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Abstract

For steel railway bridges, fatigue is the main reason for a limited service
life. An initial prediction of the fatigue life is usually performed using loads
and conservative assumptions stated in the governing standards. The result
is used for decisions of further actions. Even if the result is an insufficient
residual life, some bridges are not easy to strengthen or replace without caus-
ing large traffic disturbance. In this licentiate thesis, the real load effect is
studied by monitoring a bridge during service. The aim is to improve the
fatigue life prediction by reducing the uncertainties in the traffic load and
finally attain a longer theoretical service life of the bridge.

A case study of the Söderström Bridge in central Stockholm, one of Swe-
den’s most important railway bridges, is incorporated in the studies. Previ-
ously performed theoretical assessments have shown alarming results regard-
ing the remaining fatigue life for some of the structural members in the bridge.
To verify the result and hopefully receive more favorable stress ranges, the
bridge was instrumented with a monitoring system in 2008. The bridge and
the monitoring campaign are thoroughly presented. Owing to the large data
volume produced by the monitoring system, robust routines and procedures
for quality assurance have been required. A deterministic fatigue assessment
is presented based on 43 days of continuous measurements comprising more
than 17 thousand train passages. Unfortunately, also this fatigue assessment
indicates high fatigue damages.

A large monitoring system with many gauges enables a statistical eval-
uation of the quality of the measurements. By the principle of Analysis of
Variance, a comparison of the stress range spectra can be performed with the
aim of finding deviant spectra and corrupt gauges. An additional aspect is the
length of the monitoring period, meaning the required duration for obtaining
a stable result. A model for the convergence progress is proposed which could
be incorporated in a monitoring system for use during service.

The extensive monitoring program of the Söderström Bridge has resulted
in reliable stress range spectra. By curve fitting and goodness-of-fit tests
measured spectra have been compared with known statistical distributions.
These distributions can be used for future fatigue reliability assessments.
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Sammanfattning

Utmattning är den största anledningen till en begränsad livslängd för
järnvägsbroar i stål. En inledande bedömning av återstående livslängd görs
vanligtvis med laster och konservativa antaganden enligt gällande föreskrif-
ter. Baserat på resultatet tas beslut om fortsatta åtgärder. Även om resultatet
visar på en otillräcklig återstående livslängd, kan åtgärder som förstärkning
eller ersättning vara svåra och ibland omöjliga att genomföra utan stora stör-
ningar i trafiken som följd. I föreliggande avhandling studeras den verkliga
lasteffekten genom mätningar på en bro under normala trafikförhållanden.
Syftet är att förbättra bedömningen av återstående livslängd med avseende
på utmattning genom att reducera osäkerheterna i trafiklasten och därigenom
erhålla en längre teoretisk livslängd.

Töjningsmätningar på Bro över Söderström i Stockholm utgör det experi-
mentella underlaget för studierna. Tidigare utförda bärighetsberäkningar av
bron har påvisat stora risker för utmattningsskador. Mätningarna påbörjades
sommaren 2008 i syfte att verifiera resultatet och med en förhoppning om mer
gynnsamma spänningsvidder. Bron och mätsystemet presenteras ingående i
avhandlingen och i bilagda artiklar. Robusta rutiner för datahantering och
kvalitetskontroll har erfordrats för att möjliggöra en utvärdering av resulta-
tet. Resultat från en deterministisk utmattningskontroll presenteras, baserad
på 43 dagars kontinuerlig mätning innehållande mer än 17 tusen tågpassager.
Trots beaktande av uppmätta spänningar fås höga indikationer på utmatt-
ningsskador i bron.

Ett stort mätsystem innehållande många givare möjliggör en statistisk ut-
värdering av mätningarnas kvalitet. Genom principen för variansanalys kan
uppmätta spänningskollektiv jämföras i syfte att hitta avvikande kollektiv och
felaktiga givare. Mätningarna på Bro över Söderström har även möjliggjort
en utvärdering av erforderlig mätperiod för ett konvergerande spänningskol-
lektiv. En modell för kollektivets konvergens över tiden föreslås som skulle
kunna beaktas i styrningen av mätsystemet under drift.

Det omfattande mätresultatet från Bro över Söderström har resulterat i
tillförlitliga spänningskollektiv för järnvägstrafik. Genom kurvanpassning och
fördelningstest har kollektiven jämförts med kända statistiska sannolikhetsför-
delningar. Dessa kan med fördel användas för framtida tillförlitlighetsanalyser
med avseende på utmattning.
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Chapter 1

Introduction

The assessment of an existing bridge can be performed with different levels of ac-
curacy and effort. Generalized loads and resistance models might be adequate
for initial assessments, in general studies or for planning of inspections and main-
tenance. Conservative assumptions may, however, lead to an exaggerated safety
level. Using conservative assumptions and a high level of safety, it is easy to assert
an insufficient capacity. The opposite can be more difficult to prove. A bridge
vital for a local or a global transportation network cannot easily be replaced. An
interruption in traffic is costly and in certain cases not accepted. This scenario puts
high demands on the assessment procedure. Due to economical and environmen-
tal issues, a theoretical capacity assurance is to prefer before repair, strengthening
or replacement. The economical incentive alone, of increasing the service life of a
bridge might be reason enough to invest in a thorough assessment.

A classification system of assessment levels is presented in Sustainable Bridges
(2007c). It contains the levels of initial assessment, intermediate assessment and
enhanced assessment. In JRC–ECCS (2008), a similar classification system is sug-
gested with the levels preliminary evaluation, detailed investigation and expert in-
vestigation. The two systems have similar classifications and principal activities:

3



4 CHAPTER 1. INTRODUCTION

Level 1 Identifying critical parts using available drawings, current codes and
conservative assumptions.

Level 2 Updating information by inspection, monitoring and low-tech
non-destructive testing (NDT) for critical parts. Detailed
calculations/analyses.

Level 3 A team of experts should check the conclusions and proposals reached in
Level 2. Further assessment using specific tools such as high-tech NDT,
statistical modelling, reliability-based assessment, fracture mechanics,
etc.

The studies presented in the appended papers focus on the second and third classi-
fication levels. The monitoring of a bridge and the processing of measurements are
treated in Paper A. A quality assurance and the statistical modeling of measured
stresses intended for reliability-based assessment are treated in Paper B.

1.1 Background

A substantial part of the bridge stock in Sweden, Europe and other industrialized
regions is older than 50 years. The age distribution of railway bridges in Europe
presented in Sustainable Bridges (2007b) is shown in Figure 1.1(a). It is based
on data from 16 European countries and a total of about 200 thousand bridges of
which about one quarter is steel bridges. The Swedish contribution to the statis-
tics is about 3 600 bridges. In BaTMan1, about 3 700 railway bridges were found
registered in November 2009 (Janssen, 2009). The age distribution is presented in
Figure 1.1(b). For both geographical regions the proportion of steel bridges older
than 50 years is above 60%.

Sweden has a relatively large proportion of bridges younger than 20 years. The rea-
son is several recent railway projects, e.g., the improvements of the lines Västkust-
banan, Södra stambanan and Ostkustbanan. Another large railway project is the
Botniabanan which was completed in 2010. It alone contains about 140 new bridges.
Nevertheless, Sweden as the rest of Europe has an aging bridge stock.

Fatigue is the main reason for a limited service life of steel bridges (Dexter et al.,
2004). A bridge not capable of withstanding the governing loads in the ultimate
limit state immediately needs replacement. In the serviceability limit state it is not
that clear. Bridges are often exposed to a continuously increasing traffic volume

1Bridge and tunnel management (BaTMan), a Swedish database for bridge administration
(Swedish Transport Administration, 2004)
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Figure 1.1: The age distribution of existing bridges from Sustainable Bridges
(2007b) and Janssen (2009) for Europe and Sweden alone, respectively.

and higher speeds during their life time. An increase in traffic volume due to more
trains can cause an increasing fatigue deterioration even though the maximum load
values do not change. A survey of more than 100 fatigue damage cases for steel
and composite bridges is presented in the Swedish report Al-Emrani (2006). A
summary can be found in Al-Emrani and Kliger (2009).

