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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 are to a large extent depending
on the design of structural details and connections. The design engineer is limited
by a few pre-existing structural details and connections – with rather poor fatigue
resistance – to choose from when designing steel bridges, and is therefore often
forced to increase the overall dimensions of the structure in order to cope with the
design requirements of fatigue.
This licentiate thesis aims at increasing the fatigue resistance of fatigue prone struc-
tural details and connections by implementing new and innovative structural solu-
tions to the already pre-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 construction 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 steel
cost and the harmful emissions. However, this is only true if the fatigue strength
of critical details can be substantially improved.
Furthermore, a few new and innovative structural details and modifications to al-
ready existing details are proposed in this thesis and in the appended papers, that
have the potential to increase the fatigue resistance of steel bridges and composite
bridges of steel and concrete. However, further analyses are required in order to
make these structural details viable for construction.

Keywords: high strength steel, fatigue, steel bridges, steel and concrete composite
bridges, innovative steel details
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Sammanfattning

Genom användandet av höghållfast stål så 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 licentiatuppsatsen har till syfte att förbättra utmattningkapaciteten för
utmattningsbenägna anslutningsdetaljer i stål genom att införa nya och innovativa
anslutningsdetaljer, bland de redan existerande detaljerna som finns i de olika stan-
darderna. En utmattningskritisk detalj som kommer att ligga i fokus är anslutnin-
gen mellan livavstyvningen och tvärförbanden hos en I-balk. Genom att förbättra
utmattningskapaciteten så kan en mindre mängd stålmaterial användas vid byg-
gandet av stålbroar och samverkansbroar i betong och stål.
I denna uppsatsen kunde det påvisas att höghållfast stål för broar kan betydligt
sänka mängden stålmaterial, stålkostnaden och koldioxidutsläppen. Dock så gäller
detta enbart om utmattningskapaciteten för kritiska anslutningsdetaljer kan ökas
avsevärt.
Dessutom, som en del av den här uppsatsen så har ett par nya och innovativa anslut-
ningsdetaljer föreslagits som har potential att förbättra utmattningskapaciteten.
Dock, så krävs ytterligare studier för att dessa förslag skall kunna användas i byg-
gnation av nya stålbroar.

Nyckelord: höghållfast stål, utmattning, stålbroar, samverkansbroar i betong och
stål, innovativa anslutningsdetaljer

iii





Preface

The research presented in this thesis was conducted at the Department of Civil and
Architectural Engineering, at KTH Royal Institute of Technology. The funding
for this project, provided by the Swedish Transport Administration (Trafikverket),
ELU, NCC and SSAB, is gratefully acknowledged.

The research was supervised by Associate professor John Leander and Professor
Raid Karoumi, to whom I express my sincere gratitude for their continuous sup-
port and guidance. I also wish to thank my friends and colleges at the department
for a memorable time. Last but not least, I would like to thank my family for their
endless support.

Stockholm, October 2019
Oskar Skoglund

v





Contents

Preface v

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aims and scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Scientific contribution . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Outline of the thesis and the appended papers . . . . . . . . . . . . 3

2 High strength steel 5
2.1 Production techniques . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Chemical composition . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 Weldability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.5 Application of high strength steel . . . . . . . . . . . . . . . . . . . . 9

3 Fatigue strength 11
3.1 Fatigue process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Fatigue assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3 Factors controlling the fatigue life . . . . . . . . . . . . . . . . . . . . 15
3.4 Fatigue of welded details . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.5 Other detailing methods . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.6 The need of an improved fatigue strength . . . . . . . . . . . . . . . 30

4 Innovative structural solutions 35
4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2 Corrugated web with stiffener gap . . . . . . . . . . . . . . . . . . . 36
4.3 Smooth transition details . . . . . . . . . . . . . . . . . . . . . . . . 38
4.4 Bolted cross-beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5 Discussion and conclusions 45
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.4 Further research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

References 49

Paper I 55

Paper II 69

vii



Paper III 93

viii



Chapter 1

Introduction

The use of high strength steel1 (HSS) has the potential to reduce the amount of
steel used in bridge structures and thereby facilitate a more sustainable construc-
tion. The advantage of HSS is a higher yield strength, usually, at a lower price
and lower emission rate per yield strength, compared to conventional steel2; mak-
ing HSS a viable option for many engineering structures, given that the increased
strength of the material can be utilized. However, not all design factors benefit
from a higher yield strength, e.g. dynamic properties, deflection, global and local
instabilities and the fatigue life expended in crack propagation. For many cyclic
loaded structures, fatigue is the decisive design factor, and the life of welded struc-
tures is typically characterized by crack propagation. This entails that the benefits
associated with HSS cannot be attained when fatigue is governing the dimensions of
the structure. Furthermore, cyclic loaded structures using HSS are more sensitive
to fatigue compared to their mild steel counterparts. These structures are more
sensitive since a material with a higher yield strength allows for higher stresses and
this often entails that a higher fluctuating level of stresses occur in HSS structures,
which leads to a lower fatigue life.

1.1 Background

Fatigue cracks usually occur in the vicinity of structural details and there are sev-
eral fatigue prone details in a steel bridge. One of the most fatigue prone details is
shown in Figure 1.1. This figure illustrates a vertical stiffener at an intermediate
cross-beam in a steel and concrete composite bridge. Intermediate cross-beams and
cross-beams at supports are essential parts of a bridge structure that serve several
different functions. During construction and erection of the bridge they, together
with the temporary bracing, stabilize the structure by increasing its lateral and
torsional capacity. During service, the stabilization from the cross-beams are only
needed for sections where the compressed flange is free to buckle, i.e. in regions
over and close to continuous supports. In curved bridges intermediate bracings are
also needed to provide restraint to the bottom flange due to radial forces caused
by the curvature of the girders. The bracing system is also used to transfer hori-
zontal loads, such as skidding, wind and collision forces, and to distribute vertical
load between the girders. The degree of restraint provided by the cross-beams is

1Definition used for steels with a yield strength > 460 MPa
2Definition used for steels with a yield strength ≤ 460 MPa
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CHAPTER 1. INTRODUCTION

depending on the stiffness and strength of the restraining system. The governing

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 vertical
stiffener attached to the intermediate cross-beam is usually the structural detail
that becomes decisive in a fatigue verification. Figure taken from Trafikverket
(2017).

standard in Sweden for fatigue design of steel structures is the Eurocode (CEN,
2008b), and the resistance of the structural detail in Figure 1.1 can be verified with
several different methods. All of the available design methods in the Eurocode
are based on fatigue strength curves, so called S-N curves. These S-N curves are
derived from laboratory experiments for a set of fixed conditions. Therefore, for
the design engineer there is little or no room for alterations of a structural detail
in order to improve its fatigue strength and the design engineer is often left with
increasing the overall dimensions of the structure.

To be able to construct slender and material efficient bridges and to be able to
utilize HSS, the need to improve the fatigue strength of critical details becomes
necessary. These improvements require innovative solutions and modifications to
the already existing details in the Eurocode.

1.2 Aims and scope

The overall aim of this thesis is to facilitate a more sustainable construction of
steel bridges. More specifically, this aims at decreasing the material used, which
will improve the economical and environmental aspects of the bridge. To achieve
this aim, the focus of the thesis will be on increasing the fatigue strength of critical
details.

This thesis is limited to improving the fatigue strength of intermediate bracing

2



1.3. SCIENTIFIC CONTRIBUTION

systems and bracing systems at the supports. Weld quality and post-weld im-
provement methods will not be studied, but the increase in fatigue strength will
come from new or modifying already existing structural details. The reason for not
treating weld quality and post-weld improvement methods is that this subject is
already being investigated by several researchers, such as Barsoum and Gustafsson
(2009), Shams-Hakimi (2017) and Åstrand et al. (2016). Furthermore, there is a
value in creating a structural detail that does not require any post-treatments to
have sufficient fatigue capacity before it can be taken into service.

1.3 Scientific contribution

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

1. An extensive survey of existing steel bridges, with focus on how common HSS
is and how the HSS has been used (study provided in Paper I).

2. Optimization of bridges containing different steel grades to prove that HSS
can be a viable option in order to have a more sustainable construction, if the
fatigue life can be improved (study provided in Paper II).

3. Analysing how the local weld geometry affects the fatigue life of welded steel
structures (study provided in Paper III).

4. Presenting, discussing and analysing a few innovative structural solutions and
how they affect the fatigue life and the detail category (study provided in this
thesis).

1.4 Outline of the thesis and the appended papers

This thesis is based on three appended papers and additional studies. In chapter
2 general information about HSS is given. In chapter 3 an overview of the fatigue
process is given together with the fatigue assessment methods, influencing factors
regarding fatigue and fatigue properties for different manufacturing methods. In
chapter 4 a few innovative structural solutions are presented. The concluding re-
marks of the thesis, including discussion, conclusions and further research are given
in chapter 5.
Paper I (Skoglund et al., 2019b) contains an extensive survey of bridges contain-
ing HSS with emphasis on the Swedish bridge stock. The aim of the survey was
to identify how common different steel grades are, where in the cross-section they
have been used and to find innovative structural solutions. The results of the study
showed that bridges containing HSS are not common and it is most likely due to
the limited fatigue strength. The most common way of steel grade composition for
girders in bridge structures is to have the highest strength material in the flanges
and having the lowest grade material in the web. Furthermore, no innovative struc-
tural solutions could be found.

3



CHAPTER 1. INTRODUCTION

Paper II (Skoglund et al., 2019a) investigated the potential benefits of using HSS
by optimizing a steel and concrete bridge in terms of weight, material cost and en-
vironmental impact. The study showed that large savings in weight, material and
environmental impact can be achieved by implementing HSS. However, this is only
true with a fatigue strength considerably higher than what is given by the current
structural details in the design standards. Even for the conventional steel bridges
fatigue was the decisive design factor. Therefore, improving the fatigue strength is
not only necessary for bridges containing HSS, but for conventional steel bridges as
well.
Paper III (Skoglund and Leander, 2019) investigates the possible impact on the fa-
tigue life of welded steel structures by using different weld geometries. In this study
it was shown that considerable savings in fatigue life could be made by rather small
changes to the local geometry of the weld. The biggest impact on the fatigue life
was by changing the weld toe radius, and for the case studied, an increase of at
least one detail category could be made.

