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Abstract

This thesis treats the fatigue assessment process of steel bridges. The pur-
pose is to identify areas with potential of enhancement with an overall aim of
attaining a longer service life. The aging bridge stock in Sweden and in many
other developed countries is an impending economical burden. Many bridges
have reached their expected service life and increased axle loads, speeds, and
traffic intensity further accelerate the deterioration. An immediate replace-
ment of all our bridges approaching their expected service life will not be
possible. For economical and environmental reasons, effort should be put on
extending the theoretically safe service life as far as possible.

Fatigue is one of the major reasons limiting the service life of steel bridges.
A specific example is the Söderström Bridge in Stockholm, Sweden. Fatigue
cracks have been found in the webs of the main beams and theoretical as-
sessments have shown an exhausted service life. As a mean to reduce the un-
certainties in the theoretical assessments a monitoring campaign was started
in 2008 and continued in periods until 2011. The first continuous period of
43 days of measurements in 2008 forms the experimental foundation for this
thesis.

A fatigue life prediction involves (i) an estimation of the load effect, (ii)
an estimation of the resistance, and (iii) the selection of a prediction model.
This thesis treats in some sense all three of them. Considering part (i),
the load effect, a theoretical study on the influence of dynamics has been
performed. The quasi static approach suggested in the standards does not
necessarily reflect the true dynamic behavior of the structure. Performing
a dynamic moving load analysis gives for all cases studied a more favorable
fatigue life. A further enhancement of the assessment is to perform in situ
measurements. The uncertainties related to dynamics, loads, and structural
behavior are thereby captured in the response. Routines for processing the
measured response and performing life predictions are treated, moreover the
quality of the measured response.

The resistance, part (ii), in form of the fatigue endurance has a funda-
mental influence on the fatigue life. As an attempt to reach a more adequate
fatigue endurance a refined assessment of a typical joint is performed using
linear elastic fracture mechanics (LEFM). A descriptive detail category is
suggested which renders a somewhat more favorable resistance.

Part (iii), the prediction model, is treated considering the safety format.
A reliability-based model is suggested which enables a consideration of the
uncertainties in each stochastic variable. Thereby, all aforementioned parts
and uncertainties can be combined within the same prediction. The reliability-
based model is used for a code calibration of partial safety factors to be used
in semi-probabilistic assessments according to the standards.

The implementation of the suggested procedures is shown with a numeri-
cal example. The outcome should not be generalized but the example clearly
shows an increase in fatigue life with the proposed enhancements of the as-
sessment procedure.
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Sammanfattning

Föreliggande avhandling behandlar processen för bärighetsutredning av
stålbroar med avseende på utmattning. Syftet är att identifiera delar i be-
räkningsprocessen med potential till förbättring, med en längre teoretisk livs-
längd som övergripande mål. Det åldrande brobeståndet i Sverige och i andra
länder med en utvecklad infrastruktur utgör en annalkande ekonomisk börda.
Ett stort antal befintliga broar har nått sin förväntade livslängd och ökande
axellaster, farter och trafikvolym påskyndar nedbrytningsprocessen. Att ome-
delbart ersätta alla broar som nått sin förväntade livslängd är inte möjligt.
På grund av ekonomiska och miljömässiga skäl bör resurser läggas på att
säkerställa en förlängd teoretisk livslängd så långt det är möjligt.

Utmattning är en av de viktigaste orsakerna för begränsningar i livsläng-
den för stålbroar. Ett specifikt exempel är Bro över Söderström i Stockholm.
Utmattningssprickor i huvudbalkarnas liv har upptäckts och teoretiska bärig-
hetsberäkningar har påvisat en uttömd utmattningskapacitet. För att minska
osäkerheterna i de teoretiska beräkningarna startades 2008 en mätningskam-
panj som periodvis fortgick till och med 2011. Den första kontinuerliga mät-
perioden som varade i 43 dygn 2008 utgör det experimentella underlaget för
denna studie.

En utmattningsbedömning baseras på (i) uppskattning av lasteffekten, (ii)
bedömning av kapaciteten, samt (iii) valet av en beräkningsmodell. Samtliga
tre delområden berörs i något avseende i denna avhandling. Med avseende på
(i), lasteffekten, har en teoretisk studie av dynamikens inverkan genomförts.
Den kvasistatiska metoden som föreslås i gällande föreskrifter återspeglar inte
nödvändigtvis det verkliga dynamiska verkningssättet. En dynamisk analys
med rörliga laster ger för samtliga studerade fall en längre livslängd. En yt-
terligare förbättring av utmattningsbedömningen är att utföra mätningar på
bron under verkliga lastförutsättningar. Därigenom fås ett resultat där osäker-
heterna gällande dynamik, lastegenskaper och konstruktionens verkningssätt
är inkluderade. Rutiner för behandling av det uppmätta resultatet och för
livslängdsberäkning presenteras och kvaliteten på det uppmätta resultatet
diskuteras.

Utmattningskapaciteten, delområde (ii), har en avgörande betydelse för
livslängden. En typisk brodetalj har studerats med linjärelastisk brottmeka-
nik i ett försök att nå en mer detaljspecifik kapacitet. En geometriberoende
förbandsfaktor föreslås vilken ger en något fördelaktigare kapacitet.

Delområde (iii), beräkningsmodellen, behandlas med avseende på säker-
hetsformatet. En tillförlitlighetsbaserad modell föreslås vilken möjliggör att
osäkerheten i varje stokastisk variabel kan beaktas. Därigenom kan de tidigare
nämnda delområdena och osäkerheterna kombineras i en och samma bärig-
hetsbedömning. Tillförlitlighetsmodellen används för kalibrering av partialko-
efficienterna i den deterministiska modell som föreslås i gällande föreskrifter.

Implementeringen av de föreslagna åtgärderna förevisas genom ett exem-
pel. Resultatet kan inte förväntas vara allmängiltigt men visar på en ökning
av livslängden med de föreslagna åtgärderna.
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Chapter 1

Introduction

The service life of existing steel bridges is commonly restricted by fatigue. The
assessment of the fatigue life is performed when the traffic load is to be increased,
when the anticipated service life is ended, or when inspections have revealed dam-
age. If however, an assessment based on the governing standards doesn’t allow
the expected service life, what is the next step? This is the starting point for this
thesis. It is a survey of possible measures to ensure a reliable service life when the
methods in the standards cannot.

The Söderström Bridge in Stockholm, Sweden, is a typical example. A photo of the
bridge is shown in Figure 1.1. Inspections have revealed several fatigue cracks and
theoretical assessments have shown an exhausted fatigue life (Andersson, 2009).
So far a replacement of the bridge is well motivated. However, the bridge is a
part of the so-called wasp waist1 in Stockholm, carrying the only two tracks for
railway traffic southwards from the Central Station. A replacement of the bridge
would cause large disturbances in the railway traffic not only in Stockholm but
probably in the whole country. It is therefore desirable to extend the service life
of the bridge as far as possible and maintain its safety until a replacement can be
performed without large disturbances. The completion of Citybanan (Banverket,
2007) is expected to relieve the traffic volume on the Söderström Bridge during a
future replacement.

Even though the Söderström Bridge is unique, the intricate situation is not. The
railway system in Sweden and in the rest of Europe contains a large portion of
bridges reaching their expected service life (Sustainable Bridges, 2007a). According
to Dunker and Rabbat (1993) and Farhey (2007), the same trend prevails in the

1Literally translated from the Swedish expression getingmidja.

1
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Figure 1.1: A view of the Söderström Bridge with the Stockholm Old Town in the
background.