Fatigue of metals as a phenomenon has been known since the middle of the 19th
century. Nevertheless, unsolved questions influencing the prediction of the service
life still exist. Established methods for fatigue life predictions are reviewed in
Chapter 2.

1.2 Aims and scope

By monitoring, the actual stress variations in a structure can be measured, reducing
a large uncertainty in the assessment. The objective of this thesis is to present rou-
tines and procedures for processing and quality assurance of the measured results.

Some specific aims with the study have been:

• Data acquisition from the monitoring system on the Söderström Bridge.
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• Performing a statistical evaluation of the stresses, assuring the quality of the
measurements.

• Performing a deterministic fatigue evaluation based on measured stresses.

• Creating a foundation for a fatigue reliability analysis based on measured
stresses.

The overall aim of this research project is to improve the fatigue assessment pro-
cedure for existing steel bridges. The specific method for fatigue life prediction is,
however, not the objective of the research. The author does not intend to develop
a new method or refine the existing ones. Some examples of well-known methods
are given in Chapter 2. Presented results regarding fatigue life are all calculated
with the Palmgren–Miner rule for linear damage accumulation.

The results from the monitoring system consist of a time signal and strain varia-
tions from strain gauges mounted on the bridge. The term measured stress is used
throughout the thesis, which refers to the measured strain multiplied by Young’s
modulus according to Hooke’s law.

Only measurements from the Söderström Bridge is treated in the thesis.

1.3 Research contribution

The contribution of the present work is:

• An extensive monitoring campaign of a complex steel bridge. Until today’s
date the monitoring has been conducted for two years and comprises several
continuous periods.

• The presentation of robust and efficient routines for the processing of an ex-
tensive amount of monitored results. One example is the extraction of the
train passages which reduces the influence of low cycle effects, for example
temperature movements. It also enables a statistical evaluation of each sepa-
rate passage.

• A procedure for quality evaluation of the final stress range spectra and the
screening for deviant spectra. By a two-way analysis of variance the properties
of the spectra can be considered independent of the stress range distribution.
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• A theoretical model for the convergence progress of a stress range spectrum.
By incorporating the model in the monitoring routines the duration of mea-
surements could be determined during operation, based on the convergence
rate of the stress range spectrum.

• Curve fittings and goodness-of-fit tests have been performed for the stress
range spectra gained through monitoring. The fitted distributions constitute
a valuable asset for future reliability assessments.

1.4 Outline of thesis

This thesis is based on the work and results presented in the two appended pa-
pers. It consists of an introduction and some expositions about the main questions
treated. The results of the studies are presented in the papers. The intention of
the thesis is to set the papers in the context of the overall research project. The
thesis also provides a space for additional explanations to the work presented in
the papers.

A case study is incorporated in the theoretical discussions. The research project
was initiated with the monitoring campaign of the Söderström Bridge in Stockholm,
Sweden. The results from the monitoring constitute the experimental foundation in
the project. The Söderström Bridge is presented in Chapter 3 and the monitoring
campaign in Paper A.

In Paper A, a structure for the processing of measured strains is presented. The
aim is to produce reliable stress range spectra for fatigue analysis. A deterministic
fatigue life evaluation is performed based on the measured response. In Paper B,
statistical methods are used for a deeper analysis of the stress range spectra. The
consistency in the measured response is evaluated, moreover the duration needed
for a converged stress range spectrum.

The first part of the thesis is an introduction to the subject and the research work
performed. For scientific results and conclusions the reader is referred to part two
containing the appended papers.





Chapter 2

Fatigue assessment

The research performed concerning fatigue of metals is immensely extensive. With
emphasis on the German influence, a comprehensive review on the historical devel-
opment is given in Schütz (1996). The research progress, and setbacks, are covered
starting in 1837 with the publishing of the first known results of a fatigue test (Al-
bert, 1837). Some emphasized contributors are Wöhler with his work with railway
axles from 1858 and onwards, Thum for his devotion in practical engineering appli-
cations from 1922 and onwards and Gassner for his work with variable amplitude
fatigue from 1939 and onwards. Many others are mentioned including the Swedes
Arvid Palmgren, Waloddi Weibull, Gunnar Wållgren and Bo Lundberg.

A survey of methods for fatigue life prediction commonly used today is given in
Schijve (2003). The development during the 20th century is reviewed and some
examples of topics deserving further research are given. Some of them are mentioned
in the continuation of this chapter.

Even though the phenomenon of fatigue has been known for about 170 years, there
are still many questions remaining unsolved. The prediction of fatigue life under
variable load is one example (Schütz, 1996; Schijve, 2003). Established methods
as Palmgren–Miner and local approaches do not attain sufficient accuracy (Schütz,
1979; Schijve, 2003; Zhang and Maddox, 2009). Another example of unresolved
questions is the transferability, also called extrapolation, of fatigue data from small
specimens to real components. The process still includes large uncertainties (Schütz,
1996; Schijve, 2003). The only safe method for life predictions of structures exposed
to variable amplitude loading is testing of real components with a realistic time
history of the load (Schijve, 2003).

9
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The intention of this chapter is to provide a review of established methods applicable
to fatigue life predictions of steel bridges. The author does not intend to develop a
new method or refine the existing ones.

2.1 General aspects

Bridges are designed for extreme loads in the ultimate limit state. The everyday
traffic causing the main part of the load cycles is acting well below those values.
Plastic deformations might in some cases be allowed for extreme loads but can not
be accepted in the serviceability limit state. Owing to stresses in the elastic region
and a high number of load cycles, fatigue of steel bridges is categorized as high cycle
fatigue (HCF). In Radaj (1990), a distinction between the regimes of fatigue is given
as low cycle fatigue (0.5 < N ≤ 103), medium cycle fatigue (103 < N ≤ 105) and
high cycle fatigue (105 < N). The variable N is the number of stress cycles the
studied component is subjected to during its service life. Although elastic nominal
stresses are presumed to prevail, local yielding around crack tips will usually occur.
The presented approaches are valid if the plastic region is small.

Some basic characteristics of stress ranges are given in Figure 2.1. It shows a
schematic stress–time history with the stress amplitude Sa, the mean stress Sm
and the stress range Sr declared. An additional parameter is the stress ratio R
calculated as

R = Smin
Smax

(2.1)

Notches and welds

Fatigue of notches and especially welds might be seen as a separate discipline within
the fatigue area. The severity of notches and welds is visualized in Figure 2.2. It is
reproduced after Maddox (1991) and shows the fatigue strength as S–N -curves of
a plain steel plate, a notched plate and a plate with fillet welded attachments.

A notch causes stress concentrations which might lead to a fatigue prone component.
The geometry of a weld can have the same influence. The detailed geometry is,
however, more complex for a weld. Crack-like defects which are an inherent feature
of welds, varying weld profile and possibly undercutting contributes to stress con-
centrations. The result is a reduced fatigue strength in comparison to non-welded
details. Some authors suggests that the fatigue endurance of welded components
is predominantly controlled by a crack propagation process, not crack initiation
as might be the case for smooth specimens (Zhang and Maddox, 2009; Maddox,
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(1991). Note that both axes are in logarithmic scale.

1991). Others claim that the crack initiation phase can be appreciable even for
welded components and neglecting it may be excessively conservative (Lawrence
et al., 1981; Radaj, 1996). In Smith and Smith (1982), a distinction between high
and low stress ratios is shown. For high stress ratios (R > 0.4) tests indicates a
domination of crack propagation. For low stress ratios (R < 0.4), as may be the case
in components under compressive loads, crack initiation and threshold behaviour
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seems more important and constitute a significant proportion of the total life.