4



Chapter 2

High strength steel

2.1 Production techniques

The most common forming processes are rolling techniques in both hot- and cold-
state. Other production processes are casting and 3D-printing, which are described
in section 3.5.2 and 3.5.3, respectively. The rolling process improves the mechanical
properties of the steel by eliminating gas and air pockets in the bulk material and
by refining the grain structure (Bernuzzi and Cordova, 2016). In order to further
improve the mechanical properties of the steel several thermal treatments are avail-
able; treatments such as normalization, thermo-mechanical controlled rolling (TM)
and quenching and tempering (QT) are common for weldable structural steels.
During the normalization process the hot rolled plate is reheated to approximately
900°C and, subsequently, cooled in a slow and controlled process (Bernuzzi and
Cordova, 2016). The normalization process is used to decrease and produce a more
uniform grain size. The normalization process is sufficient to produce steel grade of
moderate strength, up to S460N, that fulfils the necessary mechanical requirements
to produce weldable steel. In the process of TM, the amount of carbon and carbon
equivalent alloys can be kept low due to the fine micro structure produced by the
processing technique; the fine grained structure is obtained through a combination
of rolling steps at certain temperatures. The low content of alloying elements al-
lows for good toughness and low hardening values in the heat affected zone that
requires little or no preheating before welding, leading to a material with excellent
characteristics suitable for welding (Schröter, 2006). The TM processed steels are
standardized up to S460ML. The quenching and tempering process consists of hot
rolling followed by quenching (rapid cooling) to form the martensite1 phase where
upon the plate is tempered below the eutectoid2 for a specified time period to
enhance the ductility and toughness (Callister and Rethwisch, 2011). The QT pro-
cessed steels are standardized up to S960QL. The QT steel allows for a higher steel
grade to be used (compared to TM) and still shows good toughness and weldability
(Günther et al., 2005).

1Martensite is the hardest, strongest and most brittle micro structure of steels.
2Certain temperature at which one solid phase transforms reversibly into two new solid phases,

upon cooling.
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CHAPTER 2. HIGH STRENGTH STEEL

2.2 Chemical composition

The chemical composition depends on what production process that has been used.
For the higher strength steels (both in TM and QT processed steels) a good balance
between strength and toughness is achieved by adding micro-alloying elements such
as niobium (Nb), vanadium (V) and titanium (Ti), compared to mild steels where
these alloys are not used (Günther et al., 2005).

For high strength steels the upper limit for the content of alloying elements given
in the standards are often considered to be very conservative, and the actual al-
loying content is often much lower (Günther et al., 2005). The maximum alloying
content (in weight-%) for conventional (S355J2), TM (S420ML and S460ML) and
QT (S460QL and S690QL) steels are presented in Table 2.1, based on ladle analy-
sis3, the chemical composition is taken from CEN (2004a), CEN (2004b) and CEN
(2004c).

Table 2.1: Chemical composition with maximum alloying content for different steel
grades and production methods based on ladle analysis. Values taken from CEN
(2004a), CEN (2004b) and CEN (2004c).

Conventional Thermomechanical rolling Quenched and tempered
S355J2 S420ML & S460ML All steel grades

C 0.2-0.22 0.16 0.2
Si 0.55 0.5-0.6 0.8
Mn 1.6 1.7 1.7
P 0.025 0.025 0.02
S 0.025 0.02 0.01
N - 0.025 0.015
Al - 0.02 -
B - - 0.05
Cr - 0.3 1.5
Cu 0.55 0.55 0.5
Mo - 0.2 0.7
Nb - 0.05 0.06
Ni - 0.8 2.0
Ti - 0.05 0.05
V - 0.12 0.12
Zr - - 0.15

3Analysis performed on the molten material, as opposed to performing it on the final product.
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2.3. MECHANICAL PROPERTIES

2.3 Mechanical properties

One of the most important mechanical properties for structural steels is its yield
strength. The yield strength usually increases with increasing content of carbon
(C), manganese (Mn), molybdenum (Mo), phosphorus (P) and vanadium (V). Fur-
thermore, the yield strength increases as the grain structure is refined. However, the
tensile strength of the material does not increase in proportion to the yield strength.
Furthermore, the ductility4 of the material usually decreases with increasing yield
strength. Material toughness5 is an important mechanical property and measures
the materials resistance to impact and brittle failure in the presence of a crack and
is usually improved with vanadium (V) and nickel (Ni). Material toughness can
be assessed from a tensile test as the area under the stress-strain curve or by a
Charpy V-notch test. The minimum impact energy in a Charpy V-notch test, to
avoid brittle failure, is set at 27 J in CEN (2008a). The material toughness usually
decreases with increasing yield strength and decreasing temperature (Bernuzzi and
Cordova, 2016). For welding, cold forming, cutting and drilling the hardness and
hardenability of the material are important. Hardness is the measurement of a ma-
terials resistance to localized plastic deformation (e.g. friction wear, indentation,
abrasion and to localized pressure). Since both hardness and tensile strength is
an indication of the resistance to plastic deformation, hardness increases roughly
proportional to increasing tensile strength (Callister and Rethwisch, 2011). Hard-
enability is a measure of how the hardness reduces with distance from the surface
of the material. A material with high hardenability hardens (forms martensite) at
a greater depth than a material with low hardenability.

2.4 Weldability

Weldability can be defined as; to what degree the weld joint satisfies the standards
and requirements for a given application and welding method. Good weldability
can often be defined as a steel that is weldable without any pretreatment, such as
elevated working temperature. The weldability of steels decreases with increasing
hardness and hardenability (Hechler et al., 2015), which increases the risk for hydro-
gen embrittlement, also referred to as hydrogen cracking. Hydrogen embrittlement
adversely affects the ductility and tensile strength as hydrogen penetrates the ma-
terial (Callister and Rethwisch, 2011). The hardenability of the steel is depending
on the plate thickness, cooling rate and chemical composition of the material and
increases with increasing plate thickness, cooling rate and with higher quantities of
carbon and other alloying elements. Carbon and carbon equivalent alloys are also
used to increase the strength of the material; due to this high strength steels has
often been associated with a poor weldability. However, with modern production
processes, TM-rolling and QT, high strength steels can be produced with good

4Degree of plastic deformation sustained before rupture.
5Materials ability to absorb energy and plastically deform before fracture.
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CHAPTER 2. HIGH STRENGTH STEEL

weldability (Petzek and Băncilă, 2015); which is especially true for TM-processed
steels. The weldability can be based on the carbon equivalent value CEV , which is
an estimation of the hardness and hardenability of the steel. For structural steels,
with a carbon content greater than 0.12%, the CEV can be calculated as, (Bernuzzi
and Cordova, 2016):

CEV = C +
Mn

6
+

Cr + Mo + V

5
+

Ni + Cu

15
(2.1)

where C, Mn, Cr, Mo, V , Ni and Cu are the alloying content (in weight-%) for
carbon, manganese, chromium, molybdenum, vanadium, nickel and copper, respec-
tively. To assure weldability of the steel the requirements in the different standards
have to be fulfilled. For normally occurring nominal product thickness, the maxi-
mum CEV is 0.47, 0.45−0.47 and 0.65 for S355J2, S460M,ML and S690Q,QL,QL1,
respectively. The CEV can be obtained from the steel producer for different steels
and are typically considerably lower than the requirements given in the standards.

Hydrogen cracking often occurs when the material cools down after welding (re-
ferred to as cold cracking), it can also appear several days after welding due to the
entrapped hydrogen. The risk for hydrogen cracking can be reduced by reducing
the hardenability (as previously mentioned), keeping the hydrogen content in the
weld consumables low, higher heat input and have an elevated working temperature
when welding. Welding recommendations for different steels are often provided by
the steel manufacturer, an example of preheating recommendations for two steel
grades are given in Table 2.2, taken from Günther et al. (2005). As can be seen,
for normal plate thickness and for S690 only modest preheating is recommended.

Table 2.2: Example of recommended preheating for two steel grades. The maximum
hydrogen content of the weld consumable is 5 mg/100g with a maximum permissible
heat input of 1.7 kJ/mm. Table taken from Günther et al. (2005).

Steel grade Maximum combined plate thickness, mm
30 40 50 60 70 80 90 100 110 120 130

S460M, ML Room temperature, RT 75
S690Q,QL,QL1 RT 75 100 150

Welding in HSS also poses the problem of the strength of the consumable mate-
rial. Generally overmatched electrodes, with regard to the steel grade of the base
metal, are considered safe (CEN, 2005). However, for many high strength steels,
using undermatched electrodes is the only option due to the limited strength of
the electrodes. Tests conducted on HSS with undermatched electrodes have shown
that the global strength of a joint can be decided based on the base metal even for

8



2.5. APPLICATION OF HIGH STRENGTH STEEL

undermatched electrodes; this is true up to a certain ratio between the strength
of the electrodes and the base metal (Collin et al., 2009). The fatigue behaviour
was studied for undermatched (up to 20 %, compared to the base metal) as well
as overmatched welds in Hanji et al. (2012), they reached the conclusion that for
high cycle fatigue the strength between the weld and the base metal had negligible
influence on the fatigue strength. However, for low cycle fatigue the undermacthed
welds showed lower fatigue strength compared to the overmatched.

2.5 Application of high strength steel

Numerous of studies have shown that HSS is a viable option for many structures
to achieve a more sustainable construction (Kristo and Markku (2014); Jaegyun
et al. (2016); Paper II). However, for cyclic loaded structures the benefits are often
severely limited by the fatigue performance. In this section the application of HSS
for different civil engineering structures will be reviewed.

2.5.1 High strength steel for bridge structures

In Paper I a survey of 489 steel girder and steel and composite bridges, built between
1990-2015 in Sweden, was compiled. Out of the 489 bridges, 249 are multi-span, 432
are road and 57 are railway bridges. The highest steel grade used for road bridges
and railway bridges, as a percentage of all road and railway bridges, respectively,
is given in Figure 2.1. As can be seen, road bridges are, in general, containing steel
of higher grade compared to railway bridges. One of the reasons for this is that
fatigue is more likely to be decisive in design of railway bridges compared to road
bridges. Fatigue is more likely to be decisive because the ratio of ultimate limit
state load and fatigue load is smaller for railway bridges compared to road bridges.

