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Abstract

The use of high strength steel has the potential to reduce the amount of steel used
in bridge structures and thereby facilitate a more sustainable construction. The
amount of steel and what steel grade that can be used in bridge structures and
other cyclic loaded structures are often limited by a material degradation process
called fatigue. The fatigue resistance of steel bridges is to a large extent depending
on the design of structural details and connections. The design engineer is limited
by the selection of a few pre-existing structural details with rather poor fatigue
strength to choose from when designing steel bridges. Therefore, he/she is often
forced to increase the overall dimensions of the structure to cope with the design
requirements of fatigue.
This doctoral thesis aims at increasing the fatigue resistance of fatigue prone struc-
tural details and connections by implementing new structural solutions to the al-
ready existing details given in the design standards. A typical fatigue prone detail
is the vertical stiffener at an intermediate cross-beam, which will be in focus. By
improving the fatigue resistance, less steel material will be required for the con-
struction of new steel bridges and composite bridges of steel and concrete.
It is shown in this thesis and the appended papers that the use of high strength
steel for bridge structures can considerably reduce the amount of steel used, the
cost of the steel material, and the harmful emissions. However, this is only true
if the fatigue strength of critical details can be improved. This is shown through
a survey of existing bridge structures and an optimisation of a steel and concrete
composite bridge.
Furthermore, a few new structural details are proposed and a few already existing
solutions are highlighted that have the potential to improve the fatigue strength.
The most promising structural detail could potentially increase the fatigue strength
by 25 %. This is shown through numerical analyses using linear elastic fracture me-
chanical models. However, the new structural details should be verified through
fatigue experiments as a final step to determine their fatigue strength.

Keywords: high strength steel, fatigue, steel bridges, steel and concrete composite
bridges, new structural details, linear elastic fracture mechanics, effective notch
stress method, nominal stress method
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Sammanfattning

Genom användandet av höghållfast stål kan en mindre mängd material använ-
das som i sin tur leder till ett mer hållbart byggande. Mängden stål och vilken
stålkvalité som kan användas vid byggandet av stålbroar och andra cykliskt be-
lastade konstruktioner avgörs ofta av nedbrytningsprocessen utmattning. Utmat-
ningskapaciteten hos stålbroar är till stor del beroende av brons anslutningsdetaljer.
Brokonstruktören har vid designstadiet ett begränsat antal beprövade anslutnings-
detaljer att välja bland – vilka ofta har relativt låg utmattningskapacitet – och
konstruktören är därmed ofta tvungen att öka konstruktionens dimensioner för att
klara av kraven gällande utmattning.
Den här avhandlingen har till syfte att förbättra utmattningkapaciteten för utmat-
tningsbenägna anslutningsdetaljer i stål genom att införa nya anslutningsdetaljer
bland de redan existerande detaljerna som finns i de olika standarderna. En ut-
mattningskritisk detalj som ligger i fokus är anslutningen mellan livavstyvningen
och tvärförbanden hos stålbalkbroar. Genom att förbättra utmattningskapaciteten
så kan en mindre mängd stålmaterial användas vid byggandet av stålbroar och
samverkansbroar i betong och stål.
I denna avhandlingen kunde det påvisas att höghållfast stål för broar kan sänka
mängden stålmaterial, stålkostnaden och koldioxidutsläppen. Dock så gäller detta
enbart om utmattningskapaciteten för kritiska anslutningsdetaljer kan ökas av-
sevärt. Detta visas genom en kartläggning av existerande broar och genom en
optimiering av en samverkansbro i stål och betong.
Dessutom, så presenteras ett antal nya anslutningsdetaljer och ett fåtal redan exis-
terande lösningar uppmärksammas som har potential att förbättra utmattningska-
paciteten. Den mest lovande anslutningsdetaljen kan potentiellt öka utmattning-
shållfastheten med 25 %. Detta visas genom numeriska analyser med användning
av linjärelastiska brottmekaniska modeller. Detta kräver dock verifiering genom
experimentella studier för att fastställa deras kapacitet.

Nyckelord: höghållfast stål, utmattning, stålbroar, samverkansbroar i betong och
stål, nya anslutningsdetaljer, linjärelastisk brottmekanik, effektiv anvisningsspän-
ningsmetod, nominell spänningsmetod
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Chapter 1

Introduction

The manufacturing of materials used in bridge structures accounts for the majority
of the harmful emissions and a large portion of the total cost of the bridge. By
using high strength steel (HSS)1, the material consumption of steel structures can
be reduced, thereby facilitating more sustainable construction of new steel bridges,
with the prerequisite that the higher yield strength of the material can be utilised.
However, certain design factors are unaffected by a higher yield strength, e.g. dy-
namic properties, instability phenomena, deflection, and fatigue life of welded steel
structures in the as-welded condition2. This entails that the benefits of HSS cannot
be attained if any of these design factors are decisive.

Among bridge designers, fatigue is recognised as being one of the most decisive
design factors for new steel bridges and will usually set the limit for the amount of
steel that is required – this applies particularly to bridges containing HSS, but also
to bridges containing conventional steel3.

1.1 Background

The most common cause of fatigue damage in steel bridges is due to poor design
of structural details and secondary effects4 that could not be foreseen without
a detailed finite element analysis. Fatigue cracks usually occur in the vicinity
of structural details and there are typically several fatigue prone details in steel
bridges. If secondary effects have negligible influence, one of the most fatigue prone
details is the vertical web stiffener, which is to be attached to the upper and lower
flanges according to the Swedish transport administration, Trafikverket (2019).
The vertical web stiffener is typically used for attaching the cross-beams to the
longitudinal girders – this structural detail is shown in Figure 1.1 for a steel and
concrete composite bridge. Cross-beams are essential parts of a bridge structure
that serve many functions. During the construction and erection of bridges, they,
together with the temporary bracing, stabilise the structure. The increased stability
reduces the risk for lateral torsional buckling and, for steel and concrete composite
bridges, it makes the pouring of the concrete deck easier due to a lower differential
deflection between the girders. The increased stability might also be required for

1Definition used for steels with a yield strength fy > 460 MPa.
2Defined as a weld that has not been subjected to any post-treatment.
3Herein referred to as steel with a yield strength fy ≤ 460 MPa.
4Often associated with deformation induced fatigue damage, see section 2.2.
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CHAPTER 1. INTRODUCTION

continuous bridges close to the support where the compressed flange is free to
buckle. In addition, the reduced differential deflection will lead to more evenly
distributed loads and lower bending stresses in the concrete deck. The bracing
system will also distribute transverse forces more evenly between the longitudinal
girders. Furthermore, in curved bridges, the cross-beams provide restraint against
radial forces.

Cross-bracing

Vertical stiffener

Longitudinal girder
Concrete deck

Figure 1.1: A steel and concrete composite bridge with an intermediate stiffener
between two steel girders. The connection between the steel girder and the ver-
tical stiffener attached to the intermediate cross-beam is usually the structural
detail that becomes decisive in a fatigue verification. The figure is reproduced from
Trafikverket (2017).