Linear damage accumulation

The Palmgren–Miner rule for linear damage accumulation is the most widely used
approach for fatigue life prediction. The damage is calculated as

D =
∑
i

ni
Ni

(2.2)

where ni is the number of cycles in the stress range Sri. The denominator Ni is the
number of cycles to fracture which can be calculated with the Basquin relation as
(Stephens et al., 2001)

N =
(
C

Sr

)m
(2.3)

where C is a coefficient and m is the slope of the log–log S–N -curve. If a contin-
uous probability distribution function (PDF) is used to describe the stress range
distribution, the damage can be calculated as

D =
∫ ∞
Sr=0

nt f(Sr)Smr
Am

dSr (2.4)

where nt is the total number of cycles and f(Sr) is the PDF. In Paper B, the
relation (2.4) is used to calculate the damage from fitted distributions of measured
stress range spectra.

According to the Eurocode EN 1993-1-9, the damage should take the maximum
value of unity. A safety factor on the stress range Sri should be applied in addition
to the safety incorporated in the standardized S–N -curves.

The inability to consider the load sequence is frequently mentioned as a serious de-
ficiency of the Palmgren–Miner rule. Fatigue tests with different loading sequences
is presented in Zhang and Maddox (2009). For three different sequences the accu-
mulated damage at fracture ranges from 0.41 to 4.08 for the same type of welded
specimen. In Wållgren (1949), a range between 0.5 and 3 is reached for tests on
airplane components of aluminium.

It can be concluded that the loading sequence does have a significant influence
on the fatigue life, something that isn’t considered in the Palmgren-Miner rule.
The limitation in the Eurocode of D ≤ 1 can be non-conservative for certain load
sequences. A recommendation of D ≤ 0.5 is given in Hobbacher (2009). According
to Berger et al. (2002), a value of D ≤ 0.3 is implemented in German design
regulations.
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Influence of mean stress

The stress range is in general considered as the governing factor for fatigue dam-
age. The mean stress is often ignored but studies have shown that it can have a
significant influence. Some well-known methods and expressions for consideration
of mean stresses are the Haigh diagram, the modified Goodman correction, the Ger-
ber correction and the Soderberg correction (Kihl and Sarkani, 1999; Sendeckyj,
2001; Stephens et al., 2001). Other mean stress correction models exist (Nihei
et al., 1999), but several of them are connected to localized strain behaviour which
generally do not apply well to welded details (Kihl and Sarkani, 1999).

A Haigh diagram is constructed for a notched detail according to Stephens et al.
(2001) and shown as a solid line in Figure 2.3. The limit values are determined
by an engineering approach from characteristic material properties due to lack of
experimental results. The ordinate in the figure represents the stress amplitude
Sa. The abscissa represents the mean stress Sm. Both are normalized by the yield
stress Sy. The diagram is constructed for a detail of category SC = 40MPa in
CEN (2006) and for steel with yield stress Sy = 260MPa and ultimate tensile
strength Su = 430MPa. The fatigue limit for mean stress Sm = 0 is determined as
Sf = SC/2, which is valid for 2 · 106 cycles. The line for compressive mean stress
is inclined 45o which means that the alternating stress can grow with the same
relation as the mean compressive stress.

−1 −0.5 0 0.5 1
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Sm/Sy
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Haigh
Goodman
Soderberg
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Figure 2.3: Diagram for mean stress corrections. Negative values on the abscissa
corresponds to compressive mean stress.
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In Figure 2.3, the modified Goodman correction is included as
Sa
Sf

+ Sm
Su

= 1 (2.5)

and the Soderberg correction
Sa
Sf

+ Sm
Sy

= 1 (2.6)

and a correction given by Kihl and Sarkani, (Kihl and Sarkani, 1999), which only
holds for compressive mean stress

Sa
Sf

+ 3Sm
Su

= 1. (2.7)

and the Gerber correction
Sa
Sf

+
(
Sm
Su

)2
= 1 (2.8)

which has a parabolic shape and does not give a favorable contribution for com-
pressive mean stress. As a matter of curiosity, the corrections given by Goodman,
Gerber and Soderberg were developed for use in bridge assessment (Sendeckyj,
2001).

Residual stresses owing to welding might be considered as a shift in the mean
stress. Thick walled welded structures can have tensile residual stresses as high
as the yield stress of the welded material (Stephens et al., 2001; Sonsino, 2009).
For variable amplitude loading, experiments have shown a reduction in residual
stresses due to occasional plastic deformations in the welded material (Sonsino,
2009). In Zhang and Maddox (2009), measurements from specimens subjected to
variable amplitude loading shows a decrease in residual stresses of about 70% after
the specimen had been tested for <1% of the total life. Although a considerable
reduction of the residual stresses was measured, the remaining part can still have
a substantial influence.

The influence of mean stresses is often neglected in the fatigue assessment of welded
components. According to the Eurocode (CEN, 2006), a correction considering
mean compressive stress should not be used without knowing the real stress state
near the weld including the residual stresses. The constant amplitude S–N -curves
given in standards are usually derived using a stress ratio of R > 0. The fatigue
strength is thereby valid for a tensile mean stress.

Material strength

It might be tempting to use a high strength steel to improve the fatigue endurance.
It has been shown, however, that the severe influence of notches and welds outweigh
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the improvement. Figure 2.4, reproduced after Maddox (1991), shows a schematic
relation between ultimate tensile strength and fatigue strength. The increase in
fatigue strength for an non-welded specimen with increasing ultimate strength, is
believed to be related to the crack initiation phase. For a welded specimen, flaws
and imperfections from welding already exist and the fatigue life is mainly governed
by crack growth. The tensile strength does not have a consistent influence on the
crack growth rate and thereby no substantial influence on the crack propagation
phase (Maddox, 1991).
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Figure 2.4: A schematic relation between ultimate tensile strength and fatigue
strength of a plain steel plate, a notched plate and a plate with fillet welded at-
tachments. Reproduced after Maddox (1991).

Design criteria

Fatigue assessments and design can be divided in four philosophies: infinite-life,
safe-life, fail-safe and damage tolerant. In the Eurocode EN 1993-1-9, which is the
governing standard for bridge assessment in Europe, only damage tolerant and safe
life is treated. In the subsequent paragraphs, short descriptions of the methods are
given, mainly from Stephens et al. (2001).

Infinite-life design might be seen as the simplest and the safest method. The prin-
ciple is to attain a structure with stresses and strains below an established fatigue
limit. For steel bridges with variable load amplitudes the method is not appropri-
ate. An established fatigue limit does not exist (Zhang and Maddox, 2009) and
local stress concentrations can hardly be avoided.
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Safe-life design is included in the Eurocode and is the commonly used method for
assessment and design of structures in civil engineering. Standardized S–N -curves
together with safety factors on loads and material can be used to estimate the
fatigue service life. Damage accumulation with the Palmgren–Miner rule is one
method for safe-life design.

The fail-safe philosophy was developed for design of aircrafts (Schütz, 1996; Stephens
et al., 2001). Fulfilling a high safety level using a safe-life design requires excessive
weight, unacceptable in aircraft design. Fail-safe means that the total safety of
a structure should not be compromised by the failure of a single detail. Fatigue
cracks might occur but crack stoppers, multiple load paths, load transfer between
members and inspections are measures to maintain a high safety level.

In damage-tolerant design the actual damage is the object of interest. The phi-
losophy could be seen as a refinement of the fail-safe philosophy. Assuming the
existence of a crack, the assessment or design is based on the crack growth and the
residual strength. The aim of the assessment is to secure the capacity during the
propagation phase and to determine appropriate inspection intervals. An alterna-
tive is the ”leak before burst” methodology although the application on bridges is
not obvious when there isn’t usually anything enclosed. Damage-tolerant design is
treated in the Eurocode which implicitly justifies the use of fracture mechanics.