United States. All existing bridges reaching their theoretical service life cannot be
replaced simultaneously. Keeping our existing bridges in service with an adequate
safety is motivated by economical as well as environmental reasons.

1.1 Background

The Söderström Bridge is a so-called open deck bridge2 with sleepers resting di-
rectly on stringer beams. It was constructed around 1950 in the early days of the
welding technique. Until then, riveting was the commonly used connection tech-
nique for steel bridges (JRC–ECCS, 2008). The knowledge about fatigue caused by
weldments was limited at the time of construction. In the comprehensive review by
Schütz (1996), the first contribution to fatigue of welded and riveted joints is dated
to 1929 with the textbook by Otto Graf3. It is, however, not believed to reflect the
common knowledge of fatigue at that time. The Swedish paper by Schaub (1951)
is contemporary with the construction of the Söderström Bridge. The fundamental
influence of the stress range was evidently not well established at the time, nor was
the insignificant influence of the static strength of the base material. Figure 1.2 is
reproduced after Svetskommissionen (1949) showing the fatigue strength expressed
in maximum allowed stress as a function of the stress ratio R and the static material

2In Swedish: Bro med direkt slipersuppläggning (Trafikverket, 2013)
3Die Dauerfestigkeit der Werkstoffe und Konstruktionselemente
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strength. The stress ratio is defined as

R = Smin

Smax
(1.1)

where Smin and Smax are the minimum and maximum value of the applied external
stress, respectively. The curves define the upper limit of the safe region. Added in
the figure is also a straight line for a constant stress range of 40MPa. This curve
represents today’s definition of fatigue strength, independent of the static strength
of the material but highly dependent on the geometry of the joint.
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Figure 1.2: A schematic visualization of the fatigue strength for 2 million cycles
according to Svetskommissionen (1949). Shown is also a constant stress range Sr
of 40MPa as an example of today’s definition of fatigue strength. St37 and St52
denominates two commonly used material strengths.

As seen in Figure 1.2, the definition used in the old standard is unconservative
considering today’s standards for low and negative stress ratios. It is conservative
when the stress ratio approached unity. The constant value of Sr = 40MPa is
chosen as an example. The value is dependent on the studied detail.

With StBK-N2 (1974) the first Swedish publication resembling today’s standards
for fatigue assessment was released. It was to a large extent based on test results
from Fisher et al. (1970), Hirt et al. (1971), and Fisher et al. (1972), see Alpsten
(1974). The fatigue resistance of steel structures constructed before the release of
these publications can be justly questioned. 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). Most
cases are from bridges constructed during the 1970-ties and before.
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A fatigue life prediction is afflicted by large uncertainties. In the assessment of an
existing bridge the loads, the behavior of the structure, the detail specific endurance,
and the deterioration model have to be judged. Figure 1.3 shows a schematic view of
the assessment process. By measurements on the studied bridge, the uncertainties
associated to the loads and the structural behavior can be reduced (Zhou, 2006;
Helmerich et al., 2007). The monitoring campaign of the Söderström Bridge started
in 2008 constitutes the experimental foundation for the studies in this thesis. The
campaign and the treatment of the measured response are addressed in Paper II.
A deterministic assessment of the bridge based on the measured response is also
included in the paper. Even though the measurements are assumed to give an
accurate representation of the true response, they are afflicted with uncertainties
related to measurement errors. This is addressed in Paper III and further developed
in Paper V.

(i) Structural analysis
Calculation of stresses

Assessment steps Refinements

(ii) Resistance
Fatigue endurance

(iii) Fatigue verification
Prediction model

Paper I: Dynamic analysis
Paper II and III: Monitoring

Paper IV: Descriptive detail
category

Paper V: Safety format

Figure 1.3: A schematic view of the assessment process and the relation between
the papers.

The monitoring campaign of the Söderström Bridge has enabled studies of the
dynamic behavior caused by passing trains, e.g., Wallin et al. (2011). For realistic
train speeds no significant dynamic effects are seen in the measured response. This
is contradictory to the quasi static approach in the Eurocode which gives a high
dynamic amplification factor for short continuous beams. This contradiction is
addressed in Paper I with the purpose of suggesting adequate dynamic amplification
factors for initial fatigue assessments.

While Paper I, II, and III treat the load effect, Paper IV addresses the fatigue
endurance. An in-plane gusset plate joint was studied by linear elastic fracture
mechanics and an initial crack size distribution was fitted against test results. A
descriptive detail category is proposed based on the result.

In Paper V, a reliability-based assessment is presented. It enables an estimation
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of the uncertainties related to the deterioration model, the fatigue endurance, and
the load effect. A sensitivity analysis also indicates the influence of the different
uncertainties. A calibration of partial safety factors was performed and values are
presented for use in deterministic fatigue assessments based on a measured response.

1.2 Aims and scope

The overall aim of this thesis is to evaluate the potential for improvements in
the fatigue assessment procedure. While the standards sometimes entail over-
conservative fatigue life predictions, monitoring and advanced evaluation methods
are expected to provide predictions with higher accuracy.

Some specific objectives with the project is:

• Data acquisition from the monitoring system on the Söderström Bridge.

• Verifying the quality of the measured response.

• Performing a deterministic fatigue evaluation based on measured stresses.

• Improving the fatigue life prediction by advanced evaluation methods, such
as linear elastic fracture mechanics (LEFM).

• Performing a probabilistic evaluation of the fatigue life considering the mea-
sured response.

This thesis treats the fatigue assessment of the Söderström Bridge specifically. Some
results and conclusions presented are object specific, however, the proposed methods
are expected to be applicable to similar structures.

The fatigue life predictions have been performed using established methods such as
the Palmgren–Miner rule (Palmgren, 1924; Miner, 1945) and linear elastic fracture
mechanics (LEFM). The author has not tried to develop new prediction methods or
to improve the existing ones. The focus has been on reducing the uncertainties in
the required variables. The linear damage accumulation rule according to Palmgren
and Miner is used because its the most established approach for fatigue assessment.
LEFM is used as a complement and enables a more elaborate description of the
crack propagation phase and a distinct definition of the failure.

Residual stresses caused by the welding process can have a significant influence on
the fatigue life. This uncertainty is neglected in the present study. A conservative
approach has been adopted, always assuming the whole stress variation acting in
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tension. For details regarding residual stresses, the interested reader is referred to
James et al. (2007), Barsoum (2008) and Sonsino (2009).

The results from a monitoring system are a time signal and strain variations from
strain gauges mounted on the bridge. The denomination measured stress is used
throughout the thesis, which refers to the measured strain multiplied by Young’s
modulus according to Hooke’s law.

1.3 Research contribution

The monitoring campaign of the Söderström Bridge and the theoretical studies
presented in this thesis have resulted in the scientific contributions summarized
below.

• A semi-analytical routine for dynamic analysis of continuous Timoshenko
beams has been derived and implemented. It enables time effective analy-
ses of beams traversed by moving loads.

• The monitoring campaign of the Söderström Bridge has provided a vast
amount of data made available for research by the publications produced
in this project.

• Efficient routines and tools for treatment of the data produced by the monitor-
ing campaign have been developed and presented. From the measured strains,
train passages are extracted, statistics about the passages are summarized,
cycle counting is performed, and the accumulated damage is calculated.

• A procedure for quality evaluation of the measured response in terms of stress
range spectra has been developed. It enables a screening for deviant spectra
caused by malfunction or unexpected structural behavior. The evaluation
also treats the required duration of monitoring to reach a stable result.

