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Nomenclature
2D Two-dimensional

3D Three-dimensional

ABS American Bureau of Shipping

CAFL Constant Amplitude Fatigue Limit

CV Coefficient of variation

DNVGL Det Norske Veritas Germanischer Lloyd

DNV Det Norske Veritas

FEA Finite Element Analysis

FEM Finite Element Method

FE Finite Element

HAZ Heat Affected Zone

HCF High Cycle Fatigue

IIW International Institute of Welding

LCF Low Cycle Fatigue

LEFM Linear Elastic Fracture Mechanics

OSB Orthotropic Steel Bridge

OSD Orthotropic Steel Deck

PDE Partial Differential Equations

RP Reference Point (ABAQUS®)

RWS Rijkswaterstaat

SCF Stress Concentration Factor

SD Standard Deviation

SHSS Structural Hot-Spot Stress

TNO Toegepast Natuurwetenschappelijk Onderzoek
(English: Netherlands Organisation for Applied Scientific Research)
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Summary
The phenomenon of fatigue in orthotropic steel deck (OSD) bridges is a predominant problem because
of complexity of the prediction methods. In the past, many researchers have studied the fatigue be-
haviour of various details in OSDs via both experiments and Finite Element Modelling (FEM). In the
present research, the connection of open stiffener to crossbeam at the location of cope hole in OSDs
has been be studied. Structural hot-spot stress method using surface stress extrapolation has been
used to investigate the cracks in stiffener in the longitudinal direction and cracks in crossbeam.

FEM is extensively used for analysing OSDs. In engineering applications, 2D shell elements are
widely used instead of 3D solid elements for analysis due to less computational cost. The welds are
generally not modelled with shell elements for fatigue assessment of welded structures. In this study,
large difference of SHSS is obtained by shell and solid elements for both simple and complex fillet
welded details and also for the OSD. This difference in structural hot-spot stress (SHSS) is reduced by
the application of three weld modelling techniques with shell elements: (i) the IIW approach [28], (ii)
the Eriksson’s approach [20] and (iii) a combination of IIW and Eriksson’s approaches. All the three
methods are based on increasing the thickness of shell elements at the weld region which are easy to
be applied in practice. The dependence of SHSS on mesh size and element type is also investigated
in this thesis.

A parametric study is performed first on simple and then on complex fillet welded details to check
whether the weld modelling technique can be applied to different geometries, loading and boundary
conditions. The solid element model of the complex detail is first validated with experimental strain
measurements. Then, SHSS values from other numerical models are compared with the solid model.
Representative load cases are investigated initially followed by load combinations. The weld modelling
method with shell elements gives good consistency in the ratio of hot-spot stress compared to the solid
element model for these details. The deformations are also investigated for all load cases and load
combinations. The combined weld modelling technique (iii) with shell elements replicated the weld
stiffness of the solid model for both in-plane and out-of-plane load cases.

As a final step in checking the consistency of SHSS ratios between shell elements with welds and
solid elements in the application of OSD, a parametric investigation is performed. This study involved
two geometric variants of OSD with different load positions. These two variants were based on the
design of existing bridges in The Netherlands with relatively thin plate and newly designed ones with
thicker plates. The parametric study is divided into two parts. The first part is based on representative
load cases. The second part is based on SHSS influence lines for determination of critical loading
positions having maximum and minimum hot-spot stress. For both these studies, the weld modelling
approaches with shell elements gave a good match of SHSS compared to the solid models. The SHSS
results from the shell model with weld are more consistent compared to the regular shell model without
weld. From the preliminary parametric study on OSD, it is found that after weld modelling with shell
elements using the combined approach of IIW [40] and Eriksson [20], less scatter is observed in the
SHSS ratios. The coefficient of variation (CV) in SHSS ratio for crossbeam is 6.8% and that for stiffener
is around 5.1% which is low. The SHSS values are computed based on the stress perpendicular to
weld toe. From the detailed parametric study, the mean value of SHSS ratio is 1.07 (range: 0.99-1.15)
for the crossbeam and 1.02 (range: 0.98-1.10) for the stiffener. The CV of SHSS ratio is 5.4% for the
crossbeam and 4% for the stiffener. The stress profiles are also investigated at the critical locations of
OSD. The shell model with the combined weld modelling approach is in good agreement with not only
SHSS but also with the stress at a distance far away from the stress concentration when compared
to the solid model. The deformations are also very similar for both the numerical models. Thus, it
is concluded that the combined weld modelling technique using the IIW [40] and the Eriksson’s [20]
approach with shell elements could be used for accurate fatigue life assessment using hot-spot stress
method where the measure of accuracy is with respect to the solid element model.
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1
Introduction

“You have to learn the rules of the game. And then you have to play better than anyone
else.”

Albert Einstein

This chapter comprises the introduction to orthotropic steel deck (OSD) bridges, fatigue and the
challenges in finite element modelling (FEM) due to the complex geometry and load carrying mech-
anism of such bridges. It also encapsulates the motivation behind this MSc thesis. Moreover, the
problem definition, goal, research questions, scope, methodology and outline of the thesis are also
described in this chapter.