2.2 Nominal stress approach

Nominal stresses should be calculated disregarding local stress raising effects as
welds and small notches. Stress raising effects with a substantial influence on
the stiffness and behaviour of the structure should, however, be considered. In
Hobbacher (2007) these are called macro geometric effects. Nominal stresses can
usually be calculated using beam theory and linear elastic material.

For measurement of nominal stresses or strains, gauges need to be located away
from local discontinuities and stress concentration fields of welded joints.

The fatigue life prediction is performed using the fatigue resistance in the form of
S–N -curves. Both the Eurocode and Hobbacher (2007) present classified structural
details with associated curves. The fatigue resistance is derived from constant
amplitude tests. The data given are characteristic values which are assumed to have
a survival probability of at least 95% with a two-sided 75% confidence level of the
mean. The statistical model for evaluation of test data is defined as (Hobbacher,
2007)

Xk = µX + kσX (2.9)
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where µX and σX is the mean and standard deviation of the tests, respectively.
The factor k is calculated as

k = tp,ν√
n

+ φ−1
α

√
ν

χ2
β,ν

(2.10)

where tp,ν is the value of Students t distribution for the probability p with ν degrees
of freedom, n is the number of tests, φ−1

α is the inverse of the normal distribution,
α is the significance level and χ2

β,ν is the value of the Chi-square distribution for a
probability of β and ν degrees of freedom. To fulfil the statistical requirements the
number of samples should be ten or more (n ≥ 10), the significance level α = 0.95,
the probability p = 1+0.75

2 = 0.875 and β = 1−0.75
2 = 0.125.

Figure 2.5 shows an example of S–N -curves given in the Eurocode and in Hob-
bacher (2007). Both publications comprise 14 detail classifications ranging from
C = 36MPa to C = 160MPa where C is the coefficient in the Basquin relation
(2.3) and represents the fatigue strength at 2 · 106 cycles. The slope variable m is
stated as three or five depending on the detail and the governing stress component.
The difference between the publications is the location of the knee point and the
inclination afterwards. In the Eurocode, it is located at 5·106 cycles and the inclina-
tion is five. In Hobbacher (2007) the knee point is at 107 cycles and the inclination
is 22. Furthermore, the Eurocode states a fatigue limit also for variable amplitudes
while Hobbacher (2007) does not. An upper limit is stated in Hobbacher (2007)
corresponding to non-welded components with C = 160MPa and m = 5.
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Figure 2.5: Examples of S–N -curves from the Eurocode and Hobbacher (2007). The
curves are valid for a detail according to the illustration with a fatigue strength of
C = 40MPa.
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According to Zhang and Maddox (2009), the existence of a knee point and a fatigue
limit is questionable. Tests performed shows that stress ranges well below the fa-
tigue limit are as damaging as implied by a constant inclined S–N -curve. Regarding
the detail shown in Figure 2.5, this implies that a constant value of m = 3 and no
fatigue limit should be used for fatigue life predictions.

2.3 Local approaches

With the implementation of the Eurocodes in Sweden, local approaches to assess
the fatigue endurance are conceivable to use in bridge assessment. Reviews of local
methods are given in Radaj (1996) and in Radaj et al. (2009). There are three major
concepts: structural stress, notch stress and fracture mechanics. Short descriptions
are given in the subsequent sections.

Structural stress

The structural stress concept is recommended for welded joints not represented
as classified structural details in the nominal stress approach, and where nominal
stresses not clearly can be defined due to complicated geometric effects. The cal-
culated stress should include all stress raising effects of a detail except for the local
weld profile itself. The stress is determined on the surface close to the weld and
extrapolated to the hotspot of the component to assess. The approach is sometimes
called the hotspot method or the geometric stress method.

In Figure 2.6, the principle for stress calculation is shown. The surface stress can
be calculated with a finite element model or by measurement of strains. The ex-
trapolation of the surface stress can be done by a linear or quadratic extrapolation.
Figure 2.6 shows a quadratic extrapolation using three reference points.

Guidelines for calculation of structural stress by finite element analysis and mea-
surements can be found in Hobbacher (2007) and Radaj et al. (2006).

Some recent developments of the structural stress concept are reviewed in Radaj
et al. (2009). With the use of finite element analysis, the approximated hotspot
stress can be derived in alternative ways. Dong (2001) proposes a method based on
interpolation through the thickness of the plate with the hypothetical crack. The
method is claimed to be mesh independent. In Xiao and Yamada (2004), a method
is proposed which is based on the computed stress one millimeter below the surface
in the direction of the hypothetical crack.



2.3. LOCAL APPROACHES 19

 
Surface stress
Structural stress

Hotspot

Reference points

Hotspot stress

Figure 2.6: Definition of structural stress and hotspot stress.

In the same way as for nominal stresses, the fatigue life prediction is performed
using standardized S–N -curves. The number of classification levels is, however,
only two in Hobbacher (2007) and three in the Eurocodes. The fatigue resistance
C is ranging from 90MPa to 112MPa.

Notch stress

In Radaj et al. (2006), the history of the notch stress approach is reviewed. Ex-
amples of recent applications and the present state of the approach are given in
Sonsino et al. (2010). The following practical conditions are valid for elastic notch
stresses in the high cycle fatigue range for thick structures (t ≥ 5mm).

In the notch stress approach, the stress range in a fictitious rounding of the weld
toe or root is calculated. The effective radius of the rounding is usually set to one
millimeter as a worst case scenario (Radaj et al., 2006; Hobbacher, 2007). Figure 2.7
shows an example of welds with the fictitious rounding.

The effective notch stress, which is the total stress at the root of a notch, can be
calculated by parametric formula, taken from diagrams or calculated from finite
element or boundary element models (Hobbacher, 2007). In a finite element model,
the element size should be 1/6 of the radius or smaller if linear elements are used.
For higher order elements 1/4 of the radius is sufficient.

The notch stress approach is not treated in the Eurocode. Guidelines for fatigue
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Roundings
(b)

(a) General cases.

r

(b) Detail.

Figure 2.7: A fictitious rounding with the radius r of the weld toe and root for
calculation of notch stress.

life prediction can be found in Hobbacher (2007). One major advantage of the
approach is that only one single S–N -curve is needed irrespective of the weld shape.
The fatigue resistance at two million cycles is stated as C = 225MPa. A restrictive
condition is stated as Kw ≥ 1.6 which is the fatigue notch factor calculated as

Kw = Sk
Shs

(2.11)

where Sk is the effective notch stress and Shs is the hotspot structural stress. The
condition implicates the need of both a structural stress analysis and a notch stress
analysis. The minimum value for the fatigue notch factor is 1.6 times the hotspot
stress.

Pedersen et al. (2010) have performed notch stress analyzes of fatigue tests found in
the literature. For butt joints, they have found the proposed strategy to give non-
conservative results. Their proposal is to raise the limit on the fatigue notch factor
to Kw ≥ 2.0. Furthermore, a decrease of the fatigue resistance to C = 200MPa
is proposed, which would result in a safety level equivalent to the nominal stress
approach.

Fracture mechanics

In Radaj et al. (2009) the fracture mechanics approach is subdivided into stress
intensity concepts and crack propagation concepts. Only the latter is discussed
herein and restricted to linear elastic fracture mechanics (LEFM).
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The main issue in a fracture mechanics approach is to study the progress of a crack.
A simple and common description of crack propagation is the Paris equation (Paris
et al., 1961)

da
dN = C0K

m
r (2.12)

where C0 and m are constants, a is the crack length and Kr is the range of the
stress intensity factor.
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Figure 2.8: A schematic relation between the stress intensity factor and the crack
growth rate.