Road bridges
S420: 26%

S460: 33% S500: < 1%
S690: < 1%

S355: 39%

Railway bridges

S420: 28%

S460: 9%
S275:9%

S355: 54%

Figure 2.1: Percentage of bridges using S275, S355, S420, S460, S500 and S690
respectively, as the highest steel grade, taken from Paper I.

In total, there were seven bridges built using high strength steel, four bridges con-
taining S690 (built in 1996) and three bridges containing S500 (built between 1990-

9



CHAPTER 2. HIGH STRENGTH STEEL

1993). Furthermore, a fatigue verification was performed on the four bridges built
with S690 steel. The fatigue verification was both performed with today’s standard
(Eurocode) and the old Swedish standard used at the time of the construction,
Boverkets handbok om stålkonstruktioner (BSK 94) (Boverket, 1994). As to be
expected, the bridges had sufficient fatigue capacity with respect to the verification
format in BSK 94. However, not with the Eurocode. For the connection between
the steel girder and the vertical stiffener, attached to the intermediate cross-beam,
the detail category would need to be increased by 81 - 66 % for the four bridges
containing S690 material to fulfil the fatigue verification according to the Eurocode.

2.5.2 High strength steel for buildings

The fatigue capacity for buildings is very seldom an issue, and this goes for any type
of steel. However, the buckling resistance of HSS for buildings could still pose a
problem. The flexural, local, shear and lateral torsional buckling resistance does not
increase in the same rate as the yield strength increases. In general, the stockier
the cross-section is the greater the benefit of using high strength steel (Günther
et al., 2005). Therefore, HSS are particularly favourable for braced columns in
multi-storey buildings. In Figure 2.2 the relative material cost as a function of the
geometrical slenderness 1/i and the yield strength fy subjected to flexural buckling
is illustrated. Friends arena in Stockholm, Sweden, is an example of where HSS has
been used. In the roof structure a mixture of S460, S690 and S900 steel is used,
and by applying HSS instead of conventional S355 steel large savings in weight,
cost and environmental impact could be achieved (Cederfeldt and Sperle, 2012).
Another example of where HSS has been used is in the Lotte World Tower, which
is a 555 meter high-rise building using HSA800 (650-700 MPa yield strength steel),
in Seoul, South Korea (Lee, 2017).

200 400 600 800 1000 1200
Yield strength [MPa]

0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

N
or

m
al

iz
ed

 m
at

er
ia

l c
os

t [
~]

1/i = 40

1/i = 60

1/i = 80

1/i = 100

Figure 2.2: The normalized material cost as a function of the yield strength and the
geometrical slenderness 1/i, reproduced from Günther et al. (2005). The material
cost is normalized based on the steel price of S235.
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Chapter 3

Fatigue strength

3.1 Fatigue process

The fatigue process can be characterized as the accumulation of damage to local
regions due to cyclic deformation that leads to the onset of cracks and their subse-
quent propagation. The crack propagation continuous until the net cross-section is
too weak to carry the external load and fails. In the absence of any major flaws in
the material, the fatigue process can be divided into three phases:

- Crack initiation, is caused by irreversible slip dislocations of the crystallo-
graphic planes in the bulk material due to imperfections in the crystal lattice.
These dislocations bundle up and form slip bands, which in turn give rise to
intrusions and extrusions at the surface of the material. This rugged surface
will cause local stress concentrations of high magnitude, and these regions of
stress concentrations are perfect sites for crack nucleation.

- Crack propagation, starts with the formation of micro cracks, and may initiate
from the rugged surface caused by the slip bands. At first these micro cracks
will grow in the direction of the maximum shear stress, which coincides with
the direction of the slip bands. As a dominant crack gradually forms the crack
propagation direction starts to change and eventually becomes perpendicular
to the maximum tensile stress.

- Final failure, occurs when the net section is too weak to carry the external
load.

The fraction of the fatigue life spent in forming a dominant fatigue crack, with
the size of approximately 1 mm, varies greatly depending on the pre-existing stress
concentrations. It can vary from essentially 0 % to as high as 90 %, where the lower
bound corresponds to a specimen with severe stress concentrations and the upper
bound corresponds to a nominally defect-free and smooth specimen.

3.2 Fatigue assessment

Fatigue assessment consist of calculating actions, the resistance and choosing an
appropriate fatigue assessment method suitable for the given design situation. In
general, there are four groups of fatigue assessment methods:

1. Methods based on S-N curves, such as:
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a) Nominal stress approach
b) Hot spot stress approach
c) Effective notch stress approach

2. Methods based on fatigue crack propagation
3. Strained-based methods
4. Laboratory fatigue experiments

3.2.1 Methods based on S-N curves

By evaluating the fatigue resistance of a large number of experiments performed on
different structural details and by means of statistical evaluation, S-N curves are
formulated for the different structural details and for the different design methods.
Using a minimum of 8 to 10 test specimens are recommended in SIS (2012). More
information regarding the different S-N based methods, including modelling and
meshing recommendations, can be found in Aygül (2013).

Nominal stress approach

The nominal stress approach is the most commonly used method for assessing the
fatigue resistance of a welded structure. Nominal stresses are often easily obtained
from simple hand calculation, or, for more complicated situations, readily available
from a finite element model (FE-model). The effect of the geometric stress distribu-
tion, local stress raising effects and local weld defects are covered on the resistance
side (accounted for in the S-N curves), which makes this an attractive method for
practising engineers.

Hot spot stress approach

The hot spot stress approach has been developed to analyse more complicated
details where the geometric stresses are not accounted for in a good way by the
details covered in the nominal stress approach; the nominal stresses are hard to
obtain; and/or the loading is complex. The method is based on so called “hot
spot” stress, which is the stress at the point of crack initiation (usually at the weld
toe). These geometrical stresses include all stress raising effects from the structural
detail. Furthermore, the hot spot stress method is not applicable for cracks that
emanate from a defect inside the weld or from the root.

Effective notch stress approach

In the effective notch stress method the global geometric discontinuities and the
local geometric discontinuities are included. What is referred to as the notch stress
is simply the localized stress at any of the weld geometric discontinuities. The
effective notch stresses are obtained from a FE-model, where the weld geometry
is included with notches at the weld roots and toes. The magnitude of the stress
depends on the notch radius, which is set by the design engineer. The notch radius
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is supposed to account for material non-linearity and the statistical scatter in the
weld shape. Therefore, the radius is often set to a value that gives a conservative
resistance.

3.2.2 Fatigue crack propagation methods

Linear elastic fracture mechanics (LEFM) is a fatigue assessment method that is
based on crack propagation. LEFM is used with the assumption that there are pre-
existing crack(s) in the structure, this is an assumption that is true for most welded
structures and structures with inherent flaws such as inclusions. The pre-existing
cracks are usually in the size of 0.05-0.1 mm. Furthermore, there are three basic
modes of crack surface displacements, see Figure 3.1. Mode I is the tensile opening
mode where the two crack faces are moving apart. Mode I is the most commonly
occurring mode and the one that usually produces the most damage. Mode II is
the in-plane sliding mode where the two crack faces are mutually sheared in the
direction of the crack front. Mode III is an out-of-plane shear mode, where the
crack faces are sheared parallel to the crack front.

Mode I Mode II Mode III

Figure 3.1: The three basic crack surface displacements. Mode I, tensile opening
mode. Mode II, in-plane sliding mode. Mode III, out-of-plane shear mode.

The fatigue crack growth rate is expressed in terms of crack length increment per
load cycle da/dN and Paris et al. (1961) showed that the crack growth rate followed
the power law relationship:

da

dN
= C(ΔK)m (3.1)

where C and m are material parameters and ΔK is the stress intensity factor
range. The stress intensity factor is a unique characterization of the near-tip fields
surrounding the crack. The crack growth parameters C and m are obtained for
different materials and loading conditions through experiments. The stress intensity
factor range is a measurement of the difference in the minimum and maximum
fatigue stress cycle values together with specimen geometry and crack shape. For
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most simple geometries there are functions for the stress intensity factors that
are given by analytical solutions. However, for more complicated geometries and
loading situations finite element solutions are often required. A way of determining
the stress intensity factor is by calculating the J − integral, which, for linear elastic
materials, is equal to the energy release rate. The energy release rate is calculated
along a path around the crack tip, and the J − integral is independent of the
path taken to compute the integral. Therefore, if several contour integrals are
used to calculate the J − integral, each integral should end up yielding the same
result, if path-independence is prevailed. The stress intensity factor, based on the
J − integral and for plain strain conditions, is calculated as:

K =
√

JE

1 − ν2 (3.2)

where J is the J − integral and E is the modulus of elasticity and ν is the Poisson’s
ratio. The number of cycles to failure Nf is calculated as:

Nf =
∫ af

a0

C−1(ΔK)−mda (3.3)

where a0 and af are the initial and final crack depth, respectively.

For most engineering alloys the fatigue crack growth propagation consists of three
different regimes, as shown in Figure 3.2 (Suresh, 1998). Regime A is characterized
by a slow crack growth and the average crack growth rate is smaller than the
lattice spacing. In regime B the Paris power law, given in (3.1), is applicable and
is characterized by a linear relation between log(da/dN) and log(ΔK). Regime C
pertains to a region in which there is a rapid increase in crack growth rate as ΔK
increases, leading to failure. Most engineering structures can be treated by LEFM
since the initial crack(s) and the load magnitude are often above the threshold value
for regime B. Furthermore, since the majority of the fatigue life is spent in regime
B, for structures with nominal defects, the regime C will have little impact on the
total fatigue life, and can therefore be ignored.
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Figure 3.2: Schematic illustration of the crack growth law and its different regimes.

3.3 Factors controlling the fatigue life

There are numerous of factors controlling the fatigue life, for instance: stress range,
stress concentrations due to macro geometry; local stress concentrations caused
by weld geometry; inherent flaws and weld defects; residual stresses; metallurgical
conditions; anticipated location of the crack; crack size and shape; and atmospheric
conditions. Only a few of these factors are discussed in the sections below.