1



1.1. Background 2

1.1. Background
Orthotropic Steel Deck (OSD) bridges consist of a thin deck plate, supported by main girders, longitudi-
nal stiffeners and transverse stiffeners. All these components are connected to each other by welding.
The deck plate thus performs both the function of bearing the loads from the vehicles and contributing
to the entire load-bearing behaviour of the bridge. The orthotropic steel deck is generally supported on
cross girders which in turn are supported on main girders. In general, OSDs have different stiffness
characteristics in two different directions - transverse and longitudinal [15]. Thus they are also known
as an orthogonal anisotropic steel deck or in short ortho-tropic steel deck [5]. The longitudinal stiffen-
ers, also known as longitudinal ribs, provide support to the deck plate. They also increase the flexural
rigidity of the cross section of the OSD and help in distributing the load to the transverse crossbeams.
The longitudinal stiffeners can be classified as continuous and discontinuous in terms of placing. The
continuous longitudinal stiffener passes through the crossbeam whereas the discontinuous longitudinal
stiffener ends at the crossbeam. The longitudinal stiffeners can be categorised as of two types based
on shape. These are open stiffeners and closed stiffeners as displayed in Figure 1.1.

Figure 1.1: Types of longitudinal stiffeners [32]

The crossbeam acts as a transverse stiffener. It is an inverted T-section, which is welded to the deck
plate. The crossbeam does not have a separate top flange as the deck plate acts as its top flange. The
load is transferred by the crossbeam transversally to the main girders. The crossbeam also provides
support to the longitudinal stiffeners and often have cut-outs for the continuous longitudinal stiffeners [5].

OSDs have several advantages like low weight, speedy erection and high load carrying capacity and
thus it makes them suitable for movable and long-span bridges. Nowadays, all the bridges are designed
using computer softwares containing finite element packages. However, analysis of orthotropic steel
deck bridges implies some understanding especially since it involves finite element modelling (FEM).
The complex geometry and load transfer mechanism of OSD bridges results in difficulties in estimation
of correct fatigue resistance of certain connections. Moreover, bridge deck connections having cut-out
holes increases the complexity of OSDs [14]. Despite all the advantages, there are some limitations
in the use of an OSD. The main reason is due to its fabrication cost and also due to the amount of
welding it involves which results in high manufacturing cost. These deck connections have been prone
to fatigue problems.

1.2. Problem statement
In the early years of development of OSD, open-stiffener decks were used widely on highway bridges
in Europe. After the Second World War (1945), an increase in the production of OSD started in The
Netherlands [34]. The open stiffener or open-ribbed decks generally have simple connections. The
stiffeners are easy to fabricate, install and weld.
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In The Netherlands, fatigue cracks have been observed in the deck plate at the intersection with
the trough stiffener and the cross-beam web in a number of the bridges that were constructed between
1960 and 1990 [35]. Cracks have also been observed at the connection of the stiffener and crossbeam
with a cope hole [34]. Since then, the traffic load has increased in terms of weight and number of
vehicles. In addition, the wheel configuration has changed due to the use of single, heavily loaded
wheels instead of twin-wheel systems. This was not anticipated in the design. Several cracks have
been found in many OSD bridges in The Netherlands like Galecopperbrug and Van Brienenoordbrug
[32]. These cracks have occurred due to the fatigue phenomenon. The cracks in OSD which are most
representative and the ones which are widely investigated are present in the following locations [34]:

• The deck-stiffener connection, between or at the crossbeams.

• The connection of the stiffener with the crossbeam, with or without cope holes.

• The splice welded joint of the stiffeners.

This thesis focuses on the connection between the open stiffener and crossbeam at the location
of a cope hole. Only the cracks which can occur at this location are further investigated in the follow-
ing chapters. The objective of this thesis is to find the structural hot-spot stress (SHSS) in the vicin-
ity of the longitudinal open stiffener to crossbeam connection of OSDs using Finite Element Method
(FEM), in order to find an accurate approach for engineering calculations. Figure 1.2 shows the critical
crossbeam-stiffener locations which are prone to fatigue cracking in OSDs.

Figure 1.2: Fatigue cracks at intersection between longitudinal open stiffeners and crossbeams (Picture: Rijkswaterstaat)

Currently, Rijkswaterstaat and TNO are doing research to improve the current version of the Eu-
rocode 3 (EN 1993-1-9, fatigue design of steel structures) [2]. Specific attention is paid to Table 8.8 and
8.9 in which the different detail categories of the orthotropic steel deck with open and closed stiffeners
are given. Their goal is to provide an updated version of these tables at the next Eurocode revision.
The requirements for shell and solid element modelling will be given in the new version of Eurocode 3.