The Eurocode (CEN, 2008) is the governing standard in Sweden for the design
of steel structures concerning fatigue. The resistance of structural details in the
Eurocode is based on several predefined fatigue strength curves. These fatigue
strength curves are derived for a limited set of structural details and loading condi-
tions, and each fatigue strength curve is based on the testing of several specimens.
Due to the limited selection of structural details and the poor fatigue strength of
the structural detail shown in Figure 1.1, the design engineer is often forced to
increase the dimensions of the structure to reduce the fluctuating stresses and in-
crease the fatigue life. Therefore, to allow for more material efficient and slender
bridges and to be able to utilise steels of higher grade, the fatigue strength needs
to be increased. An improved fatigue strength can be achieved by new structural
details or by modifying already existing details.

2



1.2. AIMS AND SCOPE

1.2 Aims and scope

The aim of the presented research work is to reduce the amount of steel material
required for new steel and composite steel and concrete bridges, and as a result,
contribute to a more sustainable construction of new bridges. This will be achieved
by improving the fatigue strength of one of the most fatigue prone structural details
in steel bridges – the vertical web stiffener5. This research work will be limited to
finding new structural details and/or modifying already existing details in an at-
tempt to increase its detail category. This thesis will not investigate methods to im-
prove the weld quality and post-treatment methods to improve the fatigue strength
of welds. The reason for not treating this subject is that several researchers are
already investigating this topic, such as Barsoum and Gustafsson (2009), Shams-
Hakimi (2020) and Åstrand et al. (2016). Furthermore, avoiding post-treatment
methods will reduce the manufacturing costs and the time spent performing in-
spections and quality control. In addition to the limitations presented above, the
main focus of this thesis is not to investigate the need for intermediate cross-bracing
systems for steel bridges. Therefore, no attempt in providing recommendations for
the maximum distance between bracing members has been made.

1.3 Scientific contribution

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

1. An extensive survey of existing Swedish steel bridges, with a focus on how
common different steel grades are and how they have been used in different
parts of the cross-section (study provided in Paper I).

2. Optimisation of bridges containing different steel grades to investigate if steel
of higher grade can contribute to a more sustainable construction, given that
the fatigue life can be improved (study provided in Paper II).

3. Improving the understanding of distortion induced fatigue of web-gap details
through numerical studies and field experiments (study summarised in Paper
III).

4. Recommendations regarding initial parameters to use in a linear elastic frac-
ture mechanical analysis of the fatigue life – these recommendations can be
used to study new welded structural details (study summarised in Paper IV).

5. Analysing new and existing structural details for an improved fatigue strength.
A structural detail with the potential to improve the fatigue strength by at
least 25 % is suggested (study summarised in Paper V).

5Sometimes also referred to as a connection plate.
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CHAPTER 1. INTRODUCTION

1.4 Outline of the thesis

The purpose of this thesis is to put the appended papers (Paper I-V) in a broader
scientific perspective and to summarise the research work. Furthermore, additional
explanations are given to certain topics that could not be contained in the papers
themselves. The purpose is not to give an extended background to the topic of
fatigue nor high strength steel structures, which are instead covered in the licentiate
thesis, see Skoglund (2019a). The reader is thus assumed to be familiar with these
topics.

In chapter 2 an overview of the fatigue damage process together with distortion
induced fatigue and a few structural details are presented. In chapter 3 a summary
of the appended papers is given. The thesis is concluded in chapter 4, containing
an overview of the work, conclusions, and further research.

As is customary at the department of Civil and Architectural Engineering, parts
of the licentiate thesis have been incorporated in the manuscript of the doctoral
thesis.
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Chapter 2

Fatigue

2.1 Fatigue process

Fatigue damage in steel structures is characterised as the accumulation of damage to
localised regions that can lead to the onset and propagation of cracks for structures
subjected to fluctuating loads. Depending on the loading scenario, the fatigue crack
might eventually propagate to such an extent that the net section is too weak to
carry the external load and it fails rapidly. For steel structures without any severe
initial flaws, two distinct phases prior to failure can be distinguished.

• Crack nucleation phase: Cracks usually nucleate at the surface of a component
at stress concentrations caused by discontinuities. Discontinuities include
dents, surface roughness, corrosion pits, voids, pores, extrusions/intrusions,
and sharp geometrical changes. The length of the nucleation phase depends
on the severity of the pre-existing discontinuities/flaws. For a component
without any severe initial discontinuities, the nucleation phase starts in the
bulk of the material and is caused by irreversible slip dislocations along the
crystallographic planes. These dislocations bundle up and form slip bands,
which eventually will give rise to extrusions and intrusions at the surface of
the component.

• Crack propagation phase: This phase starts with the formation of microc-
racks, which may initiate from the rugged surface caused by slip bands, or
other discontinuities. At first (stage I) the microcracks will grow in the direc-
tion of the maximum shear stress, which coincides with the direction of the
slip bands. At stage I the crack only covers a few grain sizes in length and
the growth rate is controlled primarily by the shear stresses. As the cracks
continue to grow they tend to combine and usually grow perpendicular to the
maximum principal stress, in which a coherent crack covering several grains
is formed, (stage II).

For a more comprehensive background of the fatigue process, the reader is referred
to literature such as Suresh (1998) and Stephens et al. (2001).

As mentioned in the introduction, the fatigue life of welded steel structures, in
the as-welded condition, is often assumed to be insensitive to the yield strength of

5



CHAPTER 2. FATIGUE

the material. This stems from the impact of grain size and the number of grain
boundaries – steel with higher yield strength usually has more grain boundaries
than conventional steel. During the nucleation of fatigue cracks, the second phase
particles (which include the grain boundaries) will limit the mobility of the disloca-
tions and slip bands, thus increasing the crack nucleation phase. For the progress of
short fatigue cracks, as the crack tip encounters a grain boundary in the material,
the crack speed will be reduced considerably. As the cracks progress and start to
form a coherent crack front covering several grains, the impact of grain boundaries
decreases. Since the fatigue life of a welded structure, in the as-welded condition,
is characterised by stage II crack growth the impact of grain boundaries becomes
less important, and is instead controlled by the E-modulus of the material, which
is approximately the same for different steel grades.

2.2 Distortion induced fatigue

In the introduction, it was mentioned that the most common cause of fatigue dam-
age in steel structures is due to secondary effects. A substantial part of the back-
ground documents to this thesis is spent on trying to improve the understanding of
distortion induced fatigue with the aim of improving the strength of fatigue sensitive
structural details. In this subsection, this topic will be introduced by providing a
definition of distortion induced fatigue, presenting a few cases of distortion induced
fatigue damage, and presenting the results from a field experiment. The damage
cases and the field experiment are presented in more detail in Skoglund (2021).
For the interested reader, more information about distortion induced fatigue can
be found in the publications made by John Fisher, see for instance Fisher et al.
(1990).

2.2.1 Load induced vs. distortion induced fatigue damage
Generally, fatigue damage can either be classified as load induced or deformation
induced. The difference is that the former is caused by in-plane stresses directly
imposed by the external loads and the latter is often a result of forces in secondary
members invoked by deformations in the primary members. Deformation induced
fatigue damage often occurs when two structural members with different stiffness
are connected and are subjected to constrained deformation, which results in sec-
ondary stresses.

A load induced fatigue crack will grow with an exponential rate as a result of
a smaller net section and a higher stress intensity at the crack tip as the crack
progresses. The crack growth rate of a deformation induced fatigue crack can on
the other hand decrease as the crack continues to grow and eventually come to a
complete stop – this is an effect of a decrease in constrain/stiffness of the structural
elements as the crack length increases.