3.3.1 Fatigue loading

The fatigue strength curves given in the Eurocode 3 (CEN, 2008b) are based on
constant amplitude loading (CAL). However, in reality the loading amplitude his-
tory is far from constant and to still be able to use the strength curves based on
CAL, the variable amplitude loading history needs to be broken down into several
constant amplitude stress time series. The analysis of the stress history and the
division of the loading history into several constant amplitude stress series can be
performed by the rainflow or the reservoir method. The accumulated damage is
afterwards calculated by the Palmgren-Minor method. In welded structures the
stress range is calculated as the sum of the entire tensile and compressive part and
for non-welded structures or welded parts that have been annealed, the compressive
part is reduced by 40 %. The reason for using the entire compressive part for welded
structures is due to the tensile residual stresses. The reason for using a part of the
compressive far-field stresses for non-welded and annealed parts is because of that
even compressive far-field stresses contribute to the propagation of fatigue cracks.
In Crooker (1971) it was shown that in several fully-reversed tension-compression
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fatigue experiments there was a 50 % contribution to the fatigue crack growth rates
due to the compression part of the load.

Furthermore, the sequence of the stress time series is often neglected, even though it
can play an important role for some structures. In Schijve (1962) high peak loads on
the crack propagation rate were studied. It was shown that a single peak load had
a temporary effect on the crack growth rate, which for a tensile overload resulted in
a considerable retardation of the subsequent crack propagation. For a compression
overload it has been shown that the crack growth rate accelerates for the subsequent
crack propagation. In Hsu and Lassiter (1975) it was shown that the compressive
overload had a rather small effect on the fatigue crack growth. However, in Topper
and Yu (1985) the effect of compressive overloads on the near-threshold fatigue
crack growth1 and crack closure was investigated and a substantial decrease in the
threshold stress intensity and an increase in crack growth propagation rate was
observed. Furthermore, the positive effects of a tensile overload can be completely
or partly nullified by a following compressive overload (Suresh, 1998).

3.3.2 Material characteristics

For a smooth defect-free specimen the majority of the fatigue life is expended in
the crack initiation stage where the fatigue strength increases in proportion to the
yield strength, the fatigue strength of smooth high strength steel specimens have
been studied in Pijpers (2011) and in De Jesus et al. (2012). Meanwhile for welded
structures the initiation period is often negligible since cracks and other impurities
have been introduced during the welding process. During the crack propagation
phase the fatigue life cannot benefit from a higher yield strength of the parent
material, which is reflected in the Eurocode; and an inverse material relation has
even been observed, where the fatigue life decreases with increasing steel strength
(Anami and Miki, 2015). However, modern manufacturing and post-treatment
procedures have proven successful in utilizing a higher steel strength of the base
material in terms of fatigue life (Leitner et al., 2001; Günther et al., 2005). The
reason why a higher grade steel can show a lower fatigue strength, compared to a
mild steel, is most likely explained by the higher residual stresses (Anami and Miki,
2015); it could also be because of that the crack propagation rate increases with a
finer crystal structure, which is common in steels of higher grades (Suresh, 1998).

3.3.3 Crack shape assumption

In linear elastic fracture mechanics the fatigue crack is usually assumed to take
a semi-elliptical shape and the crack growth is often determined by the range of
the stress intensity factor (SIFR) at the deepest point, denoted ΔKIa, and at the
junction between the surface and the crack front, denoted ΔKIc. However, if the

1Near-threshold fatigue crack growth can be defined as the region where the stress intensity
factor range approaches the threshold value for fatigue crack growth.
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SIFR varies rapidly at the vicinity of the crack ends, the semi-elliptical shape will
no longer be a good approximation of the crack surface. A way of still assuming a
semi-elliptical shape of the crack, but taking into account the SIFR along the whole
crack surface, was developed in Nilsson (1992). Nilsson proposed a way of averaging
the driving parameter ΔKI along the surface of the crack and by minimizing the
error between the crack growth rate of the assumed semi-elliptical shape and the
actual crack shape, here given in (3.4) - (3.13). For the plain plate given in Example
3.2.1 this has a rather small effect on the SIFR. However, it should be noted that
this changes for other values of the aspect ratio κ, given in (3.9), and can have
a considerable effect. For the plate with an attached stiffener given in Example
3.2.2 the effect on the SIFR is substantially larger. See Figure 3.3 for relevant
denotations of a surface crack in a plate.

The crack growth rates ȧ and ċ for a semi-elliptical crack can be expressed as:
[

ċ
ȧ

]
=

[
(κa)−1L11 −a−1L12
−a−1L21 c−1L22

] [
aF 1
cF 2

]
(3.4)

where

Lij =
L∗

ij
D∗ (3.5)

L∗
ij =

∫ π/2

0
ξiξj(ξ1 + κ2ξ2)−1/2dϕ (3.6)

ξ1 = sin2ϕ (3.7)

ξ2 = cos2ϕ (3.8)

κ = a/c (3.9)

D∗ = L∗
11L∗

22 − L∗2
12 (3.10)

F i =
∫ π/2

0
(1 − ξi)CΔKmdϕ (3.11)

where a and c are the crack depth and width, respectively, C and m are material
constants and ΔK is the SIFR. With some manipulation the SIFR ΔK∗

Ia and ΔK∗
Ic

can be calculated with respect to the whole crack surface:

ΔK∗
Ia =

(
ȧ

C

)1/m

(3.12)

ΔK∗
Ic =

(
ċ

C

)1/m

(3.13)
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c
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c

a

Figure 3.3: Surface crack in a plate with relevant denotations.

Example 3.1: Effect of considering the SIFR along the whole
crack front of a plain plate.

For a plain plate, see Figure 3.4(a), subjected to axial loading with a semi-
elliptical crack, the difference in SIFR between using the scheme presented in
Nilsson (1992) and directly using the SIFR at the crack ends is illustrated
in Figure 3.5(b). The SIFR along the surface of the crack is calculated
according to Newman and Raju (1981) and produced for a constant aspect
ratio κ = 0.5. The normalized values of the SIFR for two crack depths are
given in Figure 3.5(a). As can be seen in Figure 3.5(b) the scheme presented
in Nilsson (1992) gives a slightly lower SIFR for a plain plate subjected to
axial loading. For a crack depth of a/T = 0.005 the initial shape, the crack
growth and the new quarter-ellipse approximation is presented in Figure
3.6(a). The crack growth is calculated based on the SIFR along the whole
crack front and is growing perpendicular to the crack plane. As can be seen
in this figure the crack growth and the new quarter-ellipse approximation
are in good agreement.

a) b) 

Figure 3.4: Semi-elliptical crack in: a) a plain plate subjected to axial load-
ing; b) a plate with a welded stiffener subjected to axial loading.
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Figure 3.5: For a plain plate: a) normalized SIFR along the crack surface
for two crack depths, ϕ = 0 corresponds to ΔKIc and ϕ = π/2 corresponds
to ΔKIa; b) the relative change in SIFR for the crack ends between using
the scheme presented in Nilsson (1992) and in Newman and Raju (1981).
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Figure 3.6: Initial crack shape for a/T = 0.005, crack growth and the new
quarter-ellipse approximation using the scheme presented in Nilsson (1992),
for: a) plain plate; b) plate with stiffener.

Example 3.2: Effect of considering the SIFR along the whole
crack front of a plate with an attached stiffener.

For a plate with an attached stiffener, see Figure 3.4(b), subjected to axial
loading with a semi-elliptical crack the difference in SIFR between using
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the scheme presented in Nilsson (1992) and directly using the SIFR at the
crack ends is illustrated in Figure 3.7(b). The SIFR along the crack surface
was calculated from a 3D finite element model, with similar modelling and
meshing technique as in Paper III, and for a constant aspect ratio κ = 0.5.
The normalized values of the SIFR for two crack depths are given in Figure
3.7(a), where the SIFR ΔKIc ≈ 2.2ΔKIa for the most shallow cracks and
ΔKIc ≈ 1.7ΔKIa for the deepest crack. As can be seen in Figure 3.7(b) the
scheme presented in Nilsson (1992) gives approximately the same ΔK∗

Ia as
ΔKIa but for ΔK∗

Ic there is a substantial reduction, which is caused by the
rapid increase in the SIFR in the vicinity of where the crack front meets
the surface close to the stiffener. Furthermore, the influence of any lack
of path independence at the crack ends in the evaluation of the ΔK∗

Ic will
be considerably lowered. For instance, an increase in ΔKIc of 50 % would
increase ΔK∗

Ic by roughly 3 %. In Paper III, Bowness and Lee (2000) and
Pang et al. (2016) path independence at the junction between the surface and
the crack front was reported, and for the case presented here the difference
between contour integrals was about 10 %, which would mean about 5 %
difference in ΔKIc. For a crack depth of a/T = 0.005 the initial shape,
the crack growth and the new quarter-ellipse approximation is presented in
Figure 3.6(b).
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Figure 3.7: For a plate with an attached stiffener: a) normalized SIFR
along the crack surface for two crack depths, ϕ = 0 corresponds to ΔKIc
and ϕ = π/2 corresponds to ΔKIa; b) the relative change in SIFR between
the scheme presented in Nilsson (1992) and obtained directly at the crack
ends.
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3.3.4 Detail geometry

The fatigue life of a structure is to a large extent depending on the stress flow and
in the case of a sharp geometrical change the stresses can be amplified several times
its far-field value, especially in the presence of defects. The zones that are affected
by amplified levels of stress due to micro and macro geometrical changes are called
stress concentration(s). A typical stress concentration comes from the change in
stiffness due to an attached vertical stiffener, see Figure 3.8. In Paper III a 3D
finite element model was created to study the effect on the fatigue life depending
on different weld geometries of a vertical stiffener. It was shown that consider-
able improvements in the fatigue life could be made, and the biggest impact was
from changing the weld toe radius, which for the studied case could increase the
fatigue strength with at least one detail category based on LEFM. Furthermore,
the thickness of a plate also has an effect on the fatigue life; where the fatigue life
decreases with increasing thickness. The reduction in fatigue life is due the fact
that a thicker plate has a higher probability of containing more and larger initial
defects compared to a thinner plate. In addition, the stress concentrations become
larger in a thicker plate.

Figure 3.8: Stress concentration due to macro geometrical changes at the location
of the weld toe for a 2D plate with an attached stiffener. This example does not
include the stress raising effects of micro geometrical changes, such as cracks.