• The fatigue life of a welded in-plane gusset plate joint has been studied in
detail. An empirical expression for the stress magnification factor was derived
for use in LEFM studies. A fictitious initial crack width distribution was fitted
against fatigue tests and a descriptive detail category was derived.

• In the reliability-based assessment a model incorporating the measurement
uncertainty is proposed. It was used for a code calibration and resulted in
partial safety factors to be used in assessment of existing steel bridges.
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1.4 Outline of thesis

This thesis is based on the work and results presented in the appended papers. The
intention of the thesis is to set the papers in the context of the research project. It
also provides a space for additional explanations to the work presented. A summary
of the appended papers is given in Chapter 2. Some underlying assumptions and
conditions left out in the papers are also given.

The case study, the Söderström Bridge, is in some sense appearing in all papers. The
properties of the bridge and some background information are given in Chapter 3.
A numerical example showing the merits of the proposed methods is also included
in the same chapter.

General conclusions based on the research project are presented in Chapter 4. Pro-
posals for further research are given in the same chapter. Specific conclusions
regarding each study are found in the appended papers.





Chapter 2

Fatigue assessment

Based on the well-known fatigue tests by Wöhler, a mathematical expression for
the fatigue endurance was proposed by Basquin (1910) as

N = KS−m
r (2.1)

where K and m are the intercept and the slope, respectively, of the S–N curve
in log–log scale, N is the number of cycles to failure, and Sr is the stress range.
The formula was originally based on the maximum stress since the fundamental
importance of the stress range wasn’t known at the time. Figure 2.1 shows an
example of an S–N curve based on a reevaluation of the fatigue tests presented in
Nilsson (1969).

With the relation
K = 2 · 106 SmC (2.2)

where SC is the fatigue strength for 2 million cycles, the Basquin law (2.1) can be
expressed as

N = 2 · 106
(
SC

Sr

)m

(2.3)

which is equivalent to the expression for fatigue endurance given in EN 1993-1-
9 (CEN, 2006). In the case of code based assessment or design (2.3) should be
expanded further to

N = 2 · 106
(

SC

γFfγMfΦSr

)m

(2.4)

where γFf and γMf are the partial safety factors for load and strength, respectively,
and Φ is the dynamic amplification factor.

9
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Figure 2.1: A reevaluation of the fatigue tests presented in Nilsson (1969) denomi-
nated 035-8 and 035-9.

The appended papers can be put in a context by expression (2.4). Paper I addresses
the influence of dynamics which is represented by Φ in (2.4). Paper II and III
addresses monitoring and the determination of realistic stress range spectra which
is represented by Sr in (2.4). The fatigue strength, SC in (2.4), is studied in
Paper IV for a specific welded detail. Finally, Paper V addresses the safety format
and the partial safety factors γFfγMf in (2.4).

The stress–life approach for fatigue life prediction as (2.4) implies, is valid for both
nominal stresses and so-called local stress approaches. A review of local approaches
is given in Radaj et al. (2009). Local approaches are generally recommended for
complex details when the nominal stress is hard to define or when no representative
detail category is at hand (Niemi, 1995; Hobbacher, 2008; Radaj et al., 2009). The
current design codes CEN (2006) and DNV (2011), supports the nominal stress
method and the local geometric stress1 method. The publication Hobbacher (2008)
gives besides the nominal and the geometric stress methods also recommendations
for the use of the effective notch stress method.

Monitoring is suggested as a measure to overcome uncertainties in theoretical cal-
culation models. Nominal stresses are attained if the sensors are located away from
local stress concentrations. The geometric (hot-spot) stress can also be attained
by measurements using strain gauges. Guidelines for the setup of gauges can be
found in Hobbacher (2008) and in Niemi (1995). Discussions and examples on ap-

1The term geometric stress is used in the Eurocode. Other frequent denominations are struc-
tural stress or hot-spot stress.
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plications can be found in Radaj et al. (1998) and in Schumacher and Nussbaumer
(2006). If only nominal stresses are measured, local stresses can be estimated by
a stress concentration factor calculated by parametrical formulae or by numerical
analysis (Partanen and Niemi, 1996). This intermediate step does, however, add
uncertainty to the life prediction. The uncertainties related to theoretical stress de-
termination are discussed by, e.g., Wirsching (1984); Folsø and Parmentier (2002);
Fricke et al. (2002); Sørensen (2012).

An alternative to the stress–life approach treated hitherto is linear elastic fracture
mechanics (LEFM). It is treated further in Section 2.3. An extensive review of
other possible life prediction methods can be found in Fatemi and Yang (1998).

2.1 Influence of dynamics

The fatigue deterioration is caused by variations in the load effect, the same effect
that triggers dynamic behavior. A pronounced dynamic behavior with high stress
amplitudes and a great number of cycles has a detrimental influence on the fatigue
life. In an ultimate limit state verification, the maximum attained load value is
decisive for the capacity. When it comes to fatigue life, rare extreme values are
not necessarily decisive. The accumulated damage is dependent on the whole stress
history which is dependent on the interaction between the load and the dynamic
behavior of the structure.

Dynamics of railway bridges is an extensive research area. It spans from the influ-
ence of steam locomotives in the early days of the railways, to advanced vehicle–
bridge interaction models for future high speed railways. A historical review can
be found in Frýba (1996). The interaction between the dynamic behavior of a
structure and fatigue deterioration is, however, rarely treated. Some exceptions
are Malm and Andersson (2006) studying dynamic oscillations of the hangers of
a tied arch railway bridge and its influence on fatigue life, Herwig and Brühwiler
(2011) presents a parametric study on, e.g., the influence of track irregularities and
the weight of the vehicle, furthermore, a dynamic amplification factor for fatigue
assessment is proposed, and Liu et al. (2013) studies the influence of load modeling
techniques on the fatigue damage caused by high speed trains.

In a code based assessment the influence of dynamics is considered by a dynamic
amplification factor (DAF) denoted Φ in (2.4). It is a quasi static approach where
the static response is magnified to comprise dynamic effects. Concerning fatigue
it enlarges the stress range but it cannot consider an increase in number of cycles.
Furthermore, it cannot capture discrepancies between static and dynamic behavior.
The dynamic factor was originally established for simply supported girders (ORE,
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1970; UIC, 2006). With a so-called determinant length, the values are adjusted
for application on other structural members with different support conditions. A
special DAF was suggested in ORE (1970) for secondary structures such as stringers
(rail bearers) and crossbeams in open deck bridges, that only depended on the
speed of the train. In measurements on steel bridges in service the dynamic effects
of secondary structures was not as pronounced as for main beams. The reason
was attributed to the complex interaction between main beams, crossbeams and
stringers, and furthermore, the short duration of the load. The suggested DAF for
secondary beams is, however, not incorporated in today’s standards.

To investigate the validity of the sometimes high values of the DAF, a theoretical
study on dynamics has been performed and presented in Paper I. The focus is on
open deck bridges and typical beams in the secondary structure as stringers and
crossbeams. To the experience of the author, these beams often attain a high DAF
and become decisive for the fatigue capacity of the whole bridge. Acknowledging
the importance of the dynamic effect, a more refined analysis was expected to show
a smaller influence of dynamic effects than prescribed in the standards.