6



2.2. DISTORTION INDUCED FATIGUE

Distortion induced fatigue is mostly a result of stresses due to cyclic out-of-plane
deformation (distortion) of a small section that is locally confined between stiff
boundaries. Therefore, distortion induced fatigue is essentially a pure deformation
induced fatigue phenomenon. However, it is also influenced by in-plane stresses.
This first becomes apparent after the crack changes direction and starts to grow
perpendicular to the in-plane stresses in the primary members. An example of
out-of-plane distortion, which could produce fatigue damage, is the web-gap defor-
mation presented in Figure 2.1.

The in-plane stresses in the primary members controlled by load induced fatigue
are often easy to estimate and incorporate in a normal design process. However,
the secondary stresses associated with deformation induced fatigue are considerably
harder to quantify and require a refined analysis. Therefore, they are likely to be
overseen by the design engineer.

Being able to cut the stiffeners short from the lower flange has the potential to
increase the fatigue strength of steel bridges by reducing the in-plane stress range.
However, the higher fatigue strength can only be utilised if the secondary stresses
can be kept small and not decisive for the fatigue life.

2.2.2 Swedish damage cases
Internationally, thousands of bridges have suffered from distortion induced fatigue
damage and there are bridges still in service with the risk of developing this type
of damage. In Sweden, roughly 81 % and 75 % of all road and railway bridges that
were built between 1940 and 1985 have a web-gap between the flanges and the
vertical stiffener, respectively. This was based on the data compiled in Skoglund
(2021). Only a fraction of these bridges have developed fatigue damage and the
majority of the bridges will most likely not develop distortion induced fatigue dam-
age during their expected service life. A few cases of fatigue damage among the
Swedish bridge stock were presented in Skoglund (2021) and two cases representing
distortion induced fatigue damage among the Swedish bridge stock are presented
in Figure 2.2 and 2.3. In both cases, there is a plate fitted into the gap between
the end of the stiffener and the flange plate. This plate, which is referred to as a
fitting-plate, is only welded to the end of the stiffener and not to the flange plate.
Without a refined analysis, the cause of the fatigue crack and the future crack evo-
lution of these two cases can only be speculated upon – the decrease in restraint
might be sufficient to cease further crack propagation.

The crack shown in Figure 2.2 belongs to a bridge built in 1968 and initiated at
the weld toe of the stiffener plate – this is usually not the location, but rather at
the weld toe of the web-plate. The most likely scenario is that the crack initiated
due to the unconstrained web-gap deformation, the sharp geometrical change at the
slot of the vertical stiffener together with initial defects. And afterwards, the crack

7



CHAPTER 2. FATIGUE

(a)

(b)

(c)

Figure 2.1: Cross-sectional deformation of a multi-span bridge, giving rise to local
web-gap deformations. The figure is taken from Skoglund and Leander (2022b)
(Paper III).

progressed through the weld and the propagation is/was controlled by the web-gap
deformation rather than in-plane stresses. The cross-bracing member attached to
the vertical stiffener in Figure 2.2 is positioned close to the support in the hogging
bending moment region and the nominal stresses in the web-plate have therefore
little impact on the propagation of the crack. To prevent further damage, the crack
should be welded shut and the out-of-plane distortion should be prevented. The
most suitable procedure can only be realised through a finite element simulation. In
Figure 2.4 three possible solutions are presented, coming at various costs and with
varying capabilities of lowering the critical stresses. These retrofitting procedures
have been studied in publications such as Zhao and Roddis (2007); Alemdar et al.
(2014a); Connor and Fisher (2006), and are not originally proposed by the author
of this thesis.

The bridge shown in Figure 2.3 (a) was built in 1964 and has in total seven cracks
in the mid-span region of the bridge similar to the crack seen in Figure 2.3 (b). As
can be seen, the fatigue crack has initiated in the cope hole between the lower cross-
bracing bar, the vertical stiffener, and the lower flange. The crack is likely caused

8



2.2. DISTORTION INDUCED FATIGUE

by a combination of a complex local deformation of the vertical stiffener and lower
flange. No treatment has been performed on this bridge as of today. However,
according to the inspection protocol, these cracks will be welded shut at a later
stage. This procedure alone will not be effective and will only work as a temporary
solution. In addition to welding the crack shut, the source of the problem should
be dealt with. The source of the problem can be realised through a finite element
analysis and will most likely indicate that the vertical stiffener should be attached
to the lower flange or that the horizontal cross-bracing bar should be separated
from the lower flange.

Crack Crack

Figure 2.2: Distortion induced fatigue damage in the web-gap between the upper
flange and the vertical stiffener. The figure is taken from Trafikverket (2017).

Crack

(a) (b)

Figure 2.3: Showing (a) a bridge suffering from distortion induced fatigue damage.
(b) one of the distortion induced fatigue cracks in one of the lower cross-bracing
bars. The figure is taken from Trafikverket (2017).

2.2.3 Field experiment
A three span continuous steel and concrete composite bridge built in 1967 was
instrumented with 12 strain gauges and the strains were monitored on the 12th of
May 2020 for several passages of a lorry with known weight and axle distances.
Subsequent finite element analyses were made to verify a modelling technique used
for further studies of distortion induced fatigue damage of web-gap details. The
verified modelling technique was used in Paper III and V. The bridge is located

9
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Slot
depth

Angle 
plate

Backing
plate

(a) (b) (c)

Angle 
plate

Figure 2.4: Three retrofitting procedures, showing (a) increasing the web-gap
length, (b) adding an angle plate and a backing plate, and (c) providing a rigid
attachment.

along road 270 and crossing Dalälven and has an Annual Average Daily Traffic
(AADT) of 2460 vehicles out of which 240 are lorries, Trafikverket (2020). A lorry
is defined as a vehicle with an axle distance exceeding 3.3 m, which is used to
resemble a lorry with a weight of 3500 kg or more. An elevation and a plan view of
the bridge are given in Figure 2.5. The length of the two end-spans and mid-span
is 31.55 m and 43.5 m, respectively. A cross-bracing system of type K is running
between two longitudinal double symmetric I-girders with a spacing of 7.2-7.9 m.
The cross-section at an intermediate cross-bracing (CB) is given in Figure 2.6. A
fitting plate has been attached to the end of the vertical stiffener, covering the
distance of the web-gap. The depth of the web-gap, including the slot, is 65 mm.
The location of the 12 strain gauges are illustrated in Figures 2.7, 2.8 and 2.9.
The direction in which they measure strains is indicated by the arrows. Since the
bridge has no shear studs attached to the upper flange, composite action had to
be verified by the six strain gauges placed on the lower and upper flanges. The
remaining six strain gauges were placed on the web plate. These six strain gauges
could not directly be placed in the web-gap region due to the limited spacing and
were therefore placed in close proximity of the web-gap. The strain gauges were
placed in the location of cross-bracing 3 (CB3), which, from an initial FE analysis,
was the most critical location. The location of the strain gauges in the web-gap
was ensured to be able to capture any major out-of-plane distortion of the web-gap
region, this was verified through an initial FE analysis. A lorry of type Scania
P94 from a local haulage contractor was used during the measurement, which was
driven by an experienced driver. The axle distances and the weight of each axle
are given in Figure 2.10 and four different positions on the roadway were tested.
Two load positions were located on the outer parts of the two lanes and two were
located in the centres of the two lanes. Only the results from load position 2 are
given herein. Two of the load positions are illustrated in Figure 2.11.
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CB3

CB3

CB4 CB6 CB10 CB12

Roller PinnedRoller Roller

Figure 2.5: Elevation and plan view of the bridge that was monitored. The figure
is taken from Skoglund (2021).
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Figure 2.6: Cross-section of the bridge that was monitored at CB3. The figure is
taken from Skoglund (2021).