3.3.5 Corrosion fatigue

Fatigue in corrosive environment can markedly affect the nucleation and propaga-
tion of fatigue cracks and reduce the fatigue strength of the material. The nucle-
ation is affected by surface damage, such as corrosive pits and cracks. The crack
propagation rate is affected by an interaction between cyclic slip and corrosive and
rupture mechanisms. More information about corrosion fatigue can be found in
Schijve (2009). The large reduction of fatigue strength, expressed as a reduction in
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the S-N curves is illustrated in Figure 3.9 for an un-notched mild steel specimen.
Furthermore, corrosion is a time dependent phenomenon and the fatigue strength
decreases with decreasing load frequency (Endo and Miyao, 1958).
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Figure 3.9: The effect of three different environments, air, water and salt water
(1% NaCl), and the load frequency on the S-N curve of an un-notched mild steel
specimen. The figure is reproduced from Endo and Miyao (1958)

3.4 Fatigue of welded details

As mentioned before, the crack initiation period of welded joints, in as welded con-
dition, are often considered to be expended and the fatigue life is determined by the
fatigue propagation phase. The remaining life of a joint section is highly dependent
on the magnitude of the stress concentration(s) and the residual stresses that have
been built into the weld. The fatigue life can be controlled by the designer by smart
detailing of stiffeners, attachments, and joint configuration; it can also be increased
by good quality of welding procedures and post-weld treatment techniques. In gen-
eral, details joined by welding are more sensitive to fatigue compared to bolted
and riveted connections, due to the defects, discontinuities and residual stresses
associated with welding. Herein this section, the factors that influence the fatigue
strength of welded joints will be commented and possible improvement methods
will be outlined.

3.4.1 Stress concentrations due to discontinuities

There are numerous defects that can give rise to stress concentrations, defects such
as undercut, overlap, cracks, ripples, lack of penetration and slag inclusions, etcetera
and their effect can be substantially reduced by good weld procedures and post-
treatment techniques. Furthermore, the stress concentrations depend on the plate
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thickness, weld toe radius, flank angle and weld toe distance (footprint width). In
general the fatigue strength increases with decreasing flank angle, weld toe distance,
plate thickness and with an increase in weld toe radius (Yıldırım (2016); Paper III).

The shape of the weld will also cause a stress concentration at the junction between
the weld bead and the plate surface. The magnitude of the stress concentration
can be controlled by how abrupt the change of the section is.

3.4.2 Fatigue improvement methods for welded structures

For welded structures the fatigue resistance can be improved by; reducing the stress
range at the critical detail; reducing the stress concentration; and/or altering the
residual stress state. Reducing the stress state can be done by either increasing the
cross-sectional dimensions or placing the fatigue prone details in zones with lower
stress state; where the latter is preferred. The stress concentrations are a function
of the micro and macro geometrical shape and can be improved by; better weld
quality and post-weld improvement methods; or by new or modified details. The
stress state is often altered by introducing compressive stresses where fatigue cracks
are likely to form and can be done by different post-weld improvement methods. In
the two sections below, different weld quality and post-weld improvement methods
will be given. Good weld quality and weld improvement methods aim at improving
the weld geometry and altering the initial stress state caused by welding.

Methods for improving the weld geometry

Through post-weld improvement methods, the weld geometry can be modified by:

• Grinding techniques, aim at improving the fatigue performance of the weld
by removing surface material, improving the weld toe angle and removing
defects and inclusions. Common grinding techniques are burr grinding and
disc grinding. Grinding techniques are especially beneficial for high strength
steels, compared to mild steels, mainly since the crack initiation phase is
reintroduced to the fatigue life. The increase in fatigue strength, compared
to the as-welded condition, for 2 × 105 cycles varied between 36-105 % for
HSS (685 MPa) and 7-36 % for mild steel (245MPa), depending on type of
grinding technique (Knight, 1978)

• Remelting techniques, improve the shape of the weld toe, removes inclusions
and increases the hardness in the heat affected zone by remelting the weld
toe region. Common remelting techniques are tungsten insert gas dressing
and plasma dressing. For the remelting methods the improvement in fatigue
strength does not appear to depend on the yield strength, and for 2 × 106

cycles an increase of approximately 100 % of the as-welded condition was
reported in Kirkhope et al. (1999)
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• Weld profile control, the fatigue life of a welded component can be increased by
ensuring a smooth transition at the weld. This can be achieved by controlling
the profile of the weld and by following different welding recommendations,
which specifies the profile radius.

Methods for altering the residual stresses

Through post-weld improvement methods, beneficial compressive stresses and/or
reduced tensile stresses at the weld region can be introduced by:

• Peening methods, aim at introducing compressive stresses through impact
treatment which deforms the surface. The compressive stresses are in the
magnitude of the yield strength of the material. Furthermore, the peening
methods also smoothens the weld toe that leads to an increase in the ini-
tiation period of the fatigue life. Therefore, the effect of peening methods
increase with a higher steel grade due to the increase in initiation life and
the compressive residual stresses. Common methods are shot peening, ham-
mer peening, needle peening and high-frequency mechanical impact (HFMI)
treatment. Several authors have observed an increase in fatigue crack initia-
tion life by using HFMI (Yıldırım, 2016). Furthermore, hammer peening has
been reported to improve the fatigue strength between 50-200 % which is the
method with the highest improvement rate (Kirkhope et al., 1999).

• Stress relief methods, often involves heating of the material to relieve it from
residual stresses.

• Low transformation temperature (LTT) weld filler, reduces the residual com-
pressive and tensile stresses and as a result the LTT joints have been shown
to increase the fatigue strength considerably, compared to conventional joints
(Harati et al., 2017; Barsoum and Gustafsson, 2009; Eckerlid et al., 2003).
Furthermore, the beneficial effect of LTT increases with increasing steel strength
of the material (Günther et al., 2005). However, the weld material is more
expensive and the toughness might be lower (Günther et al., 2005).

3.4.3 Common failures and failure modes

Most fatigue cracks are attributed to poor detailing, in the sense of abrupt changes
of stiffness at the connection between different members and from unstiffened gaps,
in combination with inherent flaws. Abrupt changes in stiffness could come from
transitions in plate dimensions between different girder sections, transverse and lon-
gitudinal stiffeners, welds, holes, attached plates, and other cross-sectional changes.
However, the most common fatigue damage, covering 90 % of all reported damage
cases in Haghani et al. (2012), was caused by unintentional or overlooked secondary
effects, such as deformation induced fatigue. One of the most fatigue prone details
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is shown in Figure 3.10, which illustrates a vertical stiffener at an intermediate
cross-beam in a steel and concrete composite bridge. In Figure 3.10a) the vertical
stiffener is attached to the flanges through welding and in Figure 3.10b) the vertical
stiffener is cut short from the lower flange, which causes secondary deformations.
The intention of the structural solution given in Figure 3.10b) was to reduce the
stress range at the critical location by cutting the stiffener short from the lower
flange. However, this often resulted in unintentional secondary deformations that
were detrimental from a fatigue perspective. In detail a) cracks will usually start in
the lower flange, as indicated in the figure, and in detail b) cracks will likely appear
and grow in the web plate almost parallel to the normal stresses at the intersection
between the end of the stiffener and the web plate. The secondary effects are caused
by torsional deformation of the bridge cross-section, as a result of uneven deflection
of the girders. The effect of having a gap between the stiffener and the lower flange
on the fatigue life is studied in Example 3.4.1, and in this example the fatigue life
is considerably reduced by having a gap compared to having full depth stiffeners
welded to the flanges.

CL CL

a) b)

Figure 3.10: Cross-section of a steel and concrete composite bridge at the position of
an intermediate stiffener. a) Vertical stiffener attached to the flanges. The dashed
line in the blow-up indicates a semi-elliptical crack. b) Vertical stiffener left with a
gap. The blow-up illustrates the secondary effect it undergoes during loading.

Example 3.4.1: Deformation induced fatigue.

In this example the effect on the fatigue life of having a gap of 10 cm between
the stiffener and the lower flange, as shown in Figure 3.10b), is compared
with having full depth stiffeners welded to the flanges. The dimensions for
the bridge along road 977 studied in Paper I was used together with fatigue
load model 3 given in Eurocode (CEN, 2010) with three different loading
positions. Two separate 3D finite element models with 20-node quadratic
brick elements with reduced integration was created in Abaqus, one of the
models is shown in Figure 3.11. To analyse the fatigue life of the two bridges
the structural hot spot stress method was used with meshing techniques as
described in Hobbacher (2016) together with appropriate submodeling for
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detail a) and b), as shown in Figure 3.11. For detail a) a weld toe crack was
studied, see Figure 3.11c), and for detail b) a moustache crack was studied,
see Figure 3.11d). The stresses perpendicular to the crack, in submodel a)
and b), is given in Figure 3.12a) and in Figure 3.12b), respectively. The hot
spot stress σhs was calculated as:

σhs = 2.52 ∗ σ0.4t − 2.24 ∗ σ0.9t + 0.72 ∗ σ1.4t (3.14)

where the stress perpendicular to the crack growth direction σ is calculated
at the distance of 0.4t, 0.9t and 1.4t, where t is the plate thickness. The hot
spot stress was calculated to 107 MPa for detail a) and 251 MPa for detail
b), see Figure 3.12.

y

x z
a)

b)
d)

c)

Figure 3.11: 3D finite element model showing load position together with
submodels used to analyse the hot spot stresses. To assess the fatigue life,
submodel a) was used for the full depth stiffener and submodel b) and d)
was used for the stiffener cut-short from the lower flange. Furthermore, the
dashed line in c) and in d) illustrates two possible crack locations for detail
a) and detail b), respectively.
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Figure 3.12: Stresses perpendicular to the crack growth direction close to
the vertical stiffener for: a) detail a); b) detail b).

The fatigue life was calculated as:

Nf = 2 × 106( σc
σhs

)m (3.15)

where m is set to 3, and σc is the detail category and is equal to 100 MPa
according to CEN (2008b). The fatigue life for the bridge without a gap
and with a gap between the stiffeners and the lower flange was calculated
to Nf ≈ 1.65 × 106 and Nf ≈ 1.26 × 105 cycles, respectively.

