 Hz.
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Figure 11: Normalized PSD for one (grey curve) and 99 (black curve)
ambient vibration signals from the accelerometer at point A in Fig. 3.

The damping of a structure can be calculated using
different methods. The half power bandwidth method
in the frequency domain and the logarithmic decrement
in the time domain are two examples [23]. For its sim-
plicity and application in the time domain the logarith-
mic decrement method has been used to evaluate the
damping at the eigenfrequencies. To do this, a signal
from a train passage at 82 km/h is studied in the time
domain. The sequence of interest is the free vibration
after the train has left the bridge. It is only a coarse es-
timate since no signals containing pure free vibrations
can be obtained at this point, i.e. the signal to noise ra-
tio is to low. Only one resonance frequency at a time
can be treated and the signal must be filtered to only
contain vibrations from this frequency. The filter used
is a bandpass fourth order Butterworth filter, with cutoff

frequencies 0.05 Hz above and below the studied reso-
nance peak. A time history of the free vibration from
the accelerometer at section A (Fig. 3) for resonance
frequency 4.7 Hz is plotted in Fig. 12. In total 12 modal
damping ratios have been estimated for eigenfrequen-

cies below 25 Hz (Fig. 13). The cutoff frequencies in
the Matlab filter function used are defined as the fre-
quencies where the signal amplitude is reduced by 3 dB.
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Figure 12: Time history showing the free vibration of the first reso-
nance frequency at 4.7 Hz after the passage of a Rc6 locomotive at
82 km/h.

The 41 first peak values of the free vibration were
used to calculate the damping ratio as [23]

ξ j =
1

2πn
ln

(
u j

u j+n

)
(6)

where u is the peak acceleration, n is the number of
peaks used and j is the first peak. In this case n was
set to 20 and j was varied from 1 to 20 resulting in 20
values for the damping ratio, ξ j. The average of these
values for resonance frequencies below 25 Hz are calcu-
lated according to (7) and presented in Fig. 13 together
with the Rayleigh damping curve used in the FE model
in Section 6.

ξ =
1
20

∑
ξ j (7)

The accuracy of the damping values evaluated at fre-
quencies above 10 Hz can be questioned due to the
amount of noise. The damping used in the model
(Sec. 6) is higher than the damping from the evaluation
for most values but in good agreement with the values
in the Eurocode [24] and the Swedish code BV Bro [25]
which both recommend a damping ratio of 0.5% for this
bridge.
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Figure 13: Modal damping evaluated using the logarithmic decrement
and modeled as Rayleigh damping.

6. Finite Element Model

The strengthening measures are studied through a FE
model. It is created as a 3D beam model reflecting the
continuous and skew system of the bridge. The model
is linear elastic and no warping of cross sections is con-
sidered. The goal is not to get exact resemblance be-
tween modeled and measured results but to model the
behavior of the bridge with sufficient accuracy and test
the impact of the different strengthening methods in a
dynamic analysis. FE modeling was performed using
the commercial software Abaqus [9]. The first model
of the non strengthened bridge was created using a two
node, linear Timoschenko beam element. The sleepers
and rail have not been modeled so the train loads are
applied directly onto the stringers. The train-bridge dy-
namic interaction has not been modeled.

All structural elements are made from steel. The ma-
terial parameters for steel used in the model are, the
Young’s modulus E = 200 GPa, Poissons ratio ν = 0.3,
density ρ = 7 800 kg/m3 and the coefficient of expansion
α = 1.2 · 10−5 1

oC . The coefficient of expansion was used
to model the tendon force in the cable method by adding
a temperature load.

The mesh of the model was kept as coarse as possi-
ble without reducing the quality of the output. In the
end a model of the original bridge with 32 022 DOFs
was accepted. Similarly, the models with arches and
prestressed floor beams contained 67 662 DOFs and
34 230 DOFs respectively. A model with the arch sup-
port between supports 7 and 8 has been rendered in 3D
in Fig. 14. Output was only requested for points where
strain gauges and accelerometers were installed on the
real bridge (Fig. 3). This limitation was necessary to
reduce the size of the output data files.