11



CHAPTER 2. FATIGUE
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Figure 2.7: Strain gauges placed near the web-gap. The figure is taken
from Skoglund (2021).
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Figure 2.8: Strain gauges placed on the upper and lower flanges. The sections are
illustrated in Figure 2.6. The figure is taken from Skoglund (2021).
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(a) (b) (c)

Figure 2.9: (a) Strain gauges 1-6 placed on the web-plate, (b) strain gauges 7-9
placed on the lower flange, and (c) strain gauges 10-12 placed on the upper flange.
The figure is taken from Skoglund (2021).
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Figure 2.10: Showing the axle distance and weight of each axle for the lorry used
during the measurements. The figure is taken from Skoglund (2021).
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~500 ~1000 

Figure 2.11: Showing two of the four load positions used during the measurements.
Load pos. 2 corresponds to a position close to the outer part of the lane and load
pos. 4 corresponds to a position in the centre of one of the lanes. The figure is
reproduced from Skoglund (2021).

The results from the instrumentation and the FE analyses are given in Figure 2.12
for strain gauges 1-6 (located on the web plate) and in Figure 2.13 for strain gauges
7-12 (located on the flange plates), both corresponding to load position 2. The lo-
cation and the corresponding number for each strain gauge are shown in Figure 2.9.
The FE-model used for the verification is explained in Skoglund (2021). As can be
seen, there is a reasonable agreement between the strains obtained from the mea-
surement and the FE-analysis. The majority of the strains in the web-gap region
(strain gauges 1-6) are due to the Poisson’s effect. In Figures 2.12 and 2.13,(a)-(c),
the major difference between the measured strains and the ones obtained from the
FE analysis, is likely due to that the FE-model is naturally stiffer than the moni-
tored bridge. The additional stiffness comes from how the connection of different
elements was modelled. Furthermore, there is a discrepancy between the FEM
results and the field measurements in Figures 2.13 (d)-(f) as the lorry passes the
location of the strain gauges. However, the general behaviour of the structure was
captured and the modelling approach was therefore deemed sufficient. The most
critical effective notch stress range in the web-gap region was 42 MPa, this should
be compared with an effective notch stress range of 76 MPa if the stiffener would
have been welded to the lower flange. Therefore, for this bridge configuration, the
fatigue strength would have been lower if the stiffener would have been welded
to the lower flange. Currently, the bridge has no fatigue damage and based on
the studies presented in Skoglund (2021) and partly given herein, it is considered
unlikely that there will be any fatigue damage during its expected service life.

14



2.2. DISTORTION INDUCED FATIGUE

1 3 5 7 9 11 13 15
(a)

-0.03

-0.02

-0.01

0

0.01

1 3 5 7 9 11 13 15
(b)

-0.03

-0.02

-0.01

0

0.01

0.02

1 3 5 7 9 11 13 15
(c)

-0.03

-0.02

-0.01

0

0.01

0.02

1 3 5 7 9 11 13 15
(d)

-0.03

-0.02

-0.01

0

0.01

0.02

1 3 5 7 9 11 13 15
(e)

-0.03

-0.02

-0.01

0

0.01

1 3 5 7 9 11 13 15
(f)

-0.03

-0.02

-0.01

0

0.01

Measured FEM

Figure 2.12: Microstrain [με] on the abscissa and the longitudinal position of the
load expressed in relation to the position of the cross-bracing on the ordinate. (a)
strain gauge 1 (SG1), (b) SG2, (c) SG3, (d) SG4, (e) SG5, and (f) SG6. Produced
for load position 2. The figure is taken from Skoglund (2021).
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Figure 2.13: Microstrain [με] on the abscissa and the longitudinal position of the
load expressed in relation to the position of the cross-bracing on the ordinate. (a)
strain gauge 7 (SG7), (b) SG8, (c) SG9, (d) SG10, (e) SG11 and (f) SG12. Produced
for load position 2. The figure is taken from Skoglund (2021).
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(a) (b)

Figure 2.14: Illustrating a part of the steel structure of the two reference cases, the
most fatigue critical location is illustrated in red. (a) fixed attachment between
the vertical web stiffener and lower flange. (b) web-gap of 150 mm. The figure is
reproduced from Skoglund (2022).

2.3 Existing and new structural details

A wide set of new and existing structural details with the potential to increase the
fatigue strength of the vertical stiffener have been considered, and only a few of
those have been studied in more detail and presented in Paper V. An initial analysis
of eleven structural details is presented in Skoglund (2022). The initial analysis
of the structural details only provides a rough estimate of the fatigue strength.
Therefore, no values of the fatigue strength for the structural components will be
presented in this section. Instead, the potential shortcomings and benefits of the
different structural details will be discussed.

Let us first consider two solutions that are considered as reference solutions, see
Figure 2.14. In Figure 2.14 (a) the vertical web stiffener is welded to the upper
and lower flange, which is the common practice today – this is referred to as the
reference configuration with a fixed attachment. In Figure 2.14 (b) the vertical web
stiffener is cut short from the lower flange, as was common during the 1940s to
mid-1980s – this is referred to as the reference configuration with a web-gap. The
most critical locations from a fatigue point of view are illustrated by a solid red
line. The fatigue strength of the reference case with a fixed attachment was higher
than for the case with the web-gap.

2.3.1 Web-gap details
On the premise that the web-gap stresses due to local distortion of the web-gap can
be kept low, cutting the vertical stiffener away from the flange in tension has the
potential to improve the fatigue strength.

A solution to reduce the web-gap distortion by increasing the out-of-plane stiffness
of the web-plate can be achieved by replacing the flat web-plate with a corrugated
web-plate. This solution is illustrated in Figure 2.15 (a) together with the most

17



CHAPTER 2. FATIGUE

critical location considering fatigue illustrated in the contour plot. In Figure 2.15 (b)
the crack path given by the solid red line is illustrated and produced through
numerical simulations in Paper IV. The corrugated web-plate solution was not
studied in Skoglund (2022). However, the fatigue strength has been studied in
several papers by Ibrahim et al. (2006a); Wang and Wang (2014); Kövesdi and
Dunai (2014); Xu et al. (2019), for which a fatigue strength of 90 MPa instead of
80 MPa could be attained.

(a) (b)

Figure 2.15: Illustrating (a) the corrugated web-plate solution together with the
most critical fatigue location (b) results from a fracture mechanical analysis showing
the fatigue crack by the red solid line. The figure is reproduced from Paper IV.

A solution referred to as the ’additional plate solution’ is illustrated in Figure 2.16 (a)
with the aim of reducing the distortion of the web-gap by making it locally stiffer
and reducing the in-plane stresses. This solution consists of a plate welded to the
web on the opposite side of the vertical stiffener. The distortion of the web-gap
was slightly reduced. However, the eccentricity caused by the added plate resulted
in local bending of the web leading to additional tensile stresses at the weld toe at
the end of the vertical stiffener and reducing the fatigue strength of the detail, see
Figure 2.16 (b).