The original Paris equation is valid for Zone II shown in Figure 2.8, where the crack
growth rate is assumed to be linear. An extension of the Paris equation is given in
Hobbacher (2007) as

da
dN = C0K

m
r

(1−R)− Kr
Kc

if Kr ≥ Kth (2.13)

where Kth is a threshold value of the stress intensity, R is the stress ratio as in
(2.1) and Kc is the fracture toughness. For Kr < Kth the crack growth rate is
zero. Another variant of mean stress consideration in Zone II and III is the Forman
equation (Stephens et al., 2001)

da
dN = C ′0K

m′

r
(1−R)Kc −Kr

if Kr ≥ Kth (2.14)

where C ′0 and m′ are constants but not equivalent to the constants C0 and m in
the Paris equation.
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The governing factor in all crack propagation models is the stress intensity factor
Kr. It can be expressed as (Hobbacher, 1993)

Kr = Sr
√
πaYu(a) (2.15)

where Sr is the nominal stress range, a is the crack length (depth) and Yu(a) is the
universal correction function dependent on the geometry, boundary conditions and
the crack mode. The three different crack modes are illustrated in Figure 2.9.

(a) Mode I. (b) Mode II. (c) Mode III. (d) Mode I and II
combined.

Figure 2.9: Three modes of crack tip loading and one combined mode.

For welded structures it is common practice to split the universal correction function
Yu(a) into a function Y (a), which is valid for non-welded components, and Mk(a)
which is a correction function due to the local stress concentration of the weld. The
relation (2.15) becomes

Kr = Sr
√
πaY (a)Mk(a) (2.16)

In Hobbacher (1993), the factors are further divided between membrane stress and
bending stress and (2.16) becomes

Kr =
√
πa
(
Sr,mYm(a)Mk,m(a) + Sr,bYb(a)Mk,b(a)

)
(2.17)

Functions for Y (a) can be found in literature covering fracture mechanics e.g. Nils-
son (2001), Hobbacher (2007) and others. Expressions for Mk(a) can be found in
Hobbacher (1993, 2007); Bowness and Lee (2000).

By assuming an initial crack size ai and a final crack size at failure af the fatigue
life can be predicted by integration of (2.12) as

N = 1
C0

∫ af

ai

K−mr da (2.18)



2.4. CONCLUDING REMARKS 23

For cracks starting from the weld toe, Hobbacher (2007) recommends an initial
crack depth of ai = 0.15mm and an aspect ratio of a/c = 1/10 where c is the
major radius of an half ellipse. Radaj et al. (2006) suggests an initial crack size
ai ≥ 0.1mm since the theory of fracture mechanics is not appropriate for shorter
cracks. Figure 2.10 shows an example of an elliptic crack near the weld toe.

a

(a) Elevation.

2c a

(b) Section.

Figure 2.10: Example of an elliptic crack near the weld toe.

Regarding the final crack size Radaj et al. (2006) gives practical limitations as an
unstable final fracture at Kr ≈ Kc, unrestricted yielding in the remaining cross-
section and geometric instability of the structural member. As a rule of thumb, the
limiting depth of a surface crack can be set to one half or two-thirds of the wall
thickness.

2.4 Concluding remarks

Measured stresses or strains can be used in all discussed approaches to decrease
the uncertainties in the fatigue life prediction. For the structural stress concept,
guidance can be found on how to place the gauges to get a correct approximation
of the hotspot stresses. Nominal stress measurements can be used for reference and
model updating in theoretical models for stress calculation.

Misalignment of attachments in a joint might need special attention. In the nomi-
nal stress approach, misalignments and weld quality is to a certain extent included
in the tested reference details. The details for the structural stress approach also
consider some small misalignment. Theoretical models as finite element solutions
are usually created with perfect geometry and misalignment needs explicit consid-
eration. In Hobbacher (2007) some general approaches are given. By measuring
local stresses according to the structural stress approach, effects as misalignment
are included in the measured response.





Chapter 3

The Söderström Bridge

The railway line between the Central Station and the South Station in Stockholm
has the highest traffic intensity in Sweden. Its capacity is delimited by the so called
wasp-like waist1. Ten tracks at the Central Station are merged into two tracks
crossing two streams and the island of Riddarholmen. On Södermalm the line is
divided into four tracks near the South Station. Figure 3.1 shows a schematic
picture of the track configuration.

Central Station Riddarholmen South Station

StreamStream

Figure 3.1: A schematic picture of the railway tracks from Stockholm City and
southwards.

The part between the two stations is affected by severe capacity limitations. In
Grimm and Wahlborg (2009), a capacity analysis of the Swedish railway network
is presented. A grading system with three levels is used for classification. The line
between the stations is assigned to the highest level. The two tracks are occupied
with traffic 81–100% percent of the time during rush hours. At most, 28 passages
on each track can be allowed during one hour and about 520 trains pass the line
every day.

1Literally translated from the Swedish expression getingmidja.
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A disturbance in the traffic on the studied part would affect the railway traffic
in the whole region, to some extent the whole country. Commuter trains in the
Stockholm region, long distance trains and freight transports are dependent on the
functionality of the line.

1

2
3

4

Riddarholmen

Södermalm

Norrmalm Old town

Figure 3.2: A map of the area south of the Central Station and the bridges
Norrström (1), Söderström (2), Söder Mälarstrand (3) and the viaduct South of
Söder Mälarstrand (4).

A vital part of the train path is the bridges, the Norrström bridge closest to the
Central Station then the Söderström Bridge, the Söder Mälarstrand Bridge and the
viaduct south of Söder Mälarstrand. Figure 3.2 shows a map of the area. A fatigue
assessment of all four bridges is presented in Andersson (2009). It is shown that the
theoretical fatigue life of the Söderström Bridge and the Söder Mälarstrand Bridge
has already been exhausted. Considering that result, the Swedish Transport Ad-
ministration decided to perform a monitoring campaign on the Söderström Bridge.
The monitoring system and the scope of the campaign are described in Paper A.
The bridge is described both in Paper A and with some additional characteristics
in the following sections.

3.1 History

The Western main line for railway traffic (Västra stambanan) was opened for traffic
1860 and started on Södermalm in Stockholm. Six years later the Northern main
line (Norra stambanan) starting from Norrmalm opened. In the beginning, travels
northwards or southwards were made from two stations. In 1871 a two track line,
called Sammanbindningsbanan, connecting the two stations was opened. The Cen-
tral Station in Stockholm was opened the same year. In principle, the line had the
same location as today but it is now incorporated in the Western main line.

In the 1950ies a major revision of the traffic situation around Riddarholmen was
performed. The subway was built and the ordinary railway traffic had to share
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the space on the wasp-like waist with the Central bridge for road traffic and the
subway station in Stockholm Old Town. The Söderström Bridge as it is today was
completed in the beginning of the 1950ies.

3.2 The Söderström Bridge

The Söderström Bridge is a continuous steel beam bridge in six spans. The structure
is composed by two main girders, transversal crossbeams and four longitudinal
stringer beams. Figure 3.3 shows a plan view of the bridge. The spans have the
lengths 27 + 33.7 + 33.7 + 33.7 + 33.6 + 26.9 meters.

10985 764

(b)

(a) The whole bridge.

7 8Main beam Cross beam Stringer

(b) A section between support 7 and 8.

Figure 3.3: A plan view of the bridge. The supports are numbered according to
the original drawings.

An extensive system of bracing restrains the bridge from lateral movement. A wind
bracing spans between the crossbeams and the main beams. A zigzag bracing sup-
ports the stringer beams and an additional bracing, adjacent the supports, transfer
the braking force from the stringer beams to the main beams and further on to the
substructure.
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The substructure is made of concrete columns on piled slabs. Support 10 has fixed
bearings in the longitudinal direction. The other supports have roller bearings.