Three types of load distribution have been tested. The

Figure 14: Visualization of the bridge FE model in 3D with the arch
strengthening in place.

load from one wheel was modeled as one, two or three
point loads acting on the same number points where
sleepers are attached in the real structure. The strain his-
tories from the top of the stringer at section F (Fig. 3)
for each load distribution together with measured strains
from a Swedish Rc6 locomotive passing at 82 km/h are
plotted in Fig. 15. The shape of the strain curves has bet-
ter resemblance with the measured strains for the load
distributed as two or three point loads. The load dis-
tribution with 3 point loads was therefor chosen for the
rest of the study. The definition of this distribution is
that if a wheel load is located directly on the node where
a sleeper would be attached to the stringer, this node
would carry half the load and the two adjacent nodes
would carry a quarter each.
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Figure 15: Strain history from strain gauge at section F (Fig. 3) and
point a (Fig. 9) for a Rc6 locomotive passing at 82 km/h from mea-
surements and modeled response with three different load distribu-
tions.
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On the bridge there are some nonstructural elements
which give a negligible contribution to the stiffness of
the structure but add considerable mass. This mass
has to be included in the dynamic analysis. It is in-
corporated into the model as a distributed mass on the
stringers, main beams and floor beams.

6.1. Solution method
Several solution methods for dynamic analyzes are

available in Abaqus. At first, modal superposition
was used, but poor resemblance between measured and
modeled values was achieved. It was discovered that
convergence for strains with this technique, required
modes with eigenfrequencies above 120 Hz to be in-
cluded in the analysis. This meant that more than 4000
modes had to be studied. An analysis of this kind was
not possible to perform with the computer power at
hand. The reason why so many modes had to be in-
cluded is the stringer beams, which are the only ele-
ments in the model directly subjected to the moving
loads. They have a first bending eigenfrequency at
around 120 Hz. This frequency was obtained from the-
oretical calculations and has also been found in the PSD
plot of the ambient vibration signals as discussed in Sec-
tion 5 (Fig. 16). The low amplitude of the peaks in
Fig. 16 is partly a result of the analogue Bessel filter.
The filter also makes it hard to evaluate the damping at
these frequencies.

Since modal dynamics could not be used, a constant
damping ratio was not applicable. Instead Rayleigh
damping was used [23]. The Rayleigh damping curve,
which is the relation between the frequency and the
modal damping ratio, was determined by fixing the
damping ratio at 5 Hz and 120 Hz to 1%. Part of the
curve is plotted in Fig. 13.

6.2. Loading
To model the moving train loads in Abaqus a load am-

plitude function of time was created for each node along
the stringer beams. These amplitude functions were cre-
ated in Matlab [22] and written to the Abaqus input file.
A code was written to be able to create the input files
with several different trains and speeds for later analy-
sis in Abaqus. The train types incorporated in this code
were all the HSLM-A trains from the Eurocode and the
Swedish Rc6 locomotive used in the calibration mea-
surements. The Swedish commuter train X60 with and
without passengers was also added to the code since it
is the most common train type to cross over this bridge.
As an example, the amplitude functions at three consec-
utive nodes are plotted in Fig. 17 for the Rc6 locomo-
tive traveling at 300 km/h. The load peaks correspond to
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Figure 16: Normalized PSD for 99 ambient vibration signals from the
accelerometer at section A in Fig. 3 showing a peak in the frequency
content around 120 Hz.

25% of the load from one axle. If the amplitudes for all
nodes are plotted, the sum of all amplitudes at any point
in time will be the total train load acting on the bridge
at that time.

1.2 1.25 1.3 1.35
−10

0

10

20

30

40

50

60

Lo
ad

 / 
kN

Time / s

Figure 17: Amplitude function at three consecutive stringer beam
nodes for the Rc6 locomotive at 300 km/h.

6.3. Comparison with measurements

The results from the Abaqus model have been com-
pared to measured values from the calibration mea-
surements. The strains from the measurements have
been converted into axial forces and bending moments
around the stiff axis according to (8) and (9) where
εa,b,c,d are the strains at points a, b, c and d in Fig. 9,
A is the cross sectional area of the beam and W is the
bending resistance at the vertical center of the upper
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and lower flange of the beam. E is the elastic mod-
ulus of steel which in these calculations has the value
210 GPa. The measured results are presented together
with the calculated values in Fig. 18-20.

N =
εa + εb + εc + εd

4
EA (8)

M =

(
εb + εd

2
Wlow − εa + εc

2
Wup

)
E (9)
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Figure 18: Comparison between modeled and measured response in a
stringer beam at section F (Fig. 3) for a Rc6 locomotive at 82 km/h.

As seen in Fig. 18-20 the measured local peak val-
ues of the axial force do not appear in the model. These
peak values exist for other train types as well and their
origin has not been investigated as it is outside the scope
of this study. For future studies it would be very inter-
esting to look further into this problem since peaks like
these can have a substantial effect on the fatigue life.
The agreement of the bending moment is considered as
good, though the measured amplitudes are lower than
the response from the FE model. One reason for this
might be a more generous load distribution in reality
than considered in the model.