3.5 Other detailing methods

By bolting, casting or using additive manufacturing (AM) many of the defects as-
sociated with welding can be avoided and these methods has therefore the potential
to increase the fatigue resistance of the joint and possibly allow for the benefits of
a higher yield strength to be utilized. Even though welding cannot be completely
avoided when casting or using AM, since there will still be a need to integrate the
detail with the rest of the structure, there are still clear benefits of using these
methods. The main benefit is that the welds needed to integrate the structural de-
tail with the remaining structure can be kept away from the most critical junction
where the stress concentration(s) due to geometrical disturbance is at its highest
and will thus increase the fatigue resistance. Furthermore, it will create simpler
details to join during the erection and fabrication of the bridge.
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3.5.1 Bolting

In bolted connections, the fatigue cracks are often initiated at the edge or in the
vicinity of the edge of the bolt hole. Fatigue cracks can also occur in the bolts
and usual crack initiation sites are at the transition between the shank and the
head of the bolt; at the thread run-out; at changes in the diameter of the shank;
and/or in the first or second bolt thread of the shank that is in connection with the
nut. In Nishida et al. (1997), the effect on the fatigue strength by different types of
thread, nut, bolt material and root radii was investigated and it could be concluded
that only a slight improvement in fatigue strength could be attained from changing
these parameters. In bolts where the load is transferred through friction between
the plates and no slip is allowed, the dynamic loading in the bolt is negligible.
Slip-resistant connections can be made through pre-tensioning the bolts (Lotsberg,
2016). For slip-resistant connections failure is commonly produced by fretting fa-
tigue. Fretting fatigue is characterised by small oscillatory sliding movements be-
tween two contacting surfaces. The wear caused by this sliding movement results
in an earlier nucleation and/or growth of fatigue cracks and a reduced endurance
limit2 (Suresh, 1998). The fatigue strength of these type of joints increase with
increasing pre-tension force of the bolts, which was showed for single-lap bolted
joints in Jiménez-Peña et al. (2017). Furthermore, it was shown in Hämäläinen
and Björk (2015) that steels of higher yield strength are more prone to fretting
fatigue behaviour. In the European design standard Eurocode 3 (CEN, 2008b), the
yield strength of the material has no influence on the fatigue strength of the joint.
This fact is supported by Cullimore (1982), where the material strength only had
a marginal effect on the fatigue strength. However, it seems that the technique
used to create the bolt holes has an effect both on the fatigue strength and on
the influence of yield strength on the fatigue strength. In Cicero et al. (2016) it
was shown that the fatigue life of the joint increased with increasing yield strength
of the material for bolts created with laser cutting, the same trend could not be
observed for plasma and oxy-fuel cutting.

3.5.2 Casting

Casting is one of the oldest manufacturing methods for steel components and al-
lows for advanced shapes to be created by pouring molten metal into a mould with
cavities in the shape of the desired detail. This allows the designer to create more
complicated details that contain a lower amount of geometrical stress concentra-
tions. The casting of tubular sections is particularly common, and has been used in
the Nesenbachtal bridge in Germany, using S690QL steel (Johansson et al., 2008).

The fatigue strength of cast details is set by the size of the initial casting defects. A
common defect is porosity due to shrinkage and air bubbles during the solidification

2The stress amplitude that can be applied without causing fatigue failure, also known as
fatigue limit.
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process, where the pores act as stress raisers which could cause the fatigue life to
be dominated by crack propagation. Cast details are often connected to rolled steel
parts through welds, and from a fatigue perspective the weld is usually the critical
location. In Han et al. (2016) fatigue tests of rolled steel welded to cast steel was
investigated, and it was shown that the most common fatigue site was in the heat
affected zone in the cast steel material. The cast steel and the rolled steel had
similar mechanical properties and chemical composition. Furthermore, the fatigue
strength of cast details are usually lower compared to its forged/rolled counterpart,
which has been shown in Cao et al. (1984). Furthermore, in Cao et al. (1984) it
was shown that for the same chemical composition, strength level and subjected
to the same heat treatment the forged steel showed better tensile ductility, notch
toughness and fatigue strength (21.6 % higher). Meanwhile the cast steel showed a
higher fracture toughness, and a slightly lower crack growth rate. However, Pijpers
(2011) reported cracks appearing in the weld root of the rolled steel as well as in
the cast steel. Furthermore, the scatter range when comparing V-welded rolled
steel to rolled steel plates and cast steel to rolled steel plates were similar. This
would indicate that the fatigue strength of rolled and cast steel could be similar,
depending on the initial defects.

In Sonsino and Umbach (1998) the fatigue behaviour of hybrid tubular K-nodes and
ordinary welded K-nodes in artificial seawater were investigated. The hybrid nodes
were created by inserts of cast steel of both high strength (yield strength of 500
MPa) and medium strength steel (yield strength of 355 MPa). By using the cast
inserts the welds could be moved to a less fatigue critical location and the fatigue
life spent in crack initiation and crack propagation could be increased. It was shown
that the fatigue life spent in crack initiation increased by a factor of two for the
high strength steel compared to the medium strength steel for the same imposed
load, even though the plate thickness was 26 % thinner for the high strength steel.
Furthermore, it was shown in Müller et al. (1996) that even the crack propagation
life was higher for similar high strength steel compared to similar medium strength
steel as in Sonsino and Umbach (1998) for both in air and in seawater.

3.5.3 Additive manufacturing

Additive manufacturing (AM) is the process of building a component by deposit-
ing thin layers of material that is bonded to preceding layers of molten material.
Through this process complex geometries are possible to create. The structural
detail created through AM will later have to be integrated with the rest of the
structure through welds. However, similar to the cast detail, the welds can be kept
away from geometrical stress concentrations.

The difference in material properties between AM and other methods (forging/rolling
and casting) is due to the process dependent microstructure and the features re-
lated to the layer upon layer solidification (Beretta and Romano, 2017). The mi-
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crostructure in AM and casting is different, however, similar to casting, the most
detrimental imperfection in terms of fatigue is the surface and subsurface porosity,
as this is a likely crack initiation site (Brandl et al., 2012). The porosity can be
reduced by hot-isostatic pressing (HIP) and with this processing technique compa-
rable fatigue strength values to wrought materials have been achieved for titanium
alloys (Herzog et al., 2016). Furthermore, the increased surface roughness and the
residual stresses caused by the layer upon layer manufacturing approach are also
affecting the fatigue strength. The effect of surface roughness can be reduced by
mechanical surface treatment.

In Beretta and Romano (2017) the fatigue strength of aluminium alloy AlSi10Mg
and titanium alloy Ti6Al4V, manufactured by AM, was compared to similar com-
ponents made by traditional processing techniques (casting, forging). It was shown
that the fatigue strength of the components created by AM was similar and some-
times better than the equivalent component created by traditional processing tech-
niques, if the component had been stress relieved and machined.

In Riemer et al. (2014) the high cycle fatigue strength of stainless steel manufac-
tured by selective laser melting (SLM) was studied, for both the as-built condition
and for post-treated. Compact tension specimens with a width of 20 mm and a
thickness of 3 mm were used. The fatigue strength of the SLM specimens were com-
pared to similar material manufactured with traditional processes (rolled stainless
steel). It was shown that by machining the details the fatigue strength could be
considerably increased and it had thereby a similar strength as the traditional pro-
cessed materials. Furthermore, the fatigue strength could be slightly increased by
annealing and by HIP processing; where HIP processing had the largest effect.

3.6 The need of an improved fatigue strength

In Paper II, an optimization of a single span steel and concrete composite bridge
with material cost, weight and environmental impact as separate objective func-
tions3 is presented. The aim of the study was to investigate the potential benefits
of using HSS, compared to conventional steel, in terms of the three objective func-
tions. The environmental impact is expressed in terms of CO2 equivalent (CO2eq)
emission.

The optimization routine followed what is outlined in the Eurocode and satisfied
both ultimate and serviceability limit state conditions, with exception for fatigue.
To study the influence of fatigue a separate fatigue verification was performed on
a small selection of the optimized solutions, given in Table 3.1.

The steel structure, which was optimized, included all individual plates of the two

3Objective function(s) can be defined as the desired function(s) to be maximized or minimized.
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Table 3.1: Index and combination of steel grades, with the yield strength given in
[MPa]. The following denotations are used, UF - upper flange, LF - lower flange
and WB - web. Table taken from 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

steel I-girders carrying the concrete deck. The individual plates composing the steel
girders could assume eight different steel grades, ranging from S275 to S690, creating
a total of 454 different material combinations. Three different structural details
were included in the fatigue verification, see Figure 3.13. The detail category Δσc
of location 1, 2 and 3 is equal to Δσc = 80MPa, Δσc = 125MPa and Δσc = 80MPa,
respectively.

2
1

3

Figure 3.13: Fatigue location 1, 2 and 3 subjected to longitudinal normal stresses
and with a crack formation perpendicular to the direction of stresses, reproduced
from Paper II.

The results from the optimization, for the material combinations given in Table
3.1 and for the three objective functions, are given in Figure 3.14. The results are
normalized with respect to the homogeneous S355 solution (index 2). The largest
savings in terms of weight and CO2eq emission was achieved by the homogeneous
S690 solution (index 18), with savings of 33 % and 28.3 %, respectively. For the
optimized solutions of the material combinations given in Table 3.1, a fatigue ver-
ification was performed. In Figure 3.15 the design stress range over the detail
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category for location 1, 2 and 3 is presented, and a ratio ≤ 1 indicates that the
fatigue resistance is sufficient. For the material combinations presented in Table
3.1 only index 1 fulfilled the fatigue criteria for all locations. Furthermore, location
1 was decisive for all girder solutions. Location 1 was decisive because the design
stress range at the position of location 1 and 2 were close to identical and the stress
range at location 3 was 27 % lower. For the homogeneous S355 girder (index 2),
the detail category of location 1 required an increase of 10 % to have a sufficient
fatigue life, resulting in a detail category of 88.1 MPa. It should be noted that
fatigue location 3 can be increased to a detail category of 112 MPa instead of 80
MPa by having the welds connecting the the web plates and the flange plates done
in separate sections.
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Figure 3.14: Normalized values, against the homogeneous S355 solution, of weight,
CO2eq emission and cost for the optimized solutions given in Table 3.1, taken from
Paper II.
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Figure 3.15: The design stress range over the detail category for location 1,2 and
3, for the optimized solutions given in Table 3.1, taken from Paper II.
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Chapter 4

Innovative structural solutions

4.1 Overview

There have been a few attempts of improving the fatigue resistance of bridge struc-
tures and to allow for HSS by means of new structural details. In Sause et al. (2001)
several innovative steel I-girders were studied, with focus on two solutions in spe-
cific; I-shaped girders with corrugated webs and I-shaped girders with a tubular
flange filled with concrete, see Figure 4.1. The corrugated web has an increased
shear capacity compared to the conventional I-girders and transverse stiffeners are
no longer needed to carry the shear load. However, the main function of the trans-
verse stiffeners in the span of the structure is to attach the cross-beams. Therefore,
by using corrugated webs the critical transverse stiffeners cannot be avoided. The
tubular flanges filled with concrete, if pre-stressed, have the potential to reduce the
risk of fatigue damage. The pre-stressed concrete does not alter the stress range,
but introduces compressive stresses and reduces the tensile residual stresses from
welding. However, the effect of the pre-stress force on the lower flange might not
be sufficiently large to have an actual impact.

a) b)

Filled with
concrete

Probable
crack initaion sites

Figure 4.1: Illustration of two innovative structural solutions, a) I-girder with a
corrugated web b) I-girder with tubular flange filled with concrete.