1.3. Motivation
In engineering applications, shell elements are most widely used. This is because the modelling effort
and computational power required by application of shell elements is less than that compared to solid or
volume elements. The use of solid elements for modelling give more accurate results as they replicate
the real structural behaviour better than shell elements. However, the computational effort will increase
significantly if the entire numerical model has to be made by using volume elements as illustrated by
Zhang and Shao [53]. Thus, there is an urgent need to find the SHSS in the vicinity of the longitudinal
open stiffener to crossbeam connection of OSDs using shell elements, in order to find an accurate
approach for engineering calculations. It is recommended in Eurocode 3 [2] that the calculation of stress
for fatigue assessment using nominal stress approach should be based on combination of direct and
shear stresses in the web of the crossbeam considering the net cross section of the beam. According
to EN 1993-1-9, Table 8.9 [2], a nominal stress range of 56 MPa is recommended for the connection
between continuous longitudinal open stiffeners and crossbeam.
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However, recent fatigue tests performed by Aygül, Al-Emrani and Urushadze [14] have shown that
test results produced by the structural hot-spot stress (SHSS) and effective notch stress approach had
a good agreement with the recommended S–N curves. According to their research, the nominal stress
approach overestimated the fatigue life of the test specimens, thereby producing results that were on
the unsafe side. For the investigation of the fatigue behaviour of complex details in OSD, a more ac-
curate method to find SHSS with shell elements should be proposed. Since SHSS approach involve
FEM, there is a concern regarding the reliability of the use of 2D shell finite elements against 3D solid
finite elements for accurate stress prediction in the critical welded connections.

Different design standards and research studies have different approaches to determine the SHSS
for fatigue assessment. In all the design standards, t is taken as the thickness of the investigated plate.
The DNV (2011) [3] and DNVGL (2016) [6] recommend the use of 20-node quadratic solid elements
having size of (t/2 x t/2) or 8-node quadratic shell elements having size of (t x t) for finding SHSS. The
maximum principal stress is to be linearly extrapolated from two reference points (t/2 and 3t/2) in order
to calculate the SHSS (DNV (2011) [3]). Fricke, Petershagen and Paetzold (1998) [24] recommend
the use of 20-node quadratic solid elements having size equal to the plate thickness (t) at the hot-
spot region. They also recommend using at least three elements of equal length in the region where
stress increases. The component stresses normal to the weld are to be quadratically extrapolated
using the three elements to determine the SHSS. The ABS (1992) [1] recommends 20-node quadratic
solid elements or 8-node quadratic shell elements to be used with a size of (t x t) for finding SHSS. The
maximum principal stress is to be linearly extrapolated from two reference points (t/2 and 3t/2), to find
the hot-spot stress. The recommendations of the IIW (Hobbacher (Ed) 2009) [28] covers the current
method of using SHSS approach involving the most economic and coarser meshing in the numerical
model. A. Hobbacher [28] recommends using the maximum principal stress for calculating the SHSS
in uni-axial stress condition.

1.4. Aim of the thesis
The goal of this thesis is to find a consistent method to obtain the stress range from shell element model
with good agreement with values from solid element models which is attractive in practical design and
analysis. The aim of the research is summarised in the following points:

• To find the parameters which affect the hot-spot stress of open rib to crossbeam joint in OSDs.

• To find simple, yet accurate modelling techniques with shell elements for finding the SHSS.

• To find the critical positions of the open stiffener-crossbeam connection in an OSD based on
maximum and minimum hot-spot stress.

• To investigate the influence of loading and geometry on the hot-spot stress at the critical locations
of OSD.

The outcome of this thesis can be helpful for developing a suitable methodology for hot-spot stress
calculation of open rib-to-crossbeam welded connections using shell elements. The foreseen deliver-
able to be presented at the end of the thesis are some recommendations for numerical modelling with
shell elements at the investigated connection. This will be followed by a discussion on the accuracy of
the developed shell element modelling.

1.5. Research question and research objectives
The main objective of this research is to develop a numerical model with shell elements such that it
can give a consistent ratio of hot-spot stress compared to solid elements for complex details of OSD.
In order to investigate suitable ways of approaching the complexity of determining SHSS using shell
elements, an effort is made to answer the following research question:

What is the most consistent method for finding the stress range for fatigue assessment us-
ing shell elements compared to the hot-spot stress range using solid elements in modelling the
connection between the open stiffener and crossbeam with a cope hole in OSD bridges?
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While answering the main research question, several sub-research questions should be answered
which are as follows:

• Where are the critical positions of the open stiffener-crossbeam connection in an OSD?

• What is the influence of the effect of loading (load positions) and geometry (thickness of the
components) on the stress ranges at the hot-spot location of the open stiffener to crossbeam
welded connections?

• What is the difference between the ratio of SHSS obtained from the solid elements and the SHSS
obtained from shell element models in the investigated connection, based on the different loading
positions and plate thicknesses?

• How can the accuracy of shell element modelling be improved in terms of hot-spot stress calcu-
lation?