Two solutions with the aim of reducing the stiffness in the web-gap and as a result
redistributing and lower the web-gap stresses at the weld toe are given in Fig-
ure 2.17 (a) and 2.17 (b), referred to as clown mouth solution I and II, respectively.
The solutions consist of material being cut out of the web below the end of the
vertical stiffener. Both of the solutions managed to reduce the stresses caused by
web-gap distortion. However, the cutout resulted in a change of the stress flow
and led to higher stresses further up the vertical web stiffener. These stresses were
more critical than the reference configuration with a web-gap and resulted in a lower
fatigue strength. In addition, the crest of the cutouts of clown mouth solution I
became more critical than the stresses at the vertical stiffener – this was due to the
severe distortion, see Figure 2.17 (c). Clown mouth solution I was inspired by the
shape of a typical moustache web-gap crack. This solution would imply that, if a
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Figure 2.16: Illustrating (a) the additional plate solution and (b) the deformation
of the additional plate solution. The figure is reproduced from Skoglund (2022).

(a) (b)

A

A
A-A A-A

(c)

Figure 2.17: Illustrating (a) clown mouth solution I, (b) clown mouth solution
II, and (c) deformation of the web-gap of clown mouth solution II. The figure is
reproduced from Skoglund (2022).

moustache crack exists in a structure and the crack tips are being retrofitted by
crack tip drilling, the stresses would be redistributed and lead to cracks further up
the vertical stiffener.

Two retrofitting procedures proposed by other authors to reduce the critical web-
gap stresses are shown in Figure 2.18 and Figure 2.19, which are referred to as
the gradual transition solution and the angle plate solution, respectively. The most
critical fatigue location for the gradual transition solution is at the end of the
vertical stiffener. The main idea behind this solution is to make the change in
stiffness less abrupt and as a result reduce the stress concentration. The gradual
transition solution managed to reduce the stresses from web-gap distortion and was
less critical than the reference web-gap solution. However, the stress range was still
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(a) (b)

Figure 2.18: Illustrating (a) the gradual transition solution, and (b) deformation of
the cross-section. The figure is reproduced from Skoglund (2022).

(a) (b) (c)

Figure 2.19: Illustrating (a) the angle plate solution, (b) most critical locations,
and (c) twisting of the vertical stiffener leading to local deformation of the web.
The figure is reproduced from Skoglund (2022).

higher than the solution with a fixed attachment. The deformation of the cross-
section is given in Figure 2.18 (b). For the angle plate solution the most critical
fatigue locations are at the connection between the angle plate and the web – they
are critical due to local deformation of the web; the separation of the angle plate
and the web; and the nominal stresses in the web. The local deformation of the web
is illustrated in Figure 2.19 (c). The most critical locations are illustrated in red.
The purpose behind this solution is to distribute the stresses caused by web-gap
distortion over a larger portion of the web-plate. This solution managed to reduce
the critical stresses at the end of the vertical stiffener. However, it was more critical
than both of the reference configurations when used for a lower web-gap due to the
high stresses between the angle plates and the web. Using this solution for an
upper web-gap was not studied in Skoglund (2022). Since this solution managed
to reduce the stresses at the end of the vertical stiffener, this solution should be a
viable option for an upper web-gap. This solution was studied in Alemdar et al.
(2014a,b) and Hartman et al. (2013).
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(b)(a)

Figure 2.20: Illustrating (a) the dog-bone solution and (b) the horseshoe solution.
The figure is reproduced from Skoglund (2022).

Two solutions inspired by the stress diffuser in Dimitrakis and Lawrence (2001)
are presented in Figure 2.20 (a) and Figure 2.20 (b), which are referred to as the
dog-bone solution and horseshoe solution, respectively; the critical fatigue locations
are displayed by the red lines. The purpose of these two solutions is to distribute
the web-gap stresses over a larger portion of the web and thus reducing it at the
most critical location. The dog-bone solution managed to reduce the distortion
induced web-gap stresses slightly. Cutting the vertical stiffener further from the
lower flange might make this a viable solution. The horseshoe solution reduced the
critical stresses at the end of the vertical stiffener. However, the nominal stress
together with the web-gap distortion resulted in higher stresses than the reference
web-gap solution at the locations displayed by red lines in Figure 2.20 (b).

2.3.2 Altering the stress flow
Two structural details with the purpose of changing the stress flow close to the weld
toe of the connection between the vertical stiffener and the lower flange are illus-
trated in Figure 2.21 and Figure 2.22, which are referred to as the recession solution
and the eccentricity solution, respectively. The critical locations are displayed by
red lines. By making a slight recession in the lower flange plate the critical stresses
at the weld toe of the vertical stiffener can be reduced. The optimal solution is
found by achieving the same fatigue strength at the weld toe as at the deepest
point of the recession. By folding the lower flange slightly through cold forming, an
eccentricity can be created and an additional bending moment affecting the lower
flange can be introduced. This additional bending moment will create compressive
bending stresses at the upper surface which will improve the fatigue strength. Un-
fortunately, due to the complicated manufacturing, this structural detail is not a
viable solution. The challenge in terms of manufacturing is to ensure that the ends
of the folded flange plate are parallel to the web. Furthermore, an offset height of
H = 2 mm provided the most optimal solution in terms of fatigue strength for the
bridge case studied in Skoglund (2022), which is hard to accomplish in practice.
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Figure 2.21: Illustrating the recession solution. The figure is reproduced
from Skoglund (2022).
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Figure 2.22: Illustrating the eccentricity solution. The figure is reproduced
from Skoglund (2022).
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Chapter 3

Summary and interconnectivity of
the appended papers

3.1 Summary of the appended papers

3.1.1 Paper I
Paper I presents a survey of 489 steel girder bridges constructed in Sweden between
1990 and 2015. The objective of the survey was to investigate how frequently
different steel grades are used and how they have been used in the cross-section
for different segments along the bridge. The objectives of Paper I are tied together
with an overall aim of identifying the difficulties and the possible economical and
environmental benefits of using high strength steel (HSS) for bridges, as well as
finding new structural solutions to improve the fatigue capacity. In addition to
the survey, a fatigue assessment was performed for a few bridges containing HSS,
both with today’s standard and the standard governing at the time of design and
construction of the specific bridges.

In Figure 3.1 the percentage of bridges using a specific steel grade as the highest
steel grade in the main load carrying system is illustrated – for instance, 33 % of all
road bridges have S460 material as the highest steel grade. In general, road bridges
were built with higher steel grades compared to railway bridges. The lowest steel
grade for road bridges is S355 and for railway bridges S275. The highest steel grade
is most frequently placed in the lower flange, and the least common is to place it
in the web. Hybrid girders1 cover today roughly 80 % of all steel girder bridge
structures in Sweden; this is based on road and railway bridges with steel grades
higher than S355 and S275, respectively.