An analytical model was developed in Paper I enabling parametric studies on the
interaction between dynamic properties and fatigue life. The theoretical approach
was inspired by the work of Christoffer Johansson on Euler-Bernoulli beams tra-
versed by high speed trains (Johansson et al., 2013). The secondary beams in open
deck bridges are typically short and have a high bending stiffness. The approach
presented in Paper I is therefore based on the Timoshenko beam theory. The equa-
tion of motion was derived in Timoshenko (1921) based on the equilibrium of a
beam segment and is reproduced below for the sake of completeness. An alterna-
tive derivation based on strain energy can be found in Rao (2007). A prismatic
beam shown in Figure 2.2 is studied. The deformation of an arbitrary point along
the beam axis is described by the vertical deflection w and its rotation φ. The
x-axis represents the undeformed state. The slope of the total deflection can be
expressed as

∂w

∂x
= φ+ γ (2.5)

where γ is the slope due to shear deformation.

In Figure 2.3, the shaded beam segment in Figure 2.2 is extracted and the forces
acting upon it are shown. The considered forces are the external load f , the bending
moment M , the shear force V , and Iw and Iφ which correspond to the deflection
inertia and the rotation inertia, respectively. For small deformations and a small
length dx, the conditions for equilibrium can be expressed as

↑: V − V − ∂V

∂x
dx− fdx+ ρA

∂2w

∂t2
dx = 0 (2.6a)
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Figure 2.2: A deformed prismatic beam.

x: M + ∂M

∂x
dx−M − V dx+ ρI

∂2φ

∂t2
dx = 0 (2.6b)

where ρ is the density, A is the cross-section area, and I is the second moment of
inertia.

dx

f

M + dx
∂M
∂x

V + dx
∂V
∂x

M

V

Iw

Iϕ

Figure 2.3: A beam segment and the acting forces. The deflection inertia and the
rotation inertia are denoted Iw and Iφ, respectively.

The bending moment in a beam is proportional to the curvature which is the first
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derivative of the bending slope

M = −EI ∂φ
∂x

(2.7)

where E is the Young’s modulus. The shear force is proportional to the shear slope
as

V = kAGγ = kAG

(
∂w

∂x
− φ

)
(2.8)

where k is the shear coefficient, A is the cross-section area, and G is the shear
modulus. Inserting (2.7) and (2.8) in (2.6) gives

−kAG∂
2w

∂x2 + kAG
∂φ

∂x
+ ρA

∂2w

∂t2
= f (2.9a)

−EI ∂
2φ

∂x2 − kAG
∂w

∂x
+ kAGφ+ ρI

∂2φ

∂t2
= 0 (2.9b)

These two coupled differential equations describes the dynamic behavior of a Tim-
oshenko beam. The derivation of the theoretical routine presented in Paper I starts
with the equations (2.9). The routine enables analysis of continuous beams with
simple support conditions as shown schematically in Figure 2.4. The beam is con-
sidered as prismatic in each span but can have different properties in different spans.
The support stiffness Ki can be varied arbitrary between the supports from rigid
to infinitesimal.

L1 Ln

F0
v

K1 K2 Kn Kn + 1

kAGn n n, EI , ρkAG1 1 1, EI , ρ

Figure 2.4: A schematic visualisation of the analytical model, a continuous beam
subjected to a moving load.

The merit of the routine is first of all the short analysis time required. It enabled
parametric studies on the influence of shear stiffness, train speed, damping, and
support stiffness for 22 bridge beams and different train types. Performing the
same number of analyses with a comparable accuracy using an FE software would
have been unfeasible. Another advantage is that the routine gives an exact result
based on the underlying assumptions. The result is exact if an infinite number of
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modes are considered in the modal superpositioning which, however, is impossible
for practical reasons.

A deficiency with the routine is that it can be applied only to simple two di-
mensional beams. The complex interaction between main beams, crossbeams and
stringers cannot be considered. Furthermore, it is restricted to moving load analy-
sis. Vehicle–bridge interaction effects and the influence of rail irregularities cannot
be handled.

The result presented in Paper I show large differences in the behavior of one span
beams and continuous ones. This gives reason for questioning the applicability of
the DAF given in the Eurocode (CEN, 2010) on continuous beams. The quasi static
approach in the Eurocode gives for all studied beams a conservative accumulated
damage why a longer fatigue life can be expected if a dynamic analysis is performed.

The number of modes required to reach convergence in the response was also stud-
ied. The progress differs between deflection, bending moment, and shear force,
but also between the different beams. In some cases a considerable change is at-
tained even for high modes. This puts a question mark on the applicability of the
modal analysis approach for dynamic analysis of open deck bridges. In the case a
three dimensional model is to be used comprising all structural elements, an exces-
sive number of modes needs to be considered to include high modes of short stiff
stringer beams. For more details and conclusions the reader is referred to Paper I.

2.2 Fatigue assessment based on measured stress

The assessment of an existing bridge typically starts with a theoretical structural
analysis for determination of stresses, categorized as a preliminary evaluation in
JRC–ECCS (2008), or as an initial assessment in Sustainable Bridges (2007b).
The next level might be an increase in detailing using advanced techniques such
as a three dimensional finite element analysis (FEA). However, any theoretical
model is still an interpretation of the reality and to a varying extent dependent on
the analyst. For the highest levels of assessment, monitoring of the actual stress
state is suggested in both aforementioned publications. Some examples on scientific
contributions treating monitoring based fatigue assessment are given below.

In the thesis written by Tobias (1994), monitored data from five riveted bridges in
North America was used for development of a load simulation routine for fatigue
evaluation. The characteristics of the load such as the axle loads and distances were
determined by weigh-in-motion (WIM) and used for reliability-based evaluations.
A summary of the thesis is provided in Tobias and Foutch (1997). In Li et al.
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(2001) and Chan et al. (2001), monitored data from the Tsing Ma Bridge in Hong
Kong is used together with an FE model for local damage assessment using contin-
uum damage mechanics. The Tsing Ma Bridge is a relatively new bridge completed
1997 and shows no sign of fatigue damage which makes the study somewhat hypo-
thetical. Measurements for fatigue assessment in general and for retrofit measures
specifically, is treated in Connor and Fisher (2006). Questions adequate for fatigue
evaluation such as the stress cutoff limit and the duration of monitoring are dis-
cussed. Furthermore, web gap cracking is treated which is of interest concerning
the cracks found on the Söderström Bridge, see Chapter 3. Zhou (2006) empha-
sis monitoring as a mean to reduce uncertainties in the load effect. A procedure
for fatigue life assessment in compliance with the American standards (AASHTO,
2003) is proposed. Professor Dan M. Frangopol has contributed to several studies
treating monitoring and fatigue assessment, e.g., Frangopol et al. (2008), Kwon
and Frangopol (2010), and Liu et al. (2010). The focus is typically on reliability
analyses and cost estimations for intervention planning.

The monitoring campaign of the Söderström Bridge is described in Paper II. The
purpose was to establish the actual stress variation in some of the critical sections
identified in Andersson (2009). Stress levels lower than estimated in the theoretical
analysis were expected, with a reduced predicted fatigue damage as a result. The
measurements did, however, rather confirm the discouraging result of the theoretical
study. As shown in Figure 20 in Paper II, the estimated damage based on the
measurements shows a good resemblance to Method 2 of the theoretical calculations.
Even though no extended service life could be ensured, the measurements have
contributed with reduced uncertainties in the actual load effect.

Continuous measurements require effective routines to handle the vast amount of
data produced. Reducing the amount of data at an early stage makes subsequent
analyses less time consuming. In the case of fatigue assessment, the variation in
stress is decisive which makes the time history essential. However, only variations
contributing to the fatigue deterioration are of interest. For the Söderström Bridge,
short term strain variations are seen for the train passages. Long term variations
are seen for daily temperature variations and over seasons. The daily variation is
apparent in Figure 2.5 showing the median strain for every 10 minutes of measure-
ment over a period of 43 days.