1.6. Scope and limitations
The scope of this master thesis centres around the connection between open longitudinal stiffener and
crossbeam at the location of a cope hole. The fatigue life assessment will be based on the structural
hot-spot stress (SHSS) method calculated by surface extrapolation. The fatigue cracks observed in the
following locations have been studied in detail: crack longitudinally in open stiffener and crack in cross-
beam [14] both starting from weld toe. Two geometrical variants will be investigated: one based on old
OSD design which is light and the other based on new OSD design which is heavy. The dimensions
of these two variants will be different. This report limits in surface stress extrapolation approach for
calculation of SHSS in the aforementioned connections. It is believed that solid element modelling with
welds included, is the most accurate modelling approach with surface stress extrapolation. Different
shell element modelling techniques are used and the SHSS results are compared with the correspond-
ing solid element model. The idea is to find a consistent method for getting the stress range from a
shell element model and relate it to the structural stress range from a sub-solid element model.

1.7. Methodology
In the first part of this thesis, two different simple fillet welded details are investigated with different type
of elements (linear and quadratic; full and reduced integration) and mesh densities. The first welded
detail modelled is a single side fillet welded longitudinal plate joint (also called a longitudinal T-joint)
subjected to tension and bending load cases. The second one is a double side fillet welded transverse
cruciform joint. Numerical models with shell and solid elements are developed for these details. The
stress gradients are studied for all the numerical models. The goal of this study is to find consistency in
the ratio of SHSS of shell to that of solid for simple details. Another goal is to find specific cases where
the shell element model is not feasible for calculating the SHSS.

In the second part, some complex welded details are investigated with different types of elements
(linear and quadratic; full and reduced integration) and mesh densities. The solid model made for this
reference detail is first validated with experimental strain measurements. After validation, the solid
model is chosen as a reference for comparison of SHSS with other the numerical models.

In the third part, the aspect of weld modelling with shell elements is investigated in the form of a
detailed parametric study. This study is performed on a double side fillet welded transverse and lon-
gitudinal cruciform joint. The increased thickness method of weld modelling with shell elements from
the IIW guidelines [28], the Eriksson’s method [20] and the combined approach is studied for some
reference load cases. The comparison is made based on the ratio of SHSS of shell to that of solid.
The investigation is also extended for a combination of load cases in later sections.

In the final part, a parametric analysis is performed on an OSD based on realistic bridge dimensions.
The influence of geometry and position of loading are investigated to check its effect on the ratio of
SHSS. The critical locations are determined from SHSS influence lines using the DLOAD subroutine in
ABAQUS. The objective is to find a consistent ratio of SHSS of shell to that of solid for two geometric
variants of OSD using weld modelling with shell elements.
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1.8. Thesis outline
In order to approach the main goal of this research project, it is essential to divide the workflow into dis-
tinctive parts. Hence, the chapters are categorised based on the numerical models and their contents
are discussed below.

• Chapter-1 consists of an overall introduction to the master thesis.

• Chapter-2 encapsulates the state-of-the-art (literature study) for this master thesis. It highlights
the past research related to the fatigue behaviour of an open-ribbed OSD subjected to loading.
The background of fatigue and fatigue crack initiation is also provided. It also gives an overview
of different approaches to calculate the hot-spot stress at the critical locations.

• Chapter-3 highlights the behaviour and working with shell and solid element models for some
simple fillet welded details. It mainly focuses on numerical modelling of simple fillet welded details.
Also, some aspects regarding the details which cannot be modelled properly with shell elements
have been provided. Two types of details have been investigated in this chapter: single side fillet
welded longitudinal plate joint (detail type a) and double side fillet welded transverse cruciform
joint (detail type b). The details of geometry for these two joints have been obtained from literature.

• Chapter-4 covers the behaviour and working with shell and solid element models for some com-
plex fillet welded details in steel bridges. The solid element model of the reference detail is first
validated with respect to the experimental strain measurements. The hot-spot stresses are then
obtained using the solid element models. Furthermore, shell element models with welds are also
developed and investigated. The main focus is on the ratio between the hot-spot stress obtained
from the shell and solid elements. Some more numerical models have been developed and these
models are investigated with different load cases in order to study the behavioural difference be-
tween shell and solid elements in terms of stresses and deformations.

• Chapter-5 highlights an elaborate parametric study of a fillet welded longitudinal and transverse
cruciform joint. In addition to the shell and solid models, the shell model incorporating welds using
the increased thickness method is investigated. The increase of thickness of plate along the weld
region is done using three different approaches: the Eriksson’s approach [20], the approach given
by the IIW recommendations [40] and a combination of these two approaches. The purpose of
this study is to obtain consistency in the ratio of calculated SHSS values from shell elements to
that from solid elements for this particular detail.