7. Analysis

The final models were analyzed for many train loads
crossing the bridge at different speeds. In total, ap-
proximately 1000 analyzes were performed and several
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Figure 19: Comparison between modeled and measured response in a
floor beam at section I (Fig. 3) for a Rc6 locomotive at 82 km/h.

computers had to be used over a period of one month.
The CPU time for one analysis varied between 0.5 h and
24 h. Common for all analyzes was, that only the west-
ern track was loaded and all trains traveled from south
to north. Table 2 shows all analyzed trains, speeds,
speed steps, time steps, analysis types and damping.
The damping used is either Rayleigh damping accord-
ing to the damping curve in Fig. 13 or no damping at
all. The output from the model was only stored for the
boundary nodes and sections A-F (Fig. 3). The data was
written to a text file as several tables for each time step.
This file could reach a size of 500 MB. To be able to
process the data it was converted to a binary mat-file in
Matlab. Table 3 shows which outputs were stored in
the mat-file. Other variables stored in the mat-file were,
train type, speed, strengthening method, sampling fre-
quency, damping, and a time vector.

Table 3: Output data requested from analysis.

Output points Variable

Boundary nodes Total vertical reaction force

Sections A-O (Fig. 3) Vertical acceleration

Sections F-O (Fig. 3) Bending moment, axial force

and axial strain averaged at nodes
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Table 2: Analysis performed.

Models Train Speed(s) Speed step Time step Analysis Damping

type(s) /(km/h) /(km/h) /(s·10−3) type

All HSLM - A1-A10 200-350 5 1 Dynamic Rayleigh

All HSLM - A4 310-320 2 0.25 Dynamic Rayleigh

All HSLM - A4 319,321 - 0.25 Dynamic Rayleigh

No Strengthening HSLM - A4 320 - 0.25 Dynamic None

No Strengthening HSLM - A4 320 - 0.25 Dynamic Rayleigh

All Rc6 82 - 2.5 Dynamic Rayleigh

No Strengthening Rc6 82 - 2.5 Static Rayleigh

All All X60 79.2 - 2.5 Dynamic Rayleigh
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Figure 20: Comparison between modelled and measured response in
a main beam at section J (Fig. 3) for a Rc6 locomotive at 82 km/h.

8. Results

The results from the analysis can be divided into two
parts. The first is the results from the analysis of the
Rc6 and the X60 trains at normal speeds, i.e. speeds al-
lowed today on the real bridge. These results are used
to evaluate the influence of the different strengthening
methods on the fatigue life of the bridge. The second
part concerns the analysis of the HSLM trains at speeds
between 200 km/h and 350 km/h. This part is used to
evaluate what effect the strengthening methods has on
the dynamic behavior of the bridge and also to compare

the demands on maximum vertical bridge deck accel-
eration stated in the Eurocode [3] and in the Swedish
code BV Bro [25]. One important issue for the cable
method that has not been mentioned earlier is the per-
manent displacement of the track due to prestressing.
This displacement is directly related to the displacement
of the stringer beams in the model. The maximum value
for the analyzed tendon force is 1.5 mm upwards.

8.1. Real traffic

Since the parameters of interest for fatigue evaluation
is the stress range, the number of cycles and the mean
stress, all strains recorded in the analysis have been con-
verted to stress using Hooke’s law. In Fig. 21 the stress
history at point a (Fig 9) in section F (Fig. 3) is pre-
sented for all models subjected to the load from a X60
commuter train, including the load from passengers, at
79.2 km/h. Fig. 22 and 23 show the same results, but for
two points in sections I and J.

Looking at the results from all output points for
which strain has been recorded, the least favorable dif-
ferences in maximum stress range have been calculated
and presented in Table 4. For the lower flange of the
floor beam in section I, the stress range is not reduced
much in either of the methods. In the cable model the
mean stress has decreased by 21.4 MPa compared to
the original model. It has also been transformed from
tension to compression, but there are still stress cy-
cles where the bottom flange experiences tension. This
means that the first aim of the cable model, to have pure
compression in the bottom flange, has not been fully
reached with a cable force of 430 kN. However, the ca-
ble force could be increased without jeopardizing the
capacity of the floor beam.

12
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Figure 21: Stress histories from point a (Fig. 9) at section F (Fig. 3)
for a X60 train with passengers at 79.2 km/h and all models.

Table 4: Least favorable differences in maximum stress range com-
pared to original model for strains at sections F-O (Fig. 3) for the
passage of a X60 train with passengers at 79.2 km/h.