Seven bridges containing HSS were identified, all bridges were built prior to the
introduction of the Eurocode and designed according to the old Swedish standard
BSK, Boverket (1994). For the bridges containing HSS similar structural details
that are common today were used and positioned at similar locations. According
to BSK the bridges had sufficient fatigue capacity. However, according to the
Eurocode the fatigue strength would have to be improved by up to 81 % to have
sufficient fatigue strength. The main difference between BSK and the Eurocode in

1A hybrid girder contains different steel grades in the lower and upper flanges and the web
plate.
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Road bridges
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S460: 33% S500: < 1%
S690: < 1%

S355: 39%

Railway bridges
S420: 28%

S460: 9%
S275:9%

S355: 54%

Figure 3.1: Percentage of bridges using S275, S355, S420, S460, S500 and S690
respectively, as the highest steel grade. The figure is taken from Skoglund et al.
(2020b) (Paper I).

terms of fatigue is the estimation of the effect of the traffic volume – where both
BSK and the Eurocode are non-conservative to Swedish traffic conditions. That
the Eurocode is non-conservative can be seen by the λ-factor representing Swedish
traffic volume proposed by Leander (2018). That BSK is non-conservative can by
seen by an even lower estimation of the influence of traffic volume in BSK compared
to the Eurocode.

3.1.2 Paper II
Paper II presents an optimisation of a steel and concrete composite bridge with
three objective functions and six design variables. The three objective functions
are the amount of steel material, the material cost of the steel structure, and the
environmental impact; the latter was quantified as CO2 equivalent emission (CO2eq
emission). The six design variables are the dimensions of each plate composing the
longitudinal I-girders carrying the concrete deck. The optimisation was made for
all possible combinations of eight different steel grades ranging from S275 to S690,
resulting in 454 material combinations. The design routine implemented in the
optimisation covered all ultimate and serviceability limit states except for fatigue
– the fatigue capacity was instead verified for the optimised solutions. Currently,
there are no measures that can circumvent the inadequate fatigue strength of HSS
bridges. Therefore, to study the potential savings of HSS and the potential benefits
of an increased fatigue strength, the fatigue verification was left out of the initial
design routine. The fatigue strength of three details was verified, which is illustrated
in Figure 3.2.

The normalised savings in amount of steel material, cost of the steel material,
and the CO2eq emission are presented for 18 material combinations in Figure 3.3.
The results are normalised based on material combination 2. The 18 material
combinations are given in Table 3.1. The combination that managed to reduce the
environmental impact the most, compared to combination 2, is combination 18.
Combination 18 is composed of S690 material and managed to reduce the CO2eq
emission by 28 %. The result from the fatigue verification is illustrated in Figure 3.4
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2
1

3

Figure 3.2: Three critical locations used in the fatigue verification. The figure is
taken from Skoglund et al. (2020a) (Paper II).

for the 18 material combinations. The results are expressed as the design stress
range over the detail category γFfγMfΔσE2,j/Δσc,j, for the three fatigue locations.
A value γFfγMfΔσE2,j/Δσc,j ≤ 1 indicates that the location had sufficient capacity
with respect to fatigue. To ensure that material combination 18 has a sufficient
fatigue capacity, the fatigue strength of location 1 needs to be improved by a factor
of roughly 2.2.

Table 3.1: Index and combination of steel grades. The following denotations are
used, UF - upper flange, LF - lower flange and WB - web. The table is taken
from Skoglund et al. (2020a) (Paper II).

Combination Combination
Index UF WB LF Index UF WB LF

1 690 550 275 10 460 355 460
2 355 355 355 11 355 420 460
3 420 355 355 12 460 460 460
4 460 420 355 13 690 460 460
5 355 690 355 14 355 460 690
6 355 355 420 15 420 460 690
7 460 355 420 16 460 460 690
8 420 420 420 17 275 550 690
9 420 355 460 18 690 690 690
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Figure 3.3: Normalised values, against material combination 2, of weight, CO2eq
emission and cost. The figure is taken from Skoglund et al. (2020a) (Paper II).

3.1.3 Paper III

Paper III covers a parametric study of a steel and concrete composite girder bridge
containing web-gap details. The aim of Paper III is to improve the understanding of
the phenomenon that drives distortion induced fatigue damage and what parame-
ters that are important. This is tied together with an overall aim of identifying new
structural details for an improved fatigue strength of steel bridges. The parametric
study was performed through a suite of FE-models and analyses. The modelling
approach was verified by the experimental campaign presented in section 2.2.3. Six
parameters were investigated: boundary conditions, position of the intermediate
cross-bracing system, distance between longitudinal girders, the number of longitu-
dinal girders, web-gap length, and web plate thickness. To understand what drives
the distortion of the web-gap, two important definitions need to be introduced,
namely uneven deflection Δu and differential deflection Δd. The former is defined
as the difference in vertical deflection without any rotation of the cross-section α.
The latter is defined as the difference in vertical deflection caused by pure cross-
sectional rotation; see also Figure 3.5 for the definitions. Furthermore, two types
of web-gap details were studied, an upper web-gap and a lower web-gap. An upper
web-gap has a gap between the upper flange and the end of the vertical stiffener,
as illustrated in Figure 2.1. A lower web-gap has a gap between the lower flange
and the end of the vertical stiffener, as illustrated in Figure 3.6. The web-gap
distortion of the lower web-gap is mostly controlled by cross-sectional rotation and
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Figure 3.4: Illustrating the design stress range over the detail category for the
18 material combinations. The figure is reproduced from Skoglund et al. (2020a)
(Paper II).
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Figure 3.5: Illustrating (a) uneven deflection and (b) differential deflection. The
figure is taken from Skoglund and Leander (2022b) (Paper III).

the ability of the lower flange to resist the lateral deformation. Meanwhile, the
web-gap distortion of the upper web-gap comes mainly from deformation of the
concrete deck and the uneven deflection of the girders. Considerable stresses are
also caused by the nominal stresses in the web-plate for the lower web-gap and from
the vehicle pressure for the upper web-gap. A particularly interesting result from
the parametric study is the effect on the effective notch stresses in the web-gap as
a function of web-gap length, the results for the lower web-gap and the upper web-
gap are given in Figure 3.7. This result is interesting since increasing the web-gap
length is often done as a retrofitting procedure with the purpose of decreasing the
web-gap stresses. However, in this study it was shown that it can increase the web-
gap stresses and that a detailed analysis should be performed before attempting
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(a)

(b)

(c)

Figure 3.6: Illustrating a the cross-sectional deformation at an intermediate cross-
bracing member giving rise to web-gap distortion. The figure is taken from Skoglund
and Leander (2022b) (Paper III).