• Chapter-6 provides a complete parametric study of a bridge deck based on realistic dimensions
of bridges in The Netherlands. This chapter contains a preliminary and a detailed parametric in-
vestigation on two geometric variants of OSD. The main regions of interest is based on two types
of cracks on the investigated detail: crack in crossbeam and crack in open stiffener as had been
discussed in Chapter-1. In the first section, a preliminary parametric investigation is performed
on the OSD for some reference load cases. The SHSS is calculated based on the stress perpen-
dicular to weld toe and then compared between the numerical models. In the detailed parametric
study, SHSS influence lines are computed for six different numerical models which are investi-
gated in this study. The same procedure is applied both for the light and heavy OSD variants. In
addition to this, the critical points having maximum and minimum SHSS are investigated for all
the numerical models. The statistical components like the mean and coefficient of variation are
also obtained for the SHSS ratios from the parametric study.

• Chapter-7 presents the explanation of results obtained from the numerical analyses.

• Chapter-8 contains a set of conclusions drawn from this research and corresponding answers to
the research questions. In addition, some recommendations for further research are presented.

• Appendices A-K contain all the additional work encompassing detailed explanation of the chap-
ters in this thesis.



2
State-of-the-art (Literature Review)

“Learn from yesterday, live for today, hope for tomorrow. The important thing is not to
stop questioning.”

Albert Einstein

This chapter highlights the past research related to the fatigue behaviour of an open-stiffener OSD
subjected to loading. At first, the background of fatigue and fatigue crack initiation is given. Previous
studies on various stress based fatigue assessment methods are included and critically synthesised.
More emphasis is given to the hot-spot stress method and the available recommendations from codes
or standards. An overview of different approaches to calculate the hot-spot stress at the critical locations
having maximum stress concentration is provided. Past research on the application of shell and solid
elements, have been compiled elaborately. At the end of this chapter, some insights regarding fatigue
damage calculation and residual stresses have been presented. Thus, an encapsulation of all the
information retrieved from the literature research is documented in this chapter.

7
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2.1. Behaviour of OSD with open stiffeners
The orthotropic steel deck (OSD) is composed of different parts. Each of these parts behave in a
different manner when they are subjected to traffic loading. Thus, a design check of each and every
component is very important. The OSDs deform during traffic loading. This results in occurrence of
axial forces, bending moments and shear forces in the system as shown in Figure 2.1 [13]. For such a
system, the loads are generally transferred from deck plate to crossbeams and finally to main girders.
The load transfer in the crossbeam develops internal forces: shear forces and bending moments,
under the in-plane crossbeam behaviour. The out-of-plane crossbeam behaviour is caused due to
local bending and torsion as the stiffeners rotate with the deformation of the crossbeam under traffic
loads [13]. The in-plane and out-of-plane behaviour strictly depends on the position of the traffic loads.
A cope hole is usually present in the crossbeam to make the manufacturing process easier.

Figure 2.1: Left: Different parts of an OSD with open stiffeners, Right: Internal forces in the web of crossbeam and stiffener [13]

The longitudinal stiffeners can be open or closed shaped. There are many reasons for the appli-
cation of closed stiffeners. For example, the cost also plays an integral role in the choice of stiffener
type. Closed stiffeners are sometimes used when there is a requirement of torsional rigidity in bridges.
Open stiffeners generally have a height of a maximum of 200-220 mm and a thickness of 8-12 mm. In
The Netherlands, most bridges with open stiffeners generally have a height of 160 mm with a thickness
of 8 mm. Newer bridges are designed in with thicker open stiffeners having a height of 220 mm and
a thickness of 10 mm. The stiffener webs are generally connected to the deck plate with fillet welds
along both sides. They are aligned in the longitudinal direction and can be continuous or dis-continuous
through the crossbeam. The spacing between the webs is usually around 300 mm for open stiffeners
[34]. This is the required criteria of having accessibility for welding, leading to easier maintenance and
a good quality of work. The strength of the deck plate assembly with open stiffeners is sufficient to
allow the crossbeams to have a spacing of 2000 mm [34].

Bulb and flat stiffeners pass the crossbeam through a slot with a cope hole. Angle stiffeners pass
through a cut-out [34]. Misalignment is an important issue which stiffeners placed between crossbeams
usually suffer from. This makes them more susceptible to fatigue [34]. Open-ribbed OSDs were orig-
inally used in the ship building industry. Open-ribbed decks without cope-holes have better fatigue
performance compared to closed-ribbed decks as was revealed from the studies of Wolchuk [45] and
Wolchuk and Ostapenko [46]. However, open-ribbed decks with cope-holes have a different behaviour
as these cause high local stress concentrations which was observed from the study of Miki [37].

Cope holes are usually provided for the joints between crossbeams and longitudinal ribs in order to
get accessibility to the crossing welds. However, from the study of Miki and Tateishi [37], it was found
that shear deformation resulted in high local stress concentration in these cope hole regions of details in
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I-section beams which were loaded in-plane. This caused reduction of the fatigue strength. According
to the research of Miki [37], the local stresses were greatly increased when the shear deformation
was induced in the gap of flange plate inside a cope hole. The crack locations observed by Miki and
Tateishi [37] from their study are shown in Figure 2.2. Thus, it was established that the assessment
of fatigue strength of such welded details with cope holes involve the consideration of shear stresses.
Kolstein [32] stated that a cope hole in the crossbeam at the stiffener-to-deck plate connection should be
avoided. Yokozeki and Miki [50] [51] concluded that the elimination of the cope holes in the crossbeam
reduced the hot-spot stress ranges at the intersection between longitudinal stiffeners and crossbeam.
In this thesis however, the details with cope holes is investigated further. This is because most the
existing bridges in The Netherlands have cope holes.