In Ibrahim et al. (2006) and in Harrison (1965) six girders with corrugated-web
plates and two girders with sinusoidal-web plates were studied, respectively, with
main focus on the fatigue capacity. The test specimens were simply supported and
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were subjected to four-point bending. The specimens had stiffeners cut short away
from the tension flange. It was reported that the fatigue lives of the corrugated-web
plate girders and the sinusoidal-web plate girder were 50-80 % and 25-50% longer,
respectively, compared to similar flat-web plate girders with full-depth stiffeners.
However, the risk for distortional induced fatigue was not studied and could still
pose a problem.

In this chapter a few innovative solutions are presented and discussed. The corru-
gated web plate with stiffener gap, studied in section 4.2, is a solution proposed by
previous researchers, meanwhile the other solutions were not found in any previous
literature. In order to make these solutions viable for construction further analyses
are required.

4.2 Corrugated web with stiffener gap

Leaving a gap between the stiffener and the flanges has the potential to increase
the fatigue capacity, if secondary effects can be kept small. A way of reducing the
secondary effects is to increase the torsional stiffness of the web, which can be done
by using a corrugated web. In Example 4.2.1 the secondary effects of uneven loading
is studied for a bridge with a corrugated web with a gap between the stiffeners and
the flanges. Comparing with the previously performed Example 3.4.1 the secondary
effects was considerably lowered by using a corrugated web, with the corrugated
web solution the number of cycles to failure was calculated to Nf ≈ 3.45 × 106

compared to Nf ≈ 1.26× 105 for the same detail, making the corrugated web with
gap between the flanges and the stiffeners a viable option from a fatigue point of
view. Therefore, the fatigue life of Example 4.2.1 is no longer determined by the
secondary effects.

Example 4.2.1: Corrugated plate with stiffener gap.

In this example the effect on the fatigue life of having a gap of 10 cm between
the stiffener and the flanges together with a corrugated web is studied.
The section of the corrugated girder and the intermediate cross-beam is
illustrated in Figure 4.2a), where h = 150mm, b = 250mm and d = 200mm.
Same bridge case as studied in Example 3.4.1 was used here. However,
this example was modelled with 8-node doubly curved thick shell elements
with reduced integration. In Figure 4.2b) two possible crack initiation sites
are illustrated, crack (i) growing parallel to the y-direction and crack (ii)
growing almost parallel to the x-direction. The hot spot stress was calculated
according to (3.14) and the fatigue life was calculated to (3.15). The stresses
perpendicular to crack (i) and crack (ii) are given in Figure 4.3a) and Figure
4.3b), respectively. The hot spot stress was calculated to 85.3 and 83.4 MPa
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and the fatigue life was calculated to Nf ≈ 3.22 × 106 and Nf ≈ 3.45 × 106

cycles for crack (i) and for crack (ii), respectively.

b)a)

bdh
b

y

zx

y

x

(i)

(ii)

Figure 4.2: a) Section from the 3D finite element model for the corrugated
girder and the intermediate cross-beam b) submodel together with two pos-
sible crack location sites, indicated by the dashed line.
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Figure 4.3: a) Stresses perpendicular to crack (i) used to evaluate the hot
spot stress. b) Stresses perpendicular to crack (ii) used to evaluate the hot
spot stress.
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4.3 Smooth transition details

By having a smoother transition between the vertical stiffener and the web-plate
and/or the flanges the fatigue life can be substantially increased. Two possible
solutions are proposed, the first solution contains full-depth vertical stiffeners with
a smooth transition. In this solution a part of the flange-plates and the web-plates
together with the stiffeners are either created by casting or AM, see Figure 4.4.
The detail will be integrated with the rest of the main girder through welding.
The splices of the web-plates and flange-plates are kept in different sections, as
can be seen in Figure 4.4. By keeping them in different sections the intersection
between the casted/AM detail can have a higher detail category, compared to if
the splices were kept in the same section. The detail category for the intersection
between the detail and the remaining structure can be as high as 112 MPa (CEN,
2008b). In Example 4.3.1 the effect on the detail category by an increasing radius
between the stiffener and the flange is studied. In the example, it was shown that
the detail category could be increase from 80 MPa to 103.4 MPa by adding a radius
of R/T = 1.25 where R is the radius and T is the flange thickness. It should be
noted that the change in residual stresses were not considered in this example and
it was assumed that the initial crack size and crack location was the same in all
cases.

Stiffeners

Web
Flanges

Smooth
transition

Figure 4.4: Proposed solution with full-depth stiffener with smooth transition.

The second proposed solution is a stiffener cut short away from the flanges with
a smooth transition, see Figure 4.5. In this solution the welds are moved to the
intersection between the web-plates and the intersection between web-plate and
upper and lower flanges. The upper and lower flanges are produced by rolling and
are continuous without welds in the same section as the welds between the web-
plates. The web-plate together with the stiffener is produced by either casting or
additive manufacturing and the intermediate cross-beam is welded to the detail.
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Another solution is to cast the stiffener only, and cut a hole in the web-plate and
connect the stiffener through welds. An example treating the smooth transition
detail given in Figure 4.5 is studied in Example 4.3.2. In this example it is shown
that the detail given in Figure 4.5 is not sensitive to deformation induced fatigue
by uneven loading, and therefore has a considerably longer fatigue life compared to
conventional details. For this structural detail the decisive section from a fatigue
point of view is likely going to be the connection between the flange-plates, which
has a detail category of 112 MPa.

Casted web plate and stiffener

Welds only required for the web-plate

Figure 4.5: Proposed solution of a smooth transition detail with an attached cross-
beam.

Example 4.3.1: Effect of weld radius on the detail category.

For a plate with an attached stiffener, see Figure 4.6 a), the effect of different
weld toe radii on the detail category is studied. The range of the stress
intensity factors (SIFR) along the crack surface are obtained through a 3D
finite element model with similar meshing and modelling technique as in
Paper III. The crack shape is assumed to be quarter-elliptic and is growing
based on the SIFR at the end-points, ΔK∗

Ia and ΔK∗
Ic, calculated according

to (3.4) - (3.13). The initial crack depth is 0.1 mm and the initial crack
width is 2 mm. The final crack size was set to T/2, where T is the plate
thickness and set to 40 mm. The detail category Δσc is calculated as:

Δσc =
(

Nf
Nf,ref

)1/3
× Δσc,ref (4.1)
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where Nf and Nf,ref are the number of cycles to failure for the detail with
a weld radius and without a weld radius (the reference detail), respectively.
σc,ref is the detail category for the reference detail and is set to 80 MPa
according to CEN (2008b). The weld of the reference detail had a throat
thickness of 10 mm and a weld angle of 45◦. The detail category could be
increased to 103.4 MPa, compared to 80 MPa, by adding a radius R/T =
1.25. The trend showed that further increase in detail category could be
made by increasing the radius even more. However, the further increase in
detail category would be modest. The detail category started to converge,
and would presumably start to decrease due to the increase in stiffness,
which has been showed to decrease the fatigue life (Paper III). The analysis
ended at a ratio of R/T = 1.25 due to meshing problems associated with a
larger weld radius.
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Figure 4.6: a) Plate with an attached stiffener, where T is the plate thick-
ness, R is the weld radius and L is the length of the stiffener and welds
b) Detail category as a function of the weld radius over the flange plate
thickness R/T .

Example 4.3.2: Smooth detail cut short away from the flanges.

In this example the stress intensity factor for an initial semi-elliptical crack
located at the toe of the detail, see Figure 4.7a), is studied. The initial crack
depth is set to 0.1 mm and the initial crack width is set to 2 mm. The crack
propagation is calculated based on the SIFR at the crack ends, ΔK∗

Ia and
ΔK∗

Ic, calculated according to (3.4) - (3.13). The dimensions of the bridge
along road 977 studied in Paper I was used together with fatigue load model

40



4.3. SMOOTH TRANSITION DETAILS

3, given in Eurocode (CEN, 2010). The bridge was analysed in Abaqus using
20-node quadratic brick element with reduced integration. Similar modelling
and meshing technique as in Paper III was used to analyse the crack. In
Figure 4.7b) one of the submodels and σy stresses are shown. The SIFR for
the detail given in Figure 4.7a) was calculated to ΔK∗

Ia = 46.1N/mm3/2 and
ΔK∗

Ic = 23.9N/mm3/2, compared to ΔK∗
Ia = 161.9N/mm3/2 and ΔK∗

Ic =
181.4N/mm3/2 for the reference detail in Example 4.3.1. For steels in air or
nonaggression environments up to 100◦C and with a stress ratio R ≥ 0.5, the
recommended stress intensity factor for the fatigue crack growth threshold
is 63N/mm3/2 (BSI, 2005). Which means that the range of the SIFs at the
toe of the detail are not severe enough to propagate the initial crack of the
magnitude given in this example. The initial crack, the crack propagation
in every node for da = 0.2mm (if the growth threshold is ignored) and the
new quarter-ellipse is illustrated in Figure 4.7c).
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Figure 4.7: a) Smooth transition detail with an assumed initial crack loca-
tion at the toe of the detail, indicated by the dashed line. b) Contour plot of
the σy stresses for one of the submodels used in the analysis. c) Initial crack
shape, crack growth and the new quarter-ellipse using the scheme presented
in Nilsson (1992)
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4.4 Bolted cross-beams

Using a bolted connection instead of the typically welded connection for intermedi-
ate cross-beams has the potential to increase the fatigue life due to a higher detail
category associated with bolted connections compared to welded connections. A
suggested bolted cross-beam solution is given in Figure 4.8 a) and studied in Ex-
ample 4.4.1. Figure 4.8 b) shows a possible secondary/restrained deformation that
could lead to high stress concentrations. Example 4.4.1 shows one potentially criti-
cal secondary/restrained deformation that lead to high stress concentrations of the
upper flange. The stress concentrations could potentially be critical due to that
their location is at/close to the welded shear studs. If the stress concentrations can
be kept away from the welded shear studs, the type of bolted connection given in
Figure 4.8a), would have a detail category of 90 MPa with preloaded bolts, accord-
ing to CEN (2008b). This is to be compared with a detail category of 80 MPa for
the welded counterpart.