Stringer Floor Main

beams beams beams

Arch method -10% -6% -23%

Cable method 0% -1% 1%

8.2. High speed traffic

The limitation of maximum vertical bridge deck ac-
celeration stated in the Eurocode [3] and in the Swedish
code BV Bro [25] has the same value, 5 m/s2, for unbal-
lasted bridges. The difference lies in the analysis. The
Eurocode states that the maximum frequency to be in-
cluded in the analysis should be the largest of 30 Hz,
1.5 times the first natural frequency of vertical bending
for the studied element and the third natural frequency
of vertical bending for the studied element. The stud-
ied element in this case is the stringer beam. Its first
natural frequency of vertical vibration is approximately
120 Hz and the third natural frequency is approximately
140 Hz, from the theoretical calculations discussed in
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Figure 22: Stress histories at section I (Fig. 3) for a X60 train with
passengers at 79.2 km/h and all models.

Section 6.1. The maximum frequency to be included in
this case must be 180 Hz, i.e. 1.5·120 Hz. BV Bro on the
other hand gives a fixed maximum frequency of 30 Hz.
The maximum acceleration for all sections in Fig. 3 and
all HSLM trains has been analyzed with a time step of
1 ms and speed step of 5 km/h. The acceleration signals
have been filtered with a 2nd order low pass Butterworth
filter with the cutoff frequencies 30 Hz and 180 Hz. The
maximum values for each speed are plotted in Fig. 24
for the different cutoff frequencies. The cutoff frequen-
cies of the filters are defined as in Sec. 5.3. The same re-
sult has been plotted for the different models in Fig. 25,
but only with the filter cutoff at 180 Hz. As can be seen
in Fig. 24, the acceleration according to the Eurocode
can be as much as 3 times higher than the same value
according to BV Bro.

At first, the highest accelerations appeared for the
HSLM-A4 train at 320 km/h. The analysis was re-
fined around this speed to get convergence for accel-
erations and to get a smoother curve. The time step
was decreased to 0.25 ms and the HSLM-A4 was an-
alyzed in all models at the speeds 310-330 km/h with
a speed step of 2 km/h. After this the peak was still
found at 320 km/h and as a final step the speed 319 km/h
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Figure 23: Stress histories at section J (Fig. 3) for a X60 train with
passengers at 79.2 km/h and all models.

and 321 km/h were analyzed. The maximum accelera-
tions for all nodes from the refined analysis are found in
Fig. 26. A note is made that the vertical bridge deck ac-
celeration is larger than 5 m/s2 for all speeds and HSLM
trains. At the end of the analysis work it was also found
that greater accelerations existed for the HSLM-A2 train
at 345 km/h. Of course the analysis should have been
refined also around this peak but, for the comparisons
made in this report it is of little importance which reso-
nance peak is studied. The approximate computer time
needed to redo this part of the analysis is 312 h.

It is not reasonable that a single peak of high acceler-
ation should decide the design of a bridge. To confirm
that the high acceleration levels for the HSLM-A4 at
321 km/h does not come from such a peak the time se-
ries of the acceleration at the worst output point (section
A in Fig. 3) is plotted in Fig. 27 for the original model.
This plot shows that the maximum acceleration comes
from a single peak, but also that high accelerations exist
in the rest of the signal. The time series for the model
strengthened by arches, also loaded with the HSLM-A4
at 321 km/h, is included in the same figure.

The Rayleigh damping curve lies above the estimate
from the signal analysis. For this reason the original
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Figure 24: Maximum vertical bridge deck acceleration as a function
of speed according to Eurocode [3] and BV Bro [25]. Results from
the analysis with a time step of 1 ms.

model was analyzed with the HSLM-A4 at 320 km/h
without damping. The analysis was performed with a
time step of 0.25 ms and the acceleration time series
at section A with and without damping are shown in
Fig. 28 for the original model.

9. Discussion

9.1. Fatigue life
In the results from the arch method (Tab. 4) it is clear

that the stress range is lowered for all output points. For
the two critical sections, the stringer and the floor beam,
the result indicate a minimum decrease of 10% and 6%
respectively. By use of the S–N-curves in the Eurocode
[14] and a constant stress range, the corresponding de-
crease in fatigue damage is 25% and 17% respectively.
Furthermore, the arches could be used as a safety mea-
sure in case of a total collapse in one of the stringer
beams. The arch created in the model is by no means
optimized and it has not been checked in detail for all
the loads that it will be subjected to. A more effective
arch system could probably be created by optimizing
the stiffness of its structural members. Another modi-
fication, believed to improve the efficiency of the arch,
is to add connections between the continuous beam and
the floor beams.