The rails are attached to wooden sleepers by a so called Hey-back fastener. The
sleepers are placed directly on the stringer beams. Figure 3.4 shows a section
through the superstructure.
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Figure 3.4: A section through the superstructure.

3.3 Loads

The main part of the traffic on the bridge is passenger trains. According to Grimm
and Wahlborg (2009), freight transports constitute only about 7% of the total
traffic volume. The new Swedish commuter train of type X60 is by far the most
frequent train on the bridge.

11.2
6  250 kNx

11.2
6  250 kNx

85 kN/m85 kN/m

(a) Train load type F46 (Wåhlin, 1948).

14.05
4  225 kNx

14.05
4  225 kNx

64 kN/m64 kN/m

(b) Train load type D2 (Banverket, 2005).

Figure 3.5: Load configurations for bridge design and assessment. For load type
D2, an arbitrary number of waggons should be considered to obtain a worst case
scenario.

The bridge was originally designed for train load type F46 with a configuration as
shown in Figure 3.5(a). Today, the bridge is classified for load type D2 as shown
in Figure 3.5(b). The maximum axle load for the X60-train is 205 kN.
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3.4 Inspections

During routine inspections of the Söderström Bridge, cracks in the web of the main
beams have been found. The cracks have initiated in the weld between the stiffener
of the crossbeam and the web of the main beam. Figure 3.6 shows the location and
a discovered crack.

Photo

(a) Location of the photo in (b). (b) Discovered cracks.

Figure 3.6: The location and a photo of a crack in the weld between the stiffener
and the web of the main beam. The crack is detected where the fourth crossbeam,
counted from support eight towards support nine in Figure 3.3, is connected to the
main beam.

In the report Ekelund (2008), a summation of discovered cracks until the end of
July 2008 is given. A total of 90 cracks has been found and 71 of them have been
repaired.

The cause of the cracks is believed to be out-of-plane bending of the web. The
stiffener attached to the crossbeam and the web of the main beam is not welded
to the flange of the main beam. When the crossbeam is bending downwards the
stiffener is pulling the web causing large stresses. Figure 3.7 shows an assumed
deformation pattern. The gap in the stiffener and the non-welded attachment to
the flange is an intentional design to avoid fatigue damage in the flange of the main
beam.

Web gap cracking has been found on many bridges. In Fisher and Keating (1989), a
discussion of the causes and suggestions of retrofit measures are presented. Several
case studies of fatigue fractures due to web gaps is treated in Fisher (1984). In
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Flange

Web gap

Web

Crack initiation

Figure 3.7: An assumed deformation pattern of the web in the main beam caused
by crossbeam deflection.

Berglund and Schultz (2006), composite concrete steel bridges are studied where
the detail between the stiffener and the main beam is equivalent. Skew bridges are
stated as more critical since the differential deformation between the longitudinal
beams can be larger. Other examples are Zhao and Roddis (2007) and Zhou and
Biegalski (2010).

At the end of August 2010 hitherto unknown cracks in the crossbeams was found
(Pettersson, 2010). The cracks are located in the weld between the attached plate
of the wind bracing and the bottom flange of the crossbeam. The occurrence of
the cracks is a verification of the fatigue assessment presented in Paper A where
high damage values are received at the same sections. Figure 3.8 shows one of the
locations.

The occurrence of cracks in the crossbeams is somewhat more alarming than the
cracks in the main beams. While the crack propagation in the web can be defined
as displacement controlled, the cracks in the crossbeams are assumed to be under
load control. When a crack in the web is growing, the stiffness is reduced and also
the out-of-plane bending stresses. With growing crack length, the static system of
the crossbeam gradually moves towards a simply supported beam. For a simply
supported beam, a crack in the bottom flange is a major hazard since there are no
alternative load paths.

None of the detected cracks in the main beams on the Söderström Bridge have
propagated through the web but, despite the above discussion, the cracks should
not be underestimated. A web fracture with a crack crossing the whole height of
the web is reported in Zhou and Biegalski (2010). A brittle fracture caused a rapid
propagation. Furthermore, the shear capacity of the web needs to be secured in the
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Figure 3.8: A photo of the cracks discovered in one of the crossbeams.

presence of a crack.





Chapter 4

Processing of measurements

The determination of stress variations by monitoring is widely used within the
field of fatigue assessment. Already Wöhler in his pioneer work used self-developed
deflection gauges to estimate the forces acting on railway axles (Schütz, 1996).

Today in the field of fatigue assessment, electrical resistance strain gauges are most
commonly used. They are, according to JRC–ECCS (2008), the most appropriate
sensor type and give the most precise result. Electrical resistance sensors are capa-
ble of measuring dynamic strain but have low zero-stability, which results in drift
in the measured strain over time (Ko and Ni, 2005). In Ahlborn et al. (2010), a
review is given of recent developments in the field of structural health monitoring
of bridges.

In the following sections, the processing of the measured response from strain gauges
is discussed. The monitoring campaign described in Paper A is used as a case study.

4.1 Data acquisition

A schematic illustration of the monitoring system is shown in Figure 4.1. The
electrical resistance strain gauges are connected to the data acquisition unit (DAQ)
which contains the vital functions A/D converter and a low-pass filter among others.
The measured change in voltage over the strain gauge is converted to a digital signal
in the A/D converter. The low-pass filter is set to avoid aliasing (Newland, 1993).
A unit built into the DAQ or a connected computer is used for control and storage
of the final data.

33



34 CHAPTER 4. PROCESSING OF MEASUREMENTS

DAQ

HD

Laptop comp.

Gauges External computer

Figure 4.1: A schematic illustration of the monitoring system. DAQ – data acqui-
sition unit, HD – hard disk.

The monitoring system on the Söderström Bridge is described in detail in Paper A.
In relation to Figure 4.1, the gauges are mainly of type linear uniaxial strain gauges,
the MGCplus system from HBM1 is used as a DAQ and a laptop computer is located
on the bridge with the software catman®Proffesional installed for measurement
control. An external hard disk is used for data storage. The data is stored in
binary files, each containing ten minutes of measurements. The monitoring system
is located on the bridge not easily accessible why an external computer with an
ethernet connection is used during site visits for communication with the system
and data transfer. The monitoring system also contains sensors for acceleration
measurements, see Paper A. The measured accelerations are not used in the fatigue
evaluation why they are not mentioned further.

The binary file contains the time in the first channel and in the other channels, the
measured strains for each gauge. This is the raw data used in subsequent analyses.
For bridges, elastic stresses are presumed to prevail and can thereby be calculated
according to Hooke’s law as

Sel = Ekεel (4.1)

where Ek is the Young’s modulus and εel is the measured strain. Measured stress
is used as a denomination for Sel throughout the thesis.

Train extraction

A binary data file can contain up to 10 train passages as shown in Figure 4.2. By
extracting the passages, both the consumed disk space and the calculation time for
subsequent analyses can be reduced. The most common train on the Söderström
Bridge consists of two connected X60-vehicles with a total length of 214.2m. These
trains usually pass at 80 km/h and load the bridge for about 18 s. By extraction,

1Hottinger Baldwin Messtechnik, www.hbm.com
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the considered duration of the measurement can be reduced by 70% or more in
comparison to the raw data file.
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Figure 4.2: A measured strain history in gauge 35 containing 10 train passages.

A train passage is identified when the strain variation during a specified period
exceeds a given threshold value. While the signal continues to exceed the threshold,
the time interval is accumulated and assumed to belong to the same train passage.

The method can give a corrupt passage when train stops on the bridge, then the
true passage will be subdivided, or when two trains meet on the bridge, then the
extracted passage will contain the contribution from both trains. Even though the
passage might be corrupt, it has no effect on the subsequent cycle counting. All
stress variations will be counted.