Figure 2.2: Fatigue cracks observed for cope hole details existing in I-beam sections [37]

The numerical study of Śledziewski [55] suggested that as the ratio of shear stress to bending
stress (τ/σ) increases, there is a rise in local stress concentration within the cope hole region. Change
of shape and dimensions of hole also affect the improvement of fatigue strength of such a joint [55].
From the fatigue tests performed by Fryba and Gajdos [25] on open stiffener OSDs, it was concluded
that apple-shaped cut-outs have better stress distribution compared to normal cut-outs when the detail
is subjected to bending load. For specimens loaded under tension apple-shaped openings had better
resistance to fatigue than circular openings as was seen from the experiments of Jent and Bez [30].

2.2. Introduction to fatigue
The phenomenon of fatigue in steel structures occurs when they are exposed to cyclic loading. Fa-
tigue is the progressive, localized and permanent structural change that occurs in a material subjected
to repeated or fluctuating strains at nominal stresses, that have maximum values less than the tensile
strength of the material [11]. It is known that loads occurring due to traffic lead to stress variation in the
structure during its lifetime. One important factor for fatigue life is the magnitude of this stress variation.
The damages due to high cycle fatigue are normally caused by the stress states within the yield cri-
teria of the material. Thus, elastic stresses are generally considered in the fatigue strength calculations.

The lifetime of the structure in the context of fatigue can be divided into three phases: crack initiation
phase, crack propagation phase and final fracture (Figure 2.3 [16]). Phase 1 or crack initiation phase
is more important in case of high cycle fatigue (HCF). HCF is characterized by elastic deformation. In
this case, most of the time is spent in the initiation of the crack. Phase 2 or crack propagation period
is important in case of low cycle fatigue (LCF). LCF is characterized by repeated plastic deformation.
In this case, most of the time is spent in crack growth and stresses usually are higher than the yield
strength of the material. The number of cycles to failure is low for LCF and high for HCF, hence the
terms low and high cycle fatigue. The total number of cycles to fatigue failure is the sum of number of
cycles for crack initiation and number of cycles for crack propagation.

Figure 2.3: The three phases in fatigue [16]
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The nucleation of a crack is regarded as the period from an initial defect to the formation of a
crack which is detectable. This stage can be further sub-divided into micro-structural and mechanical
nucleation as shown in Figure 2.4 [52]. At points where the stress range is large, the initiation of a crack
takes place at such regions. The reason for local increase in stress range is due to stress concentration
effects which occur because of geometric discontinuities in the detail like misalignment, the shape and
size of the weld and local weld defects [13]. The fatigue life is dependent on the stress range, fatigue
detail class and the intensity of load cycles. More heavy traffic is found in highway bridges compared to
normal bridges. This results in large stress range and high load cycles. The fatigue design of highway
steel bridges plays a dominant role for its service life.

Figure 2.4: Scale of lengths of the life cycle of a component which is subjected to cyclic loading [52]

2.3. S-N curves
The relation between stress range (S) and number of load cycles to failure (Nf) is described by S-N
curves. The stress ranges determined from the stress-based fatigue assessment procedures can be
assessed according to the S-N curves. EN 1993-1-9 [2] provides a set of 14 equally spaced fatigue
resistance S-N curves for the nominal stress approach. For each S-N curve, a group of details are
associated. The S-N curve describes the limit of fatigue resistance. It is determined for each specific
welded detail separately. A detail category provides the stress range which causes fatigue failure at
2x106 number of load cycles. For each specific joint, the detail category should be determined from
experiments.

Figure 2.5 shows a typical S-N curve. Curve fitting is performed with the results obtained from
experiments. From the figure it can be observed that this line is the mean value of the fatigue test data.
However, for the design purposes, an acceptable safety margin should be provided.

Figure 2.5: Left: S-N curve fitted on test results, Right: Mean S-N curve and the scatter band [27]
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All the influencing parameters which are not included in the stress range for fatigue assessment are
taken into account in the detail category. These influencing factors arise due to welding, for example
weld imperfections and residual stresses. The S-N curves do not give a lot of information about the
progress of fatigue damage. They only provide the total fatigue life. The stress range at constant
amplitude fatigue limit (CAFL) (ΔσD) corresponds to ND = 5x106 load cycles. The stress range at cut-
off limit (ΔσL) should be determined at NL = 108 load cycles. The stress ranges can be calculated
according to the following equations:

Figure 2.6 shows the standard S-N curves from EN 1993-1-9 [2]. Point 1 is the detail category, point
2 is the constant amplitude fatigue limit (CAFL) and point 3 is the cut-off limit.