this type of retrofitting procedure.
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Figure 3.7: Normalised peak value of the effective notch stress on the abscissa
and the web-gap length on the ordinate for (a) a lower web-gap and (b) an upper
web-gap. The figure is taken from Skoglund and Leander (2022b) (Paper III).
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3.1.4 Paper IV
The aim of Paper IV is to propose recommendations regarding initial parameters
to be used in a linear elastic fracture mechanical approach to estimate the fatigue
strength of welded structural details. These recommendations can be used to anal-
yse new welded structural details. The parameters cover: the depth a0 and aspect
ratio a0/c0 of an initial semi-elliptical crack, where a0 is the minor axis and c0 is
the major axis; the weld toe radius ρ; and the crack growth parameters C and m
to be used in Equation 3.1. Paris power law is expressed as:

da

dN
= C(ΔK)m (3.1)

where da/dN is the crack growth rate, ΔK is the stress intensity factor range,
and C and m are depending on the material, environmental conditions, and stress
ratio. The crack growth relation given in Equation 3.1 was first proposed in Paris
et al. (1961) and two years later formulated in Paris and Erdogan (1963). The
recommendations of the initial parameters were obtained by fitting values of a0,
a0/c0, ρ, and C to the mean fatigue strength of five fatigue experiments performed
by Albrecht and Friedland (1979), Koenigsberger and Green (1953), Fisher and
Stallmeyer (1958) and Fisher et al. (1969). The exponent m was set equal to
the slope of the S-N curve of the fatigue experiments. Since five different exper-
iments were used, five different sets of recommendations are given, one for each
experiment. The recommendations are given in Table 3.2. Recommendations cor-
responding to the experiments presented in Koenigsberger and Green (1953), Fisher
and Stallmeyer (1958) and Fisher et al. (1969) were used to estimate the fatigue
strength of a corrugated web-plate girder for which the experimental study is given
in Ibrahim et al. (2006b). As can be seen in Figure 3.8, the three recommendations
provided estimates of the mean fatigue strength at 2 million load cycles within the
scatter of the experimental result.

Table 3.2: Recommendations regarding initial parameters. a0 and ρ are given
in mm, C corresponds to da/dN in mm/cycle, a0/c0 and m are dimensionless.
*corresponds to recommendations for stress relieved joints. Submerged arc welding
is denoted by SAW and manual metal arc welding by MMAW. The table is taken
from Skoglund and Leander (2022c) (Paper IV).

Fatigue experiments Initial parameters
See section 2.2 a0 a0/c0 ρ m C
Albrecht and Friedland (SAW)* 0.1 0.2 1 3.2172 4.16 × 10−14

Albrecht and Friedland (MMAW)* 0.35 0.2 1 3.0424 1.37 × 10−13

Fisher and Stallmeyer 0.1 0.2 1 3.5944 3.86 × 10−15

Fisher et al. 0.1 0.2 1 3.1113 7.59 × 10−14

Koenigsberger and Green 0.1 0.2 1 3.481 4.93 × 10−15
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Figure 3.8: Experimental results taken from Ibrahim et al. (2006b) together with
estimates of the fatigue strength based on an LEFM analysis using the three rec-
ommendations given in Table 3.2. The figure is taken from Skoglund and Leander
(2022c) (Paper IV).

3.1.5 Paper V

The aim of Paper V is to analyse a few new structural details with the potential
to improve the fatigue strength of the vertical stiffener used for connecting the
cross-bracing system. The structural details that were analysed are presented in
Figures 3.9, 3.10 and 3.11. For a failure at the weld toe a linear elastic fracture
mechanical (LEFM) approach was used and for failure at non-welded locations a
two stage fatigue model was used. The two stage fatigue model utilised the theory of
critical distances to estimate the fatigue crack initiation life and a LEFM approach
for the crack propagation part. Parameters used in the approaches to assess the
fatigue strength of the welded components and the notch components were fitted
to three S-N curves given in the Eurocode – by fitting both methods to S-N curves
in the design standards, comparable fatigue strength values were obtained for the
different details.

The four structural details were implemented in a full scale single span composite
steel and concrete bridge. The bridge was loaded by Fatigue Load Model 3 (FLM3)
according to Eurocode CEN (2010) and the fatigue life was evaluated at all critical
locations and for the four structural details. The results are presented in Table 3.3.
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(a) (b)

Figure 3.9: Illustrating the two reference configurations (a) fixed attachment and
(b) web-gap. The critical locations are illustrated by the solid red line. The figure
is taken from Skoglund and Leander (2022a) (Paper V).

A

A A-A

F1F2

(a) (b)

Figure 3.10: Illustrating the clown mouth solution. The critical locations are illus-
trated by the solid red line. The figure is taken from Skoglund and Leander (2022a)
(Paper V).

The detail categories are expressed in terms of nominal stresses in the lower flange.
The nominal stress in the lower flange was similar for all structural details.

3.2 Interconnectivity of the appended papers

The interconnectivity of the appended papers is explained in this section. The
initial part of the project is presented in Paper I and II and summarised in the
licentiate thesis Skoglund (2019b). This part covers the use of high strength steel
(HSS) and its potential to reduce material consumption, environmental impact and
cost of steel structures. Right from the beginning of the project fatigue had been
identified as a potential limitation to the use of HSS and a way to circumvent the
poor fatigue strength of HSS bridges was to propose new structural details. After
Paper I and II had been concluded, there was a shift in focus from HSS into a pure
endeavour to study fatigue of steel structures and of finding new structural details
– this resulted in the studies presented in Paper III, IV, and V. The reason for the
shift was the need of an improved fatigue strength even for steel bridges containing
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F1
F2

Figure 3.11: Illustrating the recession solution. The critical locations are illustrated
by the solid red line. The figure is taken from Skoglund and Leander (2022a) (Paper
V).

Table 3.3: Presenting the four structural details together with the estimated fatigue
lives N and detail category. The table is reproduced from Skoglund and Leander
(2022a) (Paper V).

Structural detail Fatigue life, N/106 Detail category [MPa]
Reference configuration
fixed attachment 10.7 80.6

Reference configuration
web-gap 6.5 68.1

Clown mouth solution 4.3 52.8
Recession solution 22.4 103

conventional steel.

In the licentiate thesis, a few solutions to improve the fatigue strength of the vertical
web-stiffener was presented. The solutions focused on vertical stiffeners that were
cut short from the lower flange – this was deemed to be the most promising solution,
given that the distortion of the web-gap could be kept small. To get a better
understanding of distortion induced fatigue and to be able to propose a solution
based on this concept the study in Skoglund (2021) and Paper III was made.

To predict the fatigue strength of structural details that do not comply with the
standard details and loading conditions given in the design standards a different
approach had to be used. The structural hot-spot method, the effective notch stress
method, and a linear elastic fracture mechanical (LEFM) approach can be used for
welded structural details; where LEFM has the capabilities of providing a more
detailed analysis than the two former methods. However, a LEFM approach is
depending on the size and shape of the initial crack and the growth parameters
used in Paris power law. The design guidelines presented in Hobbacher (2016)
(IIW) and ABS (2020) both recommend these parameters to be fitted to fatigue
experiments, which was done in Paper IV.
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The main objective of this research work has been to propose new structural details
with the potential to improve the fatigue strength. During the research work, a
few structural details have been presented with the potential to improve the fatigue
strength. These details are briefly discussed in section 2.3. The two reference details
given in Figure 2.14 together with two interesting structural details were further
analysed in Paper V.
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Chapter 4

Conclusions and further research

4.1 Overview of the work

The use of high strength steel (HSS) for cyclic loaded structures is to a large extent
limited by the fatigue capacity of the structure. As shown in Paper II, to be
able to utilise the higher static capacity of the HSS, the fatigue strength needs
to be improved. If the fatigue capacity can be increased, benefits in terms of
reduced weight, cost, and a lower emission can be expected by using HSS. The
poor fatigue strength of as-welded HSS joints is reflected by the small number
of bridges containing HSS, see Paper I. With the governing standards and the
structural details available today it is hard to utilise any of the benefits associated
with HSS for cyclic loaded structures.