The train extraction enables a statistical evaluation of the passages. In Paper A,
statistical data of the passages is used for the quality evaluation of the measure-
ments and for sorting out abnormal passages. An abnormal passage might be some
type of electrical disturbance causing the signal to exceed the specified threshold
value. Examples of statistical data are the time of the passage, duration, maximum
stress range and estimated speed.

A further analysis of the extracted passages could be performed, e.g., a B-WIM2

analysis as described in Liljencrantz et al. (2007) and Karoumi et al. (2005).

2Bridge Weigh-In-Motion
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4.2 Cycle counting

For fatigue life prediction, the measured time response must be converted to a stress
range spectrum. Examples of known methods for cycle counting are denominated
rainflow, range-pair, racetrack, level-crossing and peak counting (Stephens et al.,
2001). The rainflow counting technique, first presented in Matsuishi and Endo
(1968), is usually mentioned as the most appropriate. Examples of algorithms for
implementation of the method can be found in Downing and Socie (1982) and
Rychlik (1987), among others.

By using a so called rainflow filter, a cutoff level can be specified which enables
a limitation in the minimum considered stress range amplitude. The influence of
the filter is visualized in Figure 4.3 where the cutoff level h is set to 5 MPa and
9 MPa, respectively. For measured signals with a high level of disturbance, the
rainflow filter can be used to disregard the non-significant stress ranges. A further
discussion is held in Section 4.4.
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Figure 4.3: Measured stress in gauge 35 for a passage with a train of type X40 and
the influence of a rainflow filter.

Figure 4.4 shows the resulting stress range spectra for the two cut-off levels visual-
ized in Figure 4.3.

The Matlab toolbox WAFO (The WAFO Group, 2005) is used for the rainflow
analyses within this study.
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Figure 4.4: Calculated stress range spectra for gauge 35 during a passage with a
train of type X40. The influence of the rainflow filter is compared for two cut-off
levels.

4.3 Imposed deformations

The measured strain variation is not caused by an external load effect only. A
change in the temperature will result in imposed deformations due to thermal ex-
pansion or contraction. It is, however, no triviality to estimate the stresses caused
by the temperature change. For an ideal statically determinate structure, the im-
posed deformations due to temperature change will not cause any stresses. For a
complex bridge, on the other hand, imposed deformations can have a substantial
influence on the stress state.
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Figure 4.5: Median strain variation in gauge 35 on a stringer beam during the
monitoring period starting 30th of July and ending 11th of September 2008.
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The Söderström Bridge has roller bearings on all supports in the longitudinal direc-
tion of the bridge except at one of the end supports. Neglecting the friction in the
bearings, the bridge should be able to expand or contract without any restraints.
In the transversal direction, the bearings are restrained and the extensive system
of bracing makes the behaviour complicated.

To estimate the influence of temperature variation, the median strain from each
ten minute data file is extracted and plotted in Figure 4.5. The change in mea-
sured strain over the whole monitoring period and the variation during each day is
apparent. It is, however, not certain that the variation in strain corresponds to a
variation in stress. Drift due to low zero-stability of the gauges and non-restrained
temperature elongation are causes which contribute to the variations.
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(a) Gauge 35 and 36 on a stringer beam.

30/07 04/08 09/08 14/08 19/08 24/08 29/08 03/09 08/09 13/09
−100

−50

0

50

100

150

date

m
ed

ia
n 

st
ra

in
/(µ

m
/m

)

 

 
Gauge 17
Gauge 18

(b) Gauge 17 and 18 on a main beam.

Figure 4.6: Median linearized strain variation during the whole monitoring period.
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As an attempt to isolate the daily fluctuation, a second order polynom is fitted and
subtracted from the data. This is performed for gauge 35 located on the upper
flange of the stringer beam and for gauge 36 located on the lower flange at the
same section. The result is shown in Figure 4.6(a). Gauges 17 and 18 located at
equivalent positions on the main beam is treated in the same way and the result is
shown in Figure 4.6(b). Different behaviour is apparent from the strain variations.
The two gauges on the stringer have in principle the same in phase fluctuation
while the strain in the gauges on the main beam varies opposite to each other. The
conclusion is that the daily temperature variation causes the stringer to extend
or contract in the longitudinal direction while the main beam is bending around
a horizontal axis. The reason might be that the main beams are restrained from
longitudinal movement and are forced to bend due to temperature elongation. The
stringer beams, on the other hand, seem to be able to extend without bending.

By extracting each train passage, the influence of slow strain variations is elimi-
nated. Neither temperature change nor a drift causes a significant strain variation
during a train passage of about 20 seconds. This implies that stress variation due
to restrained temperature elongation is omitted.

4.4 Influence of signal noise

All measurements are affected by some signal disturbance. If the ratio between
the disturbance and the response from real loads is significant it can influence the
fatigue life predictions.

The overhead contact line of the railway has a known frequency of 16 2
3 Hz and the

power supply for the monitoring system has a known frequency of 50 Hz. In an
attempt to reduce the influences of these known disturbances, a bandstop filter is
used which gives the result as shown in Figure 4.7(a). The filter, which is a fourth
order Butterworth filter with cutoff frequencies [16.2−17.2]Hz and [49.5−50.5]Hz,
gives a negligible effect on the stress variation. The effect of a Butterworth lowpass
filter with a cutoff frequency of 5Hz is shown in Figure 4.7(b). This filter will,
however, reduce all effects with frequencies above the cutoff level, including actual
dynamic stresses.

The differences between the raw response and the filtered one can hardly be seen in
Figure 4.7(a). The stress ranges obtained by a rainflow analysis of the two responses
are presented in Figure 4.8. It shows a difference in the number of cycles for small
stress ranges (Sr < 10MPa) but not for the ranges with a significant effect on the
fatigue damage.
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(a) Bandstop filter with cutoff frequencies 16.2− 17.2Hz and 49.5− 50.5Hz.
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(b) Lowpass filter with a cutoff frequency of 5Hz.

Figure 4.7: Measured stress variation in gauge 35 for a passage with a train of type
X60. The influence of signal disturbances visualized with two different filters.

The use of a filter requires the selection of an appropriate type and specifications.
The Butterworth filter is only one of several established types. Guidance on digital
filter design can be found in Thede (2005) among others. In the present study, the
reliability of the results is believed to decrease with the use of filter. No significant
effect is received with the bandstop filter when known frequencies are suppressed. A
stronger filtering might influence actual stresses. The analyses presented in Paper
A and Paper B are performed with non-filtered responses.
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Figure 4.8: Calculated stress range spectra for gauge 35 for the raw response and
the bandstop filtered response.

4.5 Peak values

In Paper B, the statistical evaluation shows deviating stress range spectra for gauge
14 and 44 in comparison to the rest of the gauges on the crossbeams. These
two gauges are located at equivalent positions close to a connecting plate of the
wind bracing. If the time responses of single passages are studied, peak values are
found for these two gauges during the beginning of the train response curves, see
Figure 4.9.

As shown in Figure 4.9, the stress peak appears for all type of trains. The commuter
train type X10 gives, however, in general the highest peak response. For gauges 13,
15 and 16 the peak stress is noticeable but not to the same extent as at gauge 14,
see Figure 4.10. All four gauges are located at the same section on the crossbeam.

Attempts have been made to recreate the stress peak with linear elastic FE-models
but no similar response has been attained. A non-linear behaviour is believed to be
the cause, e.g. an impact due to friction loss or a gap in a joint. Figure 4.11 shows
a crossbeam, the connecting plate and two bars of the wind bracing. The bars are
riveted to the connecting plate which might be the cause of the phenomenon. The
origin of the peaks has not been studied further within the scope of this thesis.
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Figure 4.9: The response from gauge 14 on the crossbeam for different train pas-
sages.
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Figure 4.10: The response from gauges 13–16 on the crossbeam for a passage of a
train of type X10.