The cable method manages to decrease the mean
stress in the bottom flange of the floor beams as ex-
pected. The stress variation is not transformed to pure
compression but could probably be if the tendon force
was increased. There is no problem increasing the ten-
don force if we look at lateral torsional buckling but care

14



200 250 300 350
5

10

15

20

25

30

35

Speed / km/h

A
cc

el
er

at
io

n 
/ m

/s
2

 

 

No strengthening
Arch method
Cable method

Figure 25: Maximum acceleration as a function of speed according to
Eurocode [3] for the three different models. Results from the analysis
with a time step of 1 ms.

must be taken to ensure that the tendon force does not
cause too large displacements of the track. Even though
the codes in Europe do not support the use of mean
stress corrections, the discussion in Section 4 indicates
a positive effect. If the Haigh diagram is an applicable
model for mean stress correction, a shift in stress of -
20 MPa would reduce the fatigue damage to a negligible
value.

9.2. High speed traffic
It is obvious from Fig. 24 that the conditions in the

Eurocode [3] and in the Swedish code BV Bro [25] lead
to large differences in the estimated acceleration for the
studied bridge. The differences are a result of the con-
sidered frequency range for which the structure is ana-
lyzed. This is a reason to believe that the same problem
occurs in all structures where mode shapes with eigen-
frequencies above 30 Hz have a large influence on the
response to dynamic train loading.

Fig. 25 and 26 show that the dynamic behavior of a
structure can change significantly when strengthening
is introduced. In this case we see positive results for
the arch method in the studied speed range but, due to
the complexity in dynamic behavior, additional studies
are needed for more general conclusions. Such studies
could include a wider speed range and different stiffness
relations between arch and stringer beams. Neverthe-
less, this investigation show the importance of studying
the change in dynamic behavior of a railway bridge as
its stiffness or mass distribution is modified.

The damping of the structure (Fig. 28) has a very
large impact on the accelerations at high speeds. Since
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Figure 26: Maximum acceleration as a function of speed according to
Eurocode [3] for the three different models. Results from the refined
analysis with a time step of 0.25 ms.

this is a parameter of some uncertainty it is suggested
that a damping should be determined from measure-
ments on existing bridges which are to be assessed for
high speed traffic. There are several ways of doing this
[26]. One is to excite the bridge with an impulse force
or displacement and measure the acceleration at differ-
ent points to get a pure free vibration of the structure.
The impulse force or displacement should be applied
to different elements of the structure to capture all lo-
cal modes of vibration that might be of importance.
There could be large monetary gain if it can be proved
that the damping is higher than what the code suggests.
However, there might also be cases where the damping
proves to be lower than the values suggested in the code.

10. Conclusions

Two strengthening methods for a steel railway bridge
have been investigated. The impact on fatigue life was
studied together with vertical bridge deck acceleration
from high speed train loading. A FE model verified
with measurements was developed for the investigation.
The following conclusions can be drawn from the re-
sults presented in this study:

1. When repairing or strengthening a bridge it is im-
portant to investigate the change in dynamics as it
has been shown that a change in the structural sys-
tem can result in large changes in dynamic behav-
ior and bridge deck acceleration levels.

2. The system with steel arches under the bridge can
be used to decrease the stress range in stringers,
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Figure 27: Time series of the acceleration at section A (Fig. 3) from
the analysis of the HSLM-A4 at 321 km/h with a time step of 0.25 ms
for the original model, red, and the model strengthened by arches,
black.

floor beams and main beam if the structural mem-
bers of the arches have sufficient capacity to carry
the loads and if the horizontal forces introduced to
the foundation slabs can be handled.

3. With reference to the literature and published ex-
periments, it is concluded that a compressive mean
stress is positive regarding the fatigue life. How-
ever, a quantification of the measure is not possible
without object specific experiments.

4. The arch system studied in this exposition ef-
ficiently removed the larger resonance peaks at
320 km/h and 345 km/h for the HSLM trains.

5. For some bridges, e.g. the Söderström Bridge there
are large differences in demands on max bridge
deck acceleration levels in the Eurocode [14] and
the Swedish code BV Bro [25]. In this study, the
levels differ by as much as a factor of 3 at some
speeds.

10.1. Further studies

The strengthening methods investigated are not fully
developed and in need of further work if they are to be
realized. It is assumed that the foundation of the bridge
will be able to carry these new strengthening systems
but this will of course have to be investigated if any of
the strengthening systems is to be realized. One more
parameter that would need further studies is the effect
of temperature variations over time on the arch method.
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Figure 28: Time series of the acceleration at section A (Fig. 3) from
the analysis of the HSLM-A4 at 320 km/h with a time step of 0.25 ms
for the original model with and without damping.
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