Figure 2.6: The standard S-N curves according to Eurocode 3 Part 1-9 (EN 1993-1-9) [2]

The fatigue life is infinity if the stress range is below the stress value at constant amplitude fatigue
limit (CAFL). For a stress range with variable amplitude, the fatigue life is infinity if that stress range is
less than the cut-off limit and the value of𝑚 changes from𝑚 = 3 to𝑚 = 5 after the CAFL is reached. The
S-N curve is also known as a Wöhler Curve. The progression of the S-N curve can be influenced by
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many parameters. These parameters are: ratio of stress (mean stress), frequency of loading, corrosion,
temperature, residual stresses and the occurrence of notches. The design fatigue life NR corresponding
to the design stress range ΔσR is determined according to the following equations:

2.4. Detail categories
EN 1993-1-9 [2] provides information regarding the detail categories of OSDs with open and closed
stiffeners. Figure 2.7 [2] shows a part of Table 8.9 of EN 1993-1-9 which corresponds to the detail
categories for OSDs with open stiffeners according to nominal stress approach. It is known that an
equivalent stress range should be found by combination of the direct (normal) stress range and shear
stress range at the stiffener. The nest step is to use this equivalent stress range as nominal stress
range in the appropriate S-N curve (detail category 56 as shown in Figure 2.7).

Figure 2.7: Detail categories for OSDs having open stiffeners (Table 8.9 EN 1993-1-9 [2]) based on nominal stress approach
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The Eurocode (EN 1993-1-9) [2] and IIW guidelines [28] [40] recommend detail categories for steel
plated joints based on the hot-spot stress approach as shown in Figure 2.8.

Figure 2.8: Detail categories recommended by Eurocode [2] and IIW [40] based on SHSS approach

A detail category is classified in a simplified form with the requirements of FAT class - for example
FAT100, which is the same as detail category C100 in the Eurocode (EN 1993-1-9) for hot-spot stress
approach. This shown as detail 3 in Figure 2.8, which is a non-load carrying fillet weld according to
both the Eurocode (EN 1993-1-9) [2] and IIW recommendations [40].

The same detail is again classified as detail category FAT80 (detail 1) according to the DNVGL
recommendations [6] for hot-spot stress approach as shown in Figure 2.9 [6].
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Figure 2.9: Proposed detail categories according to DNVGL [6] for attachments welded to a plate or stiffener based on SHSS
approach

The DNVGL [6] is used in offshore engineering and they recommend a lower detail class for the
investigated joint. Each design code or standard is based on different experiments for different types
of connections. The detail categories are based on simple or standard connections. According to the
DNVGL recommendations [6], the fatigue strength of welded details depend on the direction of the
principal stress relative to the weld toe. The detail categories intended for nominal stress method
and hot-spot stress method are shown in Figure 2.10 [6].

Figure 2.10: Classification of details and selection of S-N curve by DNVGL [6]

These detail categories depend on the angle which the principal stress makes with the normal to
the weld toe which is shown in Figure 2.11 [6]. The DNVGL [6] also recommends the design hot-spot
stress S-N curve which also depends on the angle which the principal stress makes with the normal to
the weld. This is also shown in Figure 2.11 [6] and the detail categories associated are D and C2.

Figure 2.11: Classification of details depending on the angle of the principal stress with the normal to the weld toe by DNVGL [6]
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It is to be noted that the correspondence between S-N curves in DNVGL standard [6] and IIW
recommendations [40] relate only to number of cycles less than 5x106 in Eurocode 3 (EN 1993-1-9)
[2]. The relationship between the S-N curves in DNVGL [6] and those in IIW [40] and EN 1993-1-9 [2]
is given in Figure 2.12 [6].

Figure 2.12: Relationship between the notations according to DNVGL [6]

2.5. Stress based fatigue assessment methods
The stress ranges at the critical locations (like the weld toe and weld root) have to be identified for
investigation of the fatigue life based on the S-N curve. In this thesis, the fatigue crack starting from
weld toe is studied in detail. There are several methods for calculating the stress range for evaluation of
the fatigue life. The fatigue strength assessment methods can be broadly divided into two categories:
global and local approaches. The nominal stress method is a global approach. Whereas both the
hot-spot stress method and the effective notch stress method are local approaches.

EN 1993-1-9 [2] provides a description of the two methods for fatigue assessment. These are the
nominal stress method and the hot-spot stress method. The nominal stress method is generally used
for simple welded joints which are classified in various detail categories in EN 1993-1-9 [2]. When
the geometry of a detail is complex, the structural hot-spot stress (SHSS) method is recommended.
Another method is the effective notch stress method which is described by the International Institute
of Welding (IIW) recommendations [28][40][38]. Figure 2.13 shows the stress distribution close to the
weld toe. Depending on which approach is followed, the shape and geometry of the welds and welding
defects are generally considered in the calculation of stress or in the design S-N curve.