4.5. PEAK VALUES 43

Figure 4.11: A photo of a crossbeam and the connected wind bracing.





Chapter 5

Discussion and conclusions

5.1 Discussion

In Chapter 2, established methods for fatigue life prediction are reviewed. The ben-
efit of real measured stresses can be utilized in all of them. The nominal approach
can be used incorporating measured stress directly, provided that the response can
be considered as nominal stress. In the structural stress approach, the surface stress
near the weld can be measured directly or the measured nominal stress can be used
as reference in detailed theoretical models. In the notch stress approach and in
fracture mechanics a detailed model of the studied component is required, but the
measurements can still be utilized as reference and for model updating. The ef-
fect of reduced uncertainties through monitoring might differ between the methods
which is a subject for further research.

In all methods for fatigue life prediction, except in the fracture mechanics approach,
the load history is needed. In the assessment of existing bridges, object specific
data is usually not available. Monitoring reflects the traffic response during the
monitoring period but does not reduce the uncertainties in the historical course of
the traffic intensity. The measured response can, however, be used as a reference
stress range spectrum. By shifting the spectrum horizontally, changes in axle loads
can be considered. A change in traffic volume can also be considered with a scaling
factor on the number of cycles. The historical course of the traffic intensity still
remains as an uncertainty in the fatigue life prediction.

By using a fracture mechanics approach, the effect of previous loads can be es-
timated by assuming an initial crack. The remaining fatigue life is predicted by
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integrating some crack propagation function between the initial crack size and a
final size. By combining the theoretical assessment with an inspection the assumed
crack size can be verified. If no crack is found, the assessment is conservative. In
the case of a real crack, the size should be determined by non destructive testing.
A description of common methods and performance can be found in JRC–ECCS
(2008) and Sustainable Bridges (2007a).

The present research project was started with the monitoring of the Söderström
Bridge. The intention was to reduce the uncertainties in the loads considered and
the resulting stress used in the theoretical assessment (Andersson, 2009). In Paper
A, the monitoring system and the processing of results are described. The result
of the deterministic fatigue assessment is presented as estimated damage for each
gauge. The intention with the statistical methods described in Paper B is a quality
assurance of the measured response. The presented methods effectively sort out the
deviant spectra and indicate whether the spectrum has converged. In future studies,
the logical sequence would be to start with the quality assurance and continue with
the fatigue life predictions.

The initial expectation with the monitoring of the Söderström Bridge was to find
actual stress ranges lower than those used in the theoretical assessments. The out-
come was rather a confirmation of the discouraging results presented in Andersson
(2009). Figure 20 in Paper A show a comparison between accumulated damage
from the theoretical calculations and from the measurements. Method 2 and the
measurements show an almost perfect match. It should be noted that the same
assumed load history was used for damage accumulation until the measurements
started.

The monitoring of the Söderström Bridge also revealed new sections with strong
indications of fatigue damage. The measured stress range spectra in gauge 14 and
44 on the crossbeams contain high stress levels caused by unexplained peak values.
Examples are shown in Figure 4.9. Attempts with linear elastic FE-models have not
been able to recreate the response. It can be questioned whether the peak values
are actual stresses in the structure or caused by electrical disturbance or irrelevant
impacts. Recent inspections have, however, revealed cracks at the corresponding
locations, see Figure 3.8. Since the peak values appear for most passages and in
two gauges located in equivalent positions the response should not be disregarded.
The origin of the peak values remain unexplained.

The strain variation due to daily temperatur changes is estimated and discussed
in Section 4.3. The measured daily strain range is about 80µm/m in the stringer
beams which can give a stress range of about 17MPa. This relatively low stress
range with only one cycle per day, gives a negligible contribution to the total damage
in comparison to more than 500 train passages per day.
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5.2 General conclusions

The monitoring campaign of the Söderström Bridge has been performed with the
intention of reducing the uncertainties in the real loads and the resulting stresses.
The following conclusions are based on the data processing and the fatigue assess-
ment presented in Paper A, and the statistical methods for quality assurance and
curve fitting presented in Paper B. For more specific conclusions, see the appended
papers in Part II of the thesis.

• Regarding the Söderström Bridge, the expectation of more favorable stress
range spectra in relation to the previous theoretical study was not fulfilled.

• Sections in the stringer beams have the highest indication of fatigue damage,
both in the previous theoretical calculations and from the measurements.
No indication of damage have, however, been found on the stringers during
inspection.

• The monitoring has revealed additional sections with alarmingly high indi-
cations of damage. The connecting plates of the wind bracing are welded to
the bottom flange of the crossbeams. Due to peak stresses, the accumulated
damage in the crossbeams is alarmingly high.

• Deviant spectra can effectively be sorted out by using statistical methods such
as a two-way balanced ANOVA and multiple comparisons. Deviations caused
by both electrical disturbance and geometrical effects have been found.

• A model for estimating the convergence progress of a stress range spectrum
is presented. The model is intended for validation of the spectrum during
operation of the monitoring system. It can also be used for a convergence
check after a finalized measurement campaign.

• The rate of convergence for a stress range spectrum can vary substantially
between different structural parts and gauge locations. The Swedish standard
for assessment of railway bridges (Banverket, 2005) recommends a monitoring
duration of one week, however, the results presented indicate a need for a
longer duration in some cases.

• Continuous probability distribution functions have been fitted to measured
stress range spectra. In general, the best fit is reached for the Lognormal
and the Beta distributions. In comparison, the Rayleigh and the Gumbel
distribution give a poor fit.
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5.3 Further research

The monitoring campaign of the Söderström Bridge has resulted in an extensive
amount of measured data. With the start in July 2008 the bridge has now been un-
der surveillance for more than two years. The measurements render the possibility
to study seasonal variations as well as variations in traffic intensity. Innumerable
passages have been registered which constitute a valuable sample for further sta-
tistical evaluations.

The overall aim of this research project is to improve the fatigue assessment proce-
dure for existing steel bridges. Governing codes and established analysis methods
can impose an exaggerated safety level when maintaining a bridge in service is the
main purpose with the assessment. Some specific subjects for further research are
given in the following sections.

Fatigue crucial details

The high calculated accumulated damage in the stringer beams are caused by a
low fatigue strength in combination with a high number of stress cycles. The
crucial detail is, however, mostly exposed to compression. The governing codes
impose a restriction in using a mean stress correction, referring to the possibility of
high tensile residual stresses. A fracture mechanics approach with consideration of
residual stresses might give a more realistic indication of damage. A similar study
is presented in Barsoum and Barsoum (2009).

Dynamic amplification factor

The dynamic effect from passing trains and the dynamic behaviour of the bridge
is included in the measured response. Without measurements, the influence of the
dynamics is usually considered with a dynamic amplification factor. The governing
codes state the formulas for the calculation. Their applicability to short stiff beams
as stringer beams and crossbeams is, however, questionable. The extensive amount
of data from the Söderström Bridge renders the possibility of investigating the
dynamic effect in more detail.
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The safety format

In a deterministic fatigue assessment, partial coefficients are assigned both to the
load and the resistance. The safety factors are raised to the power of m which is the
coefficient either in the Basquin relation (2.3) or in the Paris equation (2.12). The
imposed safety has extreme consequences regarding the fatigue service life. The
effect of a change in fatigue strength or the safety factor on the load is visualized
in the parametric study in Paper A.

The most appropriate approach to handle the fatigue reliability of a bridge should
be a probabilistic model comprising both the fatigue strength and the load effect.
Only then, a fair comparison between different fatigue life prediction methods is
possible. A such study could be based on stress range distributions presented in
Paper B and the scatter in fatigue tests presented in the literature.
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