Even though the change in temperature causes variations in strain, it doesn’t neces-
sarily give stress variations. Imposed deformations cause stresses only if the studied
member is restrained from movement. Measuring the strain, the stresses caused by
restrained deformations are not easily determined. Nevertheless, the variation due
to temperature changes causes no more than one cycle per day which in comparison
to the roughly 520 trains passing the bridge every day is negligible. To neutralize
the influence of the temperature and the inherent low zero-stability of the gauges
(Ko and Ni, 2005), a routine was developed that extracts the train passages from
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Figure 2.5: Median strain variation in gauges 35 and 36 on a stringer beam during
the monitoring period starting 30th of July and ending 11th of September 2008.

the raw data. Furthermore, it renders a reduction in data amount, more time ef-
fective analyses, and makes statistical evaluations of the passages possible. The
extracted train passages could also be used for bridge weigh-in-motion (B-WIM)
treated in, e.g., Karoumi et al. (2005); Liljencrantz et al. (2007); Gonzalez (2011).

A cycle counting technique is required to convert the measured time history to a
stress range spectrum. In the work within this thesis the rainflow cycle counting
method has been adopted, suggested by Matsuishi and Endo (1968). Examples on
other methods can be found in Stephens et al. (2001). Algorithms for implemen-
tation of the rainflow method have been presented in Downing and Socie (1982)
and Rychlik (1987). The cycle counting has been performed with Matlab and the
WAFO toolbox (Brodtkorb et al., 2000).

A deterministic fatigue assessment is performed and presented in Leander (2008)
for every gauge in the monitoring campaign. The result is summarized in Paper II.
In the assessment of a bridge in whole, a judgment is required on which gauges
are reliable and representative for each structural part. This issue is addressed in
Paper III which covers three related parts for the quality assurance of the measured
response. The first part treats the differences between gauges. Some gauges are
seen to be afflicted by electrical disturbance and others by unexpected local effects.
For the Söderström Bridge, malfunction and vandalism were additional reasons for
deviant responses. The quality assurance approach suggested in Paper III is based
on established statistical methods as analysis of variance (ANOVA) and post hoc
analysis. The ANOVA enables a thorough comparison of the stress range spectra
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for a whole group of gauges with defined levels for deviant spectra. The approach
can easily be atomized and incorporated in the data acquisition enabling a running
evaluation of the response.

The second part treats the duration of monitoring. Just as the quality of the mea-
sured response it is, however, rarely treated in reports covering fatigue assessment
based on measured stresses. An exception is Connor and Fisher (2006), suggesting
a period of about two to four weeks. A period of one week or less is not encouraged.
The Swedish publication Trafikverket (2013) states a minimum required period of
one week for determination of stresses for fatigue assessment. The study of con-
vergence in Paper III shows on large differences between different structural parts
and gauges. For some of the gauges on the Söderström Bridge, convergence is
reached already after four days of measurements. For other gauges no convergence
is reached during the studied period of 43 days. The convergence criterion is based
on a progression model proposed in the paper. As with the statistical comparison
of the spectra, the model could be used during operation of the monitoring system
to evaluate the progress of each spectrum.

The third and last part of Paper III is a study whether the obtained spectra can
be represented by statistical distributions. If so, the spectra could be described
by statistical moments which would simplify the quality assurance process and the
implementation in fatigue assessments. A Weibull distribution would be prefer-
able since the damage accumulation using the Palmgren–Miner rule then becomes
a closed expression (Lassen and Recho, 2006). The curve fitting presented in Pa-
per III, unfortunately, does not give a convincing agreement. As seen in Figure
19 in Paper III, a large scatter is obtained for all distributions. The Gumbel and
the lognormal distributions are judged most appropriate based on a goodness of
fit test. The calculation of accumulated damage does, however, suggest the beta
distribution to be more suitable. The Rayleigh distribution is occasionally used to
represent the stress range spectra for highway bridges, e.g., in Zhao et al. (1992).
However, the result in Paper III shows it to be inappropriate for railway bridges.

2.3 Fatigue endurance by LEFM

A small change in fatigue strength has a large influence on the fatigue life due to
the exponential relation exemplified with (2.4). The effect of this relation is shown
in Figure 19(a) in Paper II. As an attempt to increase the predicted fatigue life
of the Söderström Bridge a typical joint in open deck bridges was studied in detail
in Paper IV. It corresponds to an attachment plate welded to the flange edge of a
beam. This type of joint is typical for the attachment of bracing to the members of
open deck bridges as shown in Figure 2.6. The fatigue strength given in standards
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as CEN (2006) are conservative estimates based on tests on a large number of
specimens. The intention with the study in Paper IV was to reach a more specific
fatigue strength dependent on the dimensions of the joint.

Figure 2.6: The joint between the wind bracing and a cross beam in the Söderström
Bridge.

The study performed is based on linear elastic fracture mechanics (LEFM). It en-
ables a description of the crack propagation phase and a definition of the final
fracture. LEFM is in, e.g., JRC–ECCS (2008) and Sustainable Bridges (2007b)
mentioned as a final resource for fatigue assessment. The application is not as
straight forward as the stress–life approach and little, if any, guidance can be found
in today’s standards for bridge design or assessment. Furthermore, the work effort
for crack growth analyses from initiation to a final fracture is substantially higher
in comparison to a linear damage accumulation (Martinsson, 2005).

Fracture mechanics is used to study the propagation of a defined crack. Bridges are
typically subjected to elastic loading conditions which together with an assumption
of small-scale yielding at the crack tip implies that linear elastic fracture mechanics
is applicable. Decisive for the fatigue crack growth are the stress intensity factors
(SIF:s) which characterize the stress state at the tip of a crack (Nilsson, 2001). It
can be expressed as (Hobbacher, 1993)

Kr = Sr
√
πaYu(a) (2.10)

where Sr is the remote stress range, a is the crack depth, and Yu(a) is a universal
correction factor dependent on the geometry, boundary conditions, and the crack
mode. The three different crack modes are illustrated in Figure 2.7. In the case of
mixed-mode cracking the interaction between the modes requires consideration in
the analysis of the crack path, see Suresh (1998) among others.
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(a) Mode I. (b) Mode II. (c) Mode III. (d) Mode I and II
combined.

Figure 2.7: Three modes of crack tip loading and one combined mode.

For welded structures, the universal correction factor is commonly split into

Yu(a) = Y (a)Mk (2.11)

in which the properties of the cracked plate is considered by Y (a) and the influence
of the weld and the attachment is considered by the magnification factor Mk. This
enables a combination of different parametric formulae to obtain the appropriate
universal correction factor. Expressions for Y (a) for various unwelded geometries
can be found in handbooks as, e.g., Rooke and Cartwright (1976); Murakami (1987);
Tada et al. (2000). However, the correction factor for the influence of welds Mk is
not at all as extensively covered in the literature. The lack of parametric formulae
is emphasized in Hobbacher (1993). There are, however, a few examples gathered
in (BSi, 2005).

The SIF and thereby the universal correction factor can be determined by numerical
methods or by weight functions, and for a few special cases by analytical solutions
(Nilsson, 2001). In Paper IV the finite element method (FEM) is used to determine
the stress intensity factor for a joint as depicted in Figure 2.8. A parametric formula
for the magnification factor is determined by a curve fitting to the results from the
FE analyses. An exemplary study based on a similar approach for a T-butt joint
is presented by Bowness and Lee (2000).

The relation between the crack length and the number of cycles is described by some
crack growth law. The most established is the linear so-called Paris law suggested
by Paris et al. (1961)

da
dN = AKm

r (2.12)

where N is the number of cycles andKr is the aforementioned stress intensity factor
range. The variables A and m are treated as constants dependent on the material,
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Figure 2.8: An idealized model of the studied joint.

the stress ratio R and the environmental conditions. A bilinear law is suggested in
BSi (2005) which is considered in Paper IV. A more exhaustive coverage of LEFM
can be found in the textbooks Anderson (2005), Suresh (1998), and in the more
condensed textbook by Nilsson (2001). Examples on applications on bridges can
be found in Fisher (1984).

The proposed parametrical formula in Paper IV enabled time effective crack propa-
gation analyses, which in turn enabled parametrical studies on different dimensions
of the joint. By calibrating a fictitious initial crack depth, or a so-called equivalent
initial flaw size (EIFS), to available fatigue tests new data could be simulated. The
new data was evaluated statistically and a descriptive fatigue strength is proposed.
It enables a consideration of different lengths of the attachment plate and different
thickness ratios between the plates in the joint.

2.4 Reliability-based assessment

An initial bridge assessment is typically performed by a semi-probabilistic approach
using partial safety factors, also called level I methods (CEN, 2004; Melchers, 2002).
Partial safety factors for fatigue assessment of railway bridges in Sweden are given
in Trafikverket (2013). In Paper V a level II method is used, the first order reli-
ability method (FORM), for calibration of the partial safety factors to be used in
a level I assessment. The focus is on consideration of measured stresses in fatigue
assessments of existing bridges.
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A fatigue assessment is to a large extent based on empirical data with substantial
scatter which makes a probabilistic approach eminently appropriate. This allows
uncertainties inherent in the resistance as well as in the loads to be considered. The
outcome of a probabilistic approach is a probability of failure Pf or an interrelated
reliability index β. To reach appropriate safety factors a target reliability has to
be stipulated. General discussions about target reliability for existing structures
are held in Diamantidis and Bazzurro (2007); Klatter et al. (2009); Vrouwenvelder
and Scholten (2010). Bridges in specific are treated in Allen (1993) and Toft and
Sørensen (2012).

A common conclusion in the aforementioned references is that a lower reliability
level should be accepted for existing structures in comparison to new structures.
Cost is mentioned as one reason. Increasing the structural strength in the design
stage is usually less costly than a strengthening of the completed structure (Klatter
et al., 2009). Reasons as user disruption, energy consumption, and heritage value
are added in Allen (1993). A reduced expected residual service life could also be
considered (Diamantidis and Bazzurro, 2007).

In Paper V the target reliability values suggested in Sustainable Bridges (2007b)
and ISO 13822 (2010) were adopted. A value of β = 2.3 is suggested if inspections
are possible and β = 3.1 if not. The β values correspond to probabilities of failure
of about 10−2 and 10−3, respectively. Theses values should not be seen as the
actual probability of failure, rather as nominal values or as formal failure probability
measures (Melchers, 2002). Some conservative assumptions are made, even in the
probabilistic approach, and only a subset of uncertainties are considered.

The FORM adopted in Paper V enables a consideration of the uncertainties and
the distributions of the stochastic variables (Melchers, 2002). The result is the
Hasofer–Lind reliability index (Hasofer and lind, 1974) also called the geometric
reliability index (Ditlevsen and Madsen, 2005). It is calculated based on a linear
approximation of the limit state function at the design point. In the case of a
multidimensional limit state function the approximation is a hyperplane through the
design point. If the limit state function is linear, the FORM gives an exact solution.
For a nonlinear function the solution will be an approximation. For pronounced
nonlinearity an alternative method might be called for such as the second order
reliability method (SORM) or some simulation technique (Sørensen, 2004). An
advantage of the FORM is the time effective analyses and the consistency in the
result. A simulation technique is more general but it is sensitive to the number of
samples. The number of samples required is treated in, e.g., Melchers (2002) and
Sørensen (2004).

A comparison with the result shown in Figure 2 in Paper V and the results of
a crude Monte Carlo simulation is presented in Figure 2.9. Only the stress range
spectrum for gauge 30 is considered. The reliability index for the spectrum of gauge
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30 is calculated to β = 3.24 in Paper V and indicated in Figure 2.9. The Monte
Carlo simulation is performed with different sample sizes ranging from 104 to 107

and for ten independent runs for each sample size. The scatter band in Figure 2.9
is caused by the different runs.
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Figure 2.9: The reliability index calculated by FORM and by simulation for gauge
30, cf. Paper V.

As seen in Figure 2.9, the result of the simulation converges towards a higher
reliability index. This implies a nonlinear limit state surface with a convex shape
towards origin and a conservative estimate by the FORM. Since the limit state
function defined with expression (6) in Paper V has three independent stochastic
variables, a graphical visualization of the limit state surface is possible. Figure 2.10
shows the limit state function equal to zero as a surface for normalized variables.
As seen in Figure 2.10(b), only a small deviation from a plane surface is retrieved.

An outcome of the FORM is the direction cosines or so-called sensitivity factors.
They indicate how sensitive the limit state function is to changes in the stochastic
variables. As seen in Figure 3 in Paper V, the fatigue endurance represented by
K1 has the greatest influence, thereafter the accumulated damage and the stress
uncertainty in descending order. This implies that an effort in decreasing the scatter
in the fatigue endurance has the greatest potential to increase the reliability.

Attention has been put on the consideration of the stress range spectra. The sug-
gested model is based on a full spectrum consideration and a bilinear fatigue en-
durance. Other options such as an effective stress range spectrum (Schilling and
Klippstein, 1977; Moses et al., 1987) and using continuous distribution functions
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Figure 2.10: A graphical visualization of the limit state function for gauge 30, cf.
Paper V. The color of the contour indicates the distance to origin with dark red as
the closest point.

was also studied. The reliability index calculated for an effective stress range spec-
trum is shown to be highly dependent on the fatigue limit and is conservative in
comparison to the full spectrum approach. No consistent results are obtained for
the case with continuous distribution functions. The result is for some spectrum
shapes conservative, but unconservative for others.

A practical outcome of Paper V is suggestions for the joint value of the partial
safety factors γFfγMf to be used in assessment of existing steel bridges when mea-
sured stresses are used. The factors are reached through a calibration against the
aforementioned target reliability values.



Chapter 3

Case study: The Söderström
Bridge

This thesis is focused on open deck bridges which carries the track without any
ballast layer. These bridges are typically built up by main beams, crossbeams
(floor beams), and stringers (rail bearers). Many of the concepts treated in the
thesis are applicable to any steel bridge or structure, e.g., monitoring as a mean
to determine stresses, or the reliability-based model for fatigue assessment. Other
parts are, however, limited to the behavior of open deck bridges loaded by railway
traffic, e.g., the dynamic studies in Paper I, or the specific stress range spectra
obtained through the measurements on the Söderström Bridge.

There are, according to a recent excerpt from the Swedish Bridge and Tunnel Man-
agement system (BaTMan), about 450 open deck bridges in the Swedish railway
system (Safi, 2013). The distribution of the year of construction for these bridges
is shown in Figure 3.1. As indicated in Figure 3.1(b) the median bridge was con-
structed in 1928 which means that fifty percent of the bridges are older than 85
years.

The structural system of these bridges involves many fatigue prone details such
as connections between stringers and crossbeams, between crossbeams and main
beams, and attachments of bracing. The stringers and crossbeams are typically
exposed to a great number of stress cycles and a codified assessment gives high
dynamic amplifications. These effects render a high theoretical fatigue damage and
restrictions in the service life.

The Söderström Bridge is one of the bridges in the statistics. Its superstructure

25
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Figure 3.1: Year of construction for the open deck bridges registered in BaTMan.

as it is today was constructed in the 1950ies and is a part of the so-called wasp
waist1 between the Central Station and the South Station in Stockholm, Sweden.
It has been studied extensively since fatigue cracks have been found in the webs
of the main beams (Ekelund, 2008), but also because it is representative for other
open deck bridges with its characteristic system of stringers, crossbeams and main
beams.

3.1 The Söderström Bridge

The Söderström Bridge is a continuous steel beam bridge in six spans. The struc-
ture is composed by two main girders, transversal crossbeams and four longitudi-
nal stringer beams. The bridge type is sometimes referred to as a through girder
bridge. Figure 3.2 shows a plan view of the bridge. The spans have the lengths
27+33,7+33,7+33,7+33,6+26,9 meters.

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. 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.

1Literally translated from the Swedish expression getingmidja.
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Figure 3.2: A plan view of the bridge. The supports are numbered according to
the original drawings.

The rails are attached to wooden sleepers by a so-called Hey-back fastener. The
sleepers are placed directly on the stringer beams. Figure 3.3 shows a section
through the superstructure.
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Figure 3.3: A section through the superstructure.

The railway line between the Central Station and the South Station in Stockholm
has the highest traffic intensity in Sweden. In Grimm and Wahlborg (2009), a ca-
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pacity analysis of the Swedish railway network is presented. A grading system with
three levels is used for classification and 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. A disturbance in the traffic
on the bridge 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.

A more elaborate description of the bridge can be found in Leander (2010).

Besides the papers appended to this thesis, the Söderström Bridge has been treated
in several other scientific reports. Partly because of the cracks found in the main
beams, but also due to the vast amount of measured data made available by the
monitoring campaign. Analyses of the dynamic behavior have been presented in
Wallin et al. (2011) and Kaliyaperumal et al. (2011). Local stress measurements
have been treated in Andersson et al. (2013). The cracking of the main beams has
been studied in Imam and Kaliyaperumal (2012). The traffic intensity have been
studied using the measured data and B-WIM in Gonzalez (2011).

3.2 Numerical example

To show the merit of the strategies proposed in the appended papers, a superficial
assessment of the fatigue life for one specific detail in the Söderström Bridge is
presented. The detail is the connection of the bracing to the mid span of the
stringer beams as shown in Figure 3.4. This detail has in the theoretical assessment
(Andersson, 2009) and in the evaluation based on measurements (Leander, 2008)
shown to be decisive for the fatigue life.

The stringer beams are continuous along the bridge between splices at the middle
of each main span. The longest stringers are about 33,7 meters divided in 10
spans between the crossbeams. A simplified two dimensional structural analysis is
performed using the routine presented in Paper I. The load considered is a fully
loaded X60 train which is the most frequent train on the bridge. Figure 3.5 shows
the calculated stress variation caused by the train passage at a point corresponding
to gauge 35 in the monitoring program (Leander, 2008). The quasi static response
is the static response multiplied with a DAF of 1,13 calculated in compliance with
EN 1991-2, Annex D. The dynamic analysis is performed considering the first 100
modes which has frequencies in the range 120Hz to 2600Hz. A damping ratio of
0,5% is used as suggested in CEN (2010).
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(a) A photo of the joint. (b) A cutting from the original drawings.

Figure 3.4: The connection of the bracing to the mid span of the stringer.

A thorough review of Figure 3.5 shows that the dynamic response is oscillating
around the static response while the quasi static response is a uniform enlargement
of the static response. Furthermore, apparently the train passage causes mainly
compressive stresses. However, since it is a welded detail to be checked and the
stress state due to residual stresses is unknown the whole stress range is assumed
detrimental.

A cycle counting using the rainflow method (Matsuishi and Endo, 1968) is per-
formed and the accumulated damage is calculated in compliance with EN 1993-1-9,
Annex A. The partial safety factors are set to γFf = 1 and γMf = 1.35 for the load
effect and the strength, respectively. The detail category is estimated to 40, see
detail 5 in EN 1993-1-9, Table 8.4. The predicted number of passages to failure is
Np = 120 000 and Np = 193 000 for the quasi static and the dynamic stress history,
respectively. The dynamic analysis allows about 60% more passages. With a con-
servative estimate of 520/2 trains passing on each track every day, and every train
is a fully loaded X60 train, the service life is merely 1,3 years and 2 years for the
quasi static and the dynamic stress history, respectively.

The calculation presented so far is afflicted with several uncertainties. The struc-
tural analysis is a crude simplification of the complex interaction between the
stringers, crossbeams and main beams. The load is generalized to a single fully
loaded X60 and the dynamic effects are calculated without any vehicle–track–bridge
interaction and without any rail roughness. By monitoring, as treated in paper II
and Paper III, a response is attained including the effects of these uncertainties.
A comparison between the theoretically calculated dynamic response and the mea-
sured response on the real bridge at the same location is show in Figure 3.6. The
loaded state of the real X60 train is unknown.

The comparison in Figure 3.6 shows a relatively good agreement. The structural
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(b) The first second of the train passage.

Figure 3.5: The theoretically calculated stress in a stringer beam for a passage of
the Swedish X60 commuter train.

model reflects the overall behavior of the beam even though the crests and valleys
attain slightly different peak values. The predicted number of passages for the
measured response of one single X60 train is Np = 190 000, slightly less than for
the theoretical dynamic response. To capture the effect of a varying traffic intensity
and various vehicles, a long term monitoring was employed. During the 43 days
long monitoring period in 2008, about 17 000 vehicles were registered. Figure 3.7
shows the measured stress range spectra for the whole period and the theoretical
response for the same number of passages but all of them as X60 trains.

The spectrum from measurements shown in Figure 3.7 has a few cycles with higher
stress ranges than the theoretical spectra. It also has more cycles in total. As
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Figure 3.6: The measured stress at gauge 35 for a passage of an X60 train, and the
theoretically calculated stress at the same location.
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Figure 3.7: Stress range spectrum for the measured stress of real traffic and theo-
retical stress range spectra for X60 passages.

expected, the theoretical spectra have the majority of cycles allocated at a few
stress ranges. The median passage based on the measurements can pass the bridge
about Nep = 216 000 times.

So far this example is based on a detail category of 40 in compliance with EN
1993-1-9. By considering the descriptive detail category in Paper IV the fatigue
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strength at 2 million cycles can be raised to SC = 47MPa. This gives an increase in
the allowed number of passages to Nep = 368 000 for the measured stress spectrum.
Decreasing the partial safety factors in accordance to Paper V further increases the
allowed number of passages to Nep = 399 000, and Nep = 720 000 for γFfγMf = 1.32
and γFfγMf = 1.14, respectively. The latter can be allowed in combination with
reoccurring inspections.

A further enhancement is to change the safety format from the semi-probabilistic
level I method to a level II method using the FORM. The full spectrum approach
in Paper V gives a reliability index for the measured stress range spectrum as
shown in Figure 3.8. The stochastic variables are defined in Table 1 in Paper V.
The influence of the target reliability levels as well as the influence of the fatigue
strength is apparent in the figure. With a fatigue strength of SC = 40MPa the
target values are reached after Nep = 244 000 and Nep = 420 000 passages for
β = 3.1 and β = 2.3, respectively. For a fatigue strength of SC = 47MPa the
corresponding number of cycles is Nep = 436 000 and Nep = 848 000, respectively.
A summary of the results is given in Table 3.1.

0 2 4 6 8 10 12
0

1

2

3

4

5

Nep /105

β

 

 
SC = 40 MPa

SC = 47 MPa

β = 2.3

β = 3.1

Figure 3.8: The reliability index as a function of number of vehicle passages Nep
calculated for the measured stress range spectra for gauge 35.

The quasi static structural analysis in combination with a deterministic evaluation
as suggested in the standards (Trafikverket, 2013), gives as expected the shortest
fatigue life. For each suggested enhancement the fatigue life is gradually increasing
as shown in Table 3.1. Reducing the uncertainties in the behavior of the structure
and the actual loading by considering long term monitoring increases the fatigue
life from 1,3 years to 2,7 years. Using a more refined detail category further increase
the fatigue life to 4,5 years. The reliability analysis presented in Paper V suggests
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Table 3.1: Predicted fatigue life for the detail at the location for gauge 35.
Nep = Number of passages, F.L.= Fatigue Life.

Method Traffic SC/MPa γFfγMf Nep/1000 F.L./years
Deterministic
- Quasi static X60 40 1,35 120 1,3
- Dynamic X60 40 1,35 193 2
- Measured X60 40 1,35 190 2
Deterministic Real 40 1,35 216 2,7

Real 47 1,35 368 4,5
Real 47 1,32 399 4,9
Real 47 1,14 720 8,9

FORM Real 40 β = 3.1 244 3
Real 40 β = 2.3 420 5,2
Real 47 β = 3.1 436 5,7
Real 47 β = 2.3 848 10,5

lower partial safety factors which further increases the fatigue life to 8,9 years and
4,9 years in combination with or without inspections, respectively. Calibrating the
result to the specified target reliabilities render the corresponding fatigue lives of
10,5 years and 5,7 years respectively. In comparison to the quasi static deterministic
prediction, the reliability-based method increases the fatigue life by a factor of 8
when reoccurring inspections are presupposed.

It should be noted that the values presented for the theoretical calculations are
based on a crude simplification of the structure. A more refined model considering
the three dimensional behavior of the structure might decrease the gap between the
theoretically calculated response and the measured one. However, the variation in
traffic intensity and the influence of different vehicles still needs to be estimated.
The results presented are, furthermore, valid only for the conditions and properties
of the specified detail. However, the outcome shows an evident tendency of an
increased fatigue life.

The result shows a severely limited fatigue life. Despite the strong indications of
damage, the inspections have not revealed any fatigue cracks at the studied detail.
This discrepancy could be explained by inaccurate detection methods. However,
a more plausible explanation is the conservative assumption regarding compressive
stresses. If no tensional residual stress exists at the critical initiation point or if
relaxation has occurred, the compressive part of the remote stress variation will not
contribute to any crack growth. This is a matter for further research as suggested
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in Section 4.2.



Chapter 4

Conclusions

4.1 General conclusions

The purpose of this thesis is to propose enhancements to the fatigue assessment
procedure with the overall aim of reaching a longer fatigue life. The focus lies on
measurements to determine the actual stress state in a structure and the incorpo-
ration of the outcome in the assessment. The following conclusions are based on
the studies of dynamics of short bridge beams in Paper I, the processing of mea-
sured data in Papers II and III, the refined fatigue assessment based on LEFM
in Paper IV, and the reliability-based assessment in Paper V. For more specific
conclusions the reader is referred to the appended papers.

• The studies on dynamics have shown fundamentally different behavior of sim-
ply supported and continuous beams. For typical continuous beams in open
deck bridges, a dynamic analysis gives a considerably lower response than the
quasi static method in the standards. The quasi static approach developed
for simply supported beams gives an overly conservative response and seems
inappropriate for fatigue assessment of continuous beams.

• The monitoring campaign of the Söderström Bridge has produced a vast
amount of data. It did not fulfill the expectation of more favorable stress
range spectra than the previous theoretical studies presented in Andersson
(2009). It has, however, given important insight in the behavior of the struc-
ture and the properties of the traffic.

• Sections in the stringer beams have the highest indication of fatigue damage,
both in the previous theoretical calculations (Andersson, 2009) and from the

35
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measurements. No indication of damage has, however, been found on the
stringers during inspection.

• A method based on established statistical methods for sorting out deviant
spectra is suggested in Paper III. The procedure is shown to effectively find
deviations caused by electrical disturbance as well as geometrical effects.

• 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. In compliance with Trafikverket (2013), a minimum of
one week is suggested. However, for some cases the results presented indicate
longer required duration.

• In Paper IV a parametrical formula for the stress intensity factor (SIF) is
presented for a cracked joint with a welded in-plane attachment. The SIF
can be used for fatigue assessment by LEFM in combination with a fatigue
crack growth law. The parametrical formula shows, e.g., that a decreasing
length of the attached plate gives a decreasing stress intensity. A decreasing
thickness ratio between the attached plate and the main plate gives the same
tendency.

• The reliability-based model for fatigue assessment suggested in Paper V is
based on a full spectrum consideration and a bilinear fatigue endurance. The
often used approach based on an effective, or equivalent, stress range is shown
to be overly conservative for some cases. Continuous distributions fitted to
the measured response gives inconsistent reliabilities, conservative for some
cases and unconservative for others.

• The highest importance indicated by the sensitivity factors from the relia-
bility analysis is gained for K1, representing the fatigue endurance in the
model. Thereafter comes in order the accumulated damage ∆ and the stress
uncertainty XS.

Besides the conclusions stated above the study have given some practical contribu-
tions. In Paper IV a descriptive detail category is derived by LEFM and a fictitious
initial crack size fitted to test results from similar details. A contribution of Pa-
per V is the suggested partial safety factors to be used for deterministic fatigue
assessment based on measured stresses.
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4.2 Further research

The first two suggestions for further research given below are motivated by the
sensitivity analysis in Paper V. The greatest values for the sensitivity factors are
gained for the fatigue endurance and the accumulated damage. The final suggestion
is related to the fundamental assumption of high residual stresses in assessment of
welded structures.

Object specific fatigue endurance

The standard deviation used for the fatigue endurance in Paper V is a universal
value suggested in DNV (2011). Object specific testing of the studied detail with
dimensions appropriate for bridges would hopefully reduce the scatter in the fatigue
endurance, or at least suggest a value appropriate for the specific detail.

Damage accumulation for bridge specific loads

The stochastic variable for the accumulated damage is commonly assigned prop-
erties suggested in Wirsching (1984). Studies have, however, shown a strong de-
pendency on the load characteristics (Sonsino, 2006; Zhang and Maddox, 2009).
To increase the knowledge of the accumulated damage variable, variable amplitude
fatigue tests with load histories adequate for bridges are suggested. The loading
sequence on bridges is typically recurrent over time.

Influence of residual stresses

As stated in Section 1.2, a conservative approach regarding the influence of residual
stresses has been adopted, always assuming the whole stress range acting in tension.
Structural parts subjected to mainly compressive remote stresses can thereby be
decisive for the fatigue life, e.g., the joint at the mid span of the stringers on the
Söderström Bridge. Intuitively, a failure in that joint is not likely but cannot be
proved safe without knowing the stress field due to residual stresses.

For a precise assessment of the fatigue life the influence of residual stresses should be
considered. The importance have been emphasized in, e.g., Barsoum and Barsoum
(2009) and Sonsino (2009). At the same time, studies have shown indications on
relaxing residual stresses under variable amplitude loading (Kihl and Sarkani, 1999;
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Sonsino, 2009; Zhang and Maddox, 2009). The influence of typical bridge loading
on this matter is an urgent field to study for more precise life predictions.
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