Figure 2.13: Stress distribution near the weld toe on the surface and through the thickness [12]
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2.5.1. Nominal stress method
The nominal stress can be described as the undisturbed far-field stress. The nominal stress method is
defined according to EN 1993-1-9 [2]. This approach incorporates nominal stress in the weld or nomi-
nal stress in the parent material of the joint to evaluate fatigue life of the detail. In this method, the local
stress increasing effect at notches is excluded from the stress range. The stress concentrations due
to the local weld profile and weld imperfections are also not considered in this approach. Thus, these
should be included in the detail category.

There are some drawbacks of the nominal stress method. They are as follows: (i) it is not applicable
when the investigated detail geometry is so complex that it is difficult to assign a detail category; (ii)
it is unable to represent complex loading conditions and, (iii) it is not possible to capture size effect of
dimensional differences [31]. The main drawback of this method is that if the investigated detail is not
available in the tables of standard details provided by the code, then it cannot be designed. In such
cases it can only be designed if laboratory fatigue tests are carried out and the data from test results
are consolidated into a single S-N curve for that detail.

The modified nominal stress method is used when the stress raising effects or macro-geometric
effects are considered. The stress raising factors are eccentricities, geometric discontinuities and mis-
alignment. The stress concentration factor kf is used in order to incorporate the stress raising effects.
The modified nominal stress is determined by multiplying the nominal stress by the stress concentration
factor. The difference between modified nominal stress method and SHSS method is that the latter in-
cludes the stress raising effects due to geometric complexity only. The discontinuities in the local weld
geometry and imperfections in the weld are excluded in determination of SHSS and therefore, it is
included in the hot-spot stress S-N curve [22].

2.5.2. Structural hot-spot stress (SHSS) method
The structural hot-spot stress (SHSS) approach has already shown its reliability and efficiency for the
fatigue strength assessment of welded details in the offshore industry for many years [9]. The SHSS is
an abstract or pseudo stress which includes stress concentration effects caused due to the geometrical
variations of the detail at the expected fatigue crack initiation area which is also known as a ‘hot-spot’.
The SHSS is aimed at considering all the geometric parameters but it does not include the notch effect
caused by the weld profile. This notch stress is illustrated in Figure 2.14 [40]. The non-linear component
is excluded from the SHSS. Hence, one hot-spot stress S-N curve can be associated to several details.
The SHSS can be determined by surface stress extrapolation to the weld toe from reference points.
This approach is limited to the fatigue assessment of the weld toe.

Figure 2.14: Non-linear stress distribution along the thickness of the plate [40]

The concept of SHSS was introduced years ago for fatigue design of tubular structures. Swierstra
[43] had investigated fatigue design of tubular joints using the SHSS approach. It was found that the
mesh size and element type have a large impact on the stress range to be calculated. Swierstra [43]
also found that the hot spot stress method results in a more accurate solution if solid elements were
used instead of shell elements for tubular joints.
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In the experimental and numerical study of Akhlaghi [9], a detail of an open stiffener to crossbeam
joint was investigated under a 3-point bending test. He had investigated three full-scale experiments
under constant amplitude fatigue loading (CAFL). The assessment of accuracy of the numerical mod-
els using SHSS approach was done by comparison with the results from experiments. He found that
the SHSS values calculated from the numerical solid model using fine mesh was 14% higher than the
average values obtained from the experiments. This deviation of 14% was regarded as acceptable
considering the effect of misalignment in the real specimen. It was concluded from this research that
the predicted fatigue lives for all the specimens were lower than the actual fatigue lives which meant
that the results from SHSS method were on the safe side. More details about the numerical research
of Akhlaghi [9] is provided in Chapter-4.

Figure 2.15 shows the hot-spot types according to the available design standards. The classification
of hot-spot types depend on the design code which is given as follows:

• According to IIW [28] [40], there are two types of hot-spots depending on their location on the
plate and their orientation with respect to the weld toe: type-“a” and type-“b”. Hot-spot type-“a”
occur when the weld is located on the surface of the plate. Hot-spot type-“b” occur when the weld
is located at the edge of the plate.

• According to DNVGL [6], however, there are three types of hot-spots: type-“a”, type-“b” and type-
“c”. Hot-spot type-“a” occur at the weld toe on the plate surface at an ending attachment. Hot-spot
type-“b” occur at the weld toe around the plate edge of an ending attachment. Hot-spot type-“c”
occur along the weld of an attached plate (weld toes on both the plate and attachment surface).

Figure 2.15: Types of hot-spots according to IIW [28] (left) and DNVGL [6] (right)

In type-“b” hot-spots the stress distribution approaching the weld toe does not depend on the plate
thickness, which is in contrast to type-“a” hot-spots [40]. The calculation of SHSS based on FEM
according to the IIW recommendations involves determination of stresses from specific points away
from the weld toe. These are known as reference points. The reference points for surface stress ex-
trapolation are different for different types of hot-spots. From these reference points, stress values are
extracted, and hot-spot stress is determined according to the type