CL

a)

A

A
A - A b)

Possible stress
concentrations

Figure 4.8: Proposed bolted cross-beam solution, a) cross-section of a compos-
ite steel and concrete bridge, b) a possible secondary/restrained deformation and
associated stress concentrations due to uneven loading of the girders.

Example 4.4.1: Bolted cross-beam.

In this example the bolted cross-beam shown in Figure 4.8 is studied, with
focus on harmful secondary/restrained displacements and stress concentra-
tions. The two intermediate cross-beams were made out of eight HEA 220
beams and connected to the flanges through two pre-tensioned bolts per
HEA beam. A 3D finite element model – similar to the one in example 3.4.1
– was created in Abaqus. To study the bolted connection, including plates,
bolts and nuts, a submodel with solid elements was created, see Figure 4.9b).
The pre-tension force Fp,C was set to in accordance with (4.2), taken from
CEN (2005), and was introduced as a "bolt load" in Abaqus. Surface con-
tact interaction was formulated and the friction coefficient was set to 0.5,
according to CEN (2005). Potentially critical tensile stress concentrations
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were found on the upper flange (at or in the vicinity of the welded shear
studs) due to secondary/restrained deformations. The secondary/restrained
deformation is visualised in Figure 4.9a) and the stress concentrations are
visualised in Figure 4.9c). The welded shear studs have a detail category of
80 MPa CEN (2008b), and could potentially be limiting the fatigue capacity.
Furthermore, high stress concentrations around the bolt holes were observed.
However, this is covered in the detail category of bolted connections and can
therefore be ignored. The pre-tension force Fp,C was calculated as:

Fp,C = 0.7fubAs (4.2)

where fub is the ultimate tensile strength of the bolt and As is the cross-
sectional area of the bolt. In this example fub = 1000N/mm2 and As =
201mm2.
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Figure 4.9: Analysis of bolted cross-beam: a) secondary/restrained deforma-
tion of the upper flange; b) finite element submodel of the detail; c) contour
plot of the stresses at the upper flange.
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Chapter 5

Discussion and conclusions

5.1 Overview

The use of high strength steel (HSS) for cyclic loaded structures is to a large extent
constrained by the fatigue capacity of the structure. As shown in Paper II, in order
to be able to utilize the higher static capacity of the HSS the fatigue strength needs
to be considerably 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 amount
of bridges containing HSS, see Paper I. With the governing standards and the
structural details available today it is hard to utilize any of the benefits associated
with HSS for cyclic loaded structures.

5.2 Discussion

5.2.1 Fatigue improvement methods

Corrugated-web plate

Corrugated-web plate girders with cut short stiffeners have the potential to im-
prove the fatigue life by 50-80 % and due to their increased torsional stiffness,
distortional induced fatigue cracks can be avoided. The improvement in fatigue life
can be translated to an increase in detail category Δσc through (4.1) and results in
Δσc = 91.5 − 97.3 MPa instead of Δσc = 80 MPa. Furthermore, the corrugated-
web plate would only be needed in the vicinity of the intermediate cross-beam and
over the supports, in the rest of the girder flat web plates could be used. Fatigue
cracks would likely appear in the corners of the corrugated-web plate, as illustrated
in Figure 4.1. Based on this crack formation, a modified version - that would in-
crease the fatigue life - would be to create smoother corners. However, counter
intuitive as it may seem, the sinusoidal formed web plate investigated in Harrison
(1965) had a lower fatigue improvement rate than the conventionally corrugated-
web plate presented in Ibrahim et al. (2006). It should be noted that a reason
for this could be due to the limited number of fatigue tests performed or that the
welding technique used to create the sinusoidal welds were not as good as straight
welds at the time. Therefore, a corrugated-web with smooth corners and stiffeners
cut short from the flanges could be a viable option to considerably improve the
fatigue life.
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Smooth transition details

The smooth transition details showed great potential to increase the fatigue life for
intermediate cross-beams and cross-beams over supports. The analysis used herein
was based on an initial defects of the same size as for welded structures. This is
rather conservative assumption and the defects of welded structures are likely to be
greater than casted and additive manufactured (AM) details. The typical size of
the specimens used for fatigue strength estimation of AM details are considerably
smaller than the size of the proposed structural detail. The fatigue strength of
larger components could be affected by higher residual stresses and larger and more
initial defects, compared to the details that are usually used for fatigue strength
experiments.

Bolted cross-beams

The bolted cross-beam, presented in Figure 4.8 showed high stress concentrations at
potentially critical locations. Furthermore, bolted connections are more susceptible
to corrosion fatigue due to entrapped water at fatigue critical locations, compared
to welded details, and might therefore not be a viable solution to increase the fatigue
capacity of intermediate cross-beams. A short overview of the negative aspects of
corrosion fatigue is given in Section 3.3.5.

5.3 Conclusions

5.3.1 Inferences based on appended papers

Paper I The most common way of composing the cross-section, for non-continuous
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.
This is most likely because of one or both of the following reasons: during con-
struction, if unstiffened, the upper flange might be susceptible to buckling/later-
torsional buckling and during operation the upper flange is usually exposed to far
lower stresses than the lower flange, especially in composite structures. For the
continuous bridges over the support area almost the same trend, as previously de-
scribed, can be observed; 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 or
above 500 MPa.

Paper IIWithout considering fatigue the solutions containing a higher steel grade
showed great potential in saving material, lowering the CO2eqe and reducing the
material cost of the steelwork for single span bridges. In Paper II, the largest
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savings in weight and CO2eqe was achieved by the homogeneous S690 solution and
the largest savings in cost was achieved by the hybrid S460/S460/S690 solution. By
comparing these with the homogeneous S355 solution 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 consideration the higher strength steels lost all its
beneficial effects. 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 realized for low and medium grade steels
(S275 - S460). Hybrid girder solutions gave the best utilization 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 Considerable improvements of the fatigue life can be accomplished by
changing the local geometry of the welds and the size of the stiffening plate. From
the results it could be concluded that by decreasing the footprint width, the fatigue
life could increase by up to 35 %. Having a weld angle of 30◦ instead of 45◦ increased
the fatigue life by 14 %. By changing the weld radii the detail category would
increase between 89.1 - 106.5 MPa instead of 80 MPa. The relative improvement in
fatigue life is depending on the initial crack size, where the benefits of, for instance,
a flatter weld angle can vanish completely for a large initial crack size.

5.3.2 Implications from supplementary findings

Four different innovative solutions were studied in chapter 4, all of which have
the potential to increase the detail category of the intermediate cross-beam. The
conventional full-depth welded vertical stiffener attached to a cross-beam has a
detail category Δσc = 80MPa and is here used as reference. By using a corrugated
web with stiffeners cut short from the flanges the detail category can be increased
to 91.5 - 97.3 MPa. The stiffeners cut short from the flanges are not prone to any
secondary/restrained deformations causing high stress concentrations; this is due
to an increased torsional stiffness of the web provided by the corrugated plate. The
bolted cross-beam can increase the detail category to 90 MPa. It should be noted
that high stress concentrations could occur in the vicinity/at the welded shear studs,
which could limit the increase in fatigue strength. Furthermore, as discussed, the
fatigue life could be limited due to entrapped water which could cause corrosion
fatigue. The smooth transition details produced through additive manufacturing
(AM) or casting has the potential to increase the detail category by as high as 112
MPa. This is true if the fatigue strength of rolled steel welded to casted/AM steel
is the same as two rolled steels welded together, see Section 3.5.2 and 3.5.3 for
information about the fatigue strength of casted and AM details, respectively.
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5.4 Further research

The main aim of the research work presented in this thesis was to increase the fa-
tigue strength of intermediate bracing systems and bracing systems at the supports.
Several of the proposed innovative solutions presented in this thesis has the poten-
tial to do so. However, further research is required to establish a detail category for
the proposed structural solutions. This entails a more detailed fracture mechanical
analysis together with laboratory fatigue experiments. The fatigue experiments will
highlight potential problems related to casting and using additive manufacturing of
large steel details; problems such as porosity and residual stresses and their effect
on the fatigue strength should be investigated. Furthermore, practical challenges
will also have to be addressed, as to how buildable the given solutions are.

The innovative structural details presented in this thesis could be further improved
and/or additional structural details could be found. Finding additional innovative
structural details could be done through topology optimization, by minimizing the
stress concentrations of the structure.

A secondary aim was to study the benefits of using HSS for bridge structures. For
the innovative structural details this would require studying the potential crack
initiation period in order to investigate the possibility of increasing the fatigue
strength by using HSS. Furthermore, in Paper II, the cost benefits of using HSS
was expressed in terms of material cost. However, a more detailed cost analysis
of bridges would be necessary to discover the actual savings of using HSS. A more
detailed cost analysis would have to include, besides from material cost, the cost
of fabrication (welding, cutting, assembling and painting), transportation, erection
and recycling of the steel. Furthermore, a more detailed analysis of the environ-
mental impact should be performed, covering fabrication, transportation, erection
and recycling.

As previously mentioned, the dynamic properties of the bridge does not depend on
the yield strength of the structure, but rather the mass and the stiffness - both of
which are altered when using HSS. Therefore, the dynamic performance of bridges
using HSS could be an interesting topic for further research.
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