Introducing a web-gap at the lower end of the vertical stiffener has the potential to
improve the fatigue strength if the distortion induced web-gap stresses can be kept
low. The study provided in Paper III improved the understanding of distortion
induced fatigue of web-gap details. Recommendations regarding the parameters
to be used in a linear elastic fracture mechanical approach needed to assess the
fatigue strength of new structural details were developed in Paper IV. Several new
structural details have been presented as a part of this research work. Two inter-
esting details were analysed in more detail in Paper V. One of the two structural
details, herein referred to as the recession solution, showed great potential to im-
prove the fatigue strength of steel bridges. This solution could become a viable
option for structural engineers to increase the fatigue strength of steel and compos-
ite steel and concrete bridges. However, before this solution can be used for new
bridge structures, a fatigue testing campaign should be undertaken to determine
its true capacity. As a recommendation provided by Hobbacher (2016), at least 10
specimens should be tested to determine the characteristic fatigue strength.

4.2 Conclusions

4.2.1 Inferences based on appended papers
Paper I The most common way of composing the cross-section, for single span
bridges and continuous bridges over the mid-span, is to have the higher strength
material in the flange plates and the lower strength in the web plate. In the lower
flange, it is more common to have a higher strength compared to the upper flange.
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This is most likely because of one or both of the following reasons: during construc-
tion, if unstiffened, the upper flange might be susceptible to buckling/later-torsional
buckling, and during service, the upper flange is usually exposed to far lower stresses
than the lower flange, especially in composite structures. For continuous bridges
over the support area almost the same trend, as previously described, can be ob-
served; with the higher strength steels in the flanges and the lower in the web plate.
However, in this case, the steel grade is usually the same in the upper and lower
flange. Among the 489 steel and steel and composite bridges that were studied only
seven contained a steel grade with a yield strength equal to or above 500 MPa. If
these bridges would have been built following today’s standard, the amount of steel
material would have had to increase as an effect of the inadequate fatigue strength
– making high strength steel hard to implement in steel bridges affected by fatigue
loading.

Paper II Without considering fatigue, the solutions containing a higher steel grade
showed great potential in saving material, lowering the CO2 equivalent emission
(CO2eqe) and reducing the material cost of the steelwork for single span bridges.
In Paper II, the largest savings in weight and CO2eqe was achieved by the homo-
geneous S690 solution, and the largest savings in cost was achieved by the hybrid
S460/S460/S690 solution. By comparing these with the homogeneous S355 solu-
tion savings in weight, CO2eqe, and cost of 33 %, 28.3 %, and 16.4 % could be
made, respectively. However, when the influence of fatigue was taken into consid-
eration, all the benefits associated with the use of high strength steel were lost.
Even for many of the solutions containing conventional steel (S275 - S460) fatigue
was decisive. Furthermore, the fatigue verification showed that by improving the
fatigue life of the web stiffener, often connected to the intermediate bracings, the
full static capacity can be realised for low and medium-grade steels (S275 - S460).
Hybrid girder solutions gave the best utilisation ratio and therefore also the most
cost-effective solutions; where the highest steel grade should be placed in the lower
flange. Furthermore, the steel grade of the web plate and upper flange seemed to
be of equal importance.

Paper III For bridges containing web-gap solutions between the end of the vertical
stiffener and the flanges, the following could be concluded: (1) the stresses in the
lower web-gap comes mainly from the cross-sectional rotation and the ability of the
lower flange to resist this deformation; (2) the stresses in the upper web-gap are
mainly controlled by the uneven deflection, the deformation of the concrete deck and
the pressure from the vehicle load. Pot bearings with rotational freedom around all
axes have the potential to reduce the web-gap distortion stresses to a large degree for
the lower web-gap, compared to a roller/pinned bearing typically used for bridges
with web-gap details. The distance from the support to the cross-bracing member
has a large influence on the lower web-gap stresses, but a negligible impact on the
upper web-gap; where a shorter distance increases the web-gap stresses. In contrary
to the research presented by Shifferaw and Fanous (2013); Åkesson et al. (1997);
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Zhao and Roddis (2007); Hassel et al. (2010); D’Andrea et al. (2001) an increase
in web-gap length can increase the web-gap stresses rather than decrease them. A
thicker web plate reduced the web-gap stresses to a large extent.

Paper IV Five recommendations regarding parameters covering the initial crack,
weld toe radius, and crack growth parameters to be used in Paris power law were
given in Paper IV. These recommendations can be used to estimate the fatigue
strength of new welded structural details through complex 3D fracture mechanical
computations. Three of the recommendations covered welded steel structures with
residual stresses of yield strength magnitude and were used to estimate the fatigue
strength of a corrugated web plate girder subjected to four-point bending. All three
recommendations provided reasonable estimates of the fatigue strength by falling
within the scatter of the experimental results, thus proving to be useful for new
structural details.

Paper V Four structural detail solutions for the connection between the vertical
stiffener and the lower flange were analysed through numerical simulations. The
fatigue strength of the welded structural details was evaluated through a linear
elastic fracture mechanics (LEFM) approach. For non-welded notched components
a two-stage fatigue approach considering crack initiation and crack propagation was
used; the crack initiation life was based on the theory of critical distances and the
crack propagation life was based on a LEFM approach. One structural solution
is based on removing material in front of the fillet weld connecting the stiffener
and the lower flange. The local recession in front of the weld redirected the stress
flow away from the weld toe and has therefore potential to improve the fatigue
strength. According to the numerical analyses a detail category of at least 103 MPa
can be achieved instead of the 80 MPa corresponding to the conventional solution.
The estimated fatigue strength of this structural detail has to be verified through
fatigue tests.

4.3 Further research

To get a complete picture of the benefits of using HSS, a more detailed cost and
environmental impact analysis than the one presented in Paper II would be required.
The cost analysis would have to include, besides material cost, the cost of fabrication
(welding, cutting, assembling, and painting), transportation, erection, and recycling
of the steel. The environmental impact analysis would have to cover fabrication,
transportation, erection, and recycling. Furthermore, the impact of a lower weight
of the superstructure on the cost and environmental impact of the substructure
should be included. The cost analysis can be based on a large set of existing
projects and the help from steel/concrete manufacturers and entrepreneurs to get
realistic cost functions.
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Since a large portion of the Swedish bridge stock has been built with vertical stiff-
eners cut short from the flanges, further analyses regarding this topic are needed.
This would entail a study that identifies the most critical bridges, deciding on in-
spection intervals and possible retrofitting procedures. Preferably, design charts
for a quick initial estimation would be created based on a large set of numerical
models and the most critical bridges would be identified based on those. The inter-
vals and possible retrofitting procedures would be decided based on more advanced
numerical simulations and the use of linear elastic fracture mechanical models.

A rather simple two-stage fatigue model was presented as part of this research work
to analyse the fatigue strength of notched components. This procedure would re-
quire experimental verification and possible modification. This would include steel
components with different notch radii and produced through typical manufacturing
methods to get a representative surface roughness and residual stress distribution.
Furthermore, this method should be extended to be able to predict the fatigue
strength of high-quality welded details.

As a continuation of this research work, a fatigue experimental campaign should
be performed on the recession solution with different steel qualities. This study
would verify the accuracy of the two-stage model for fatigue and it would also
aim at studying the influence of yield strength and surface roughness on notched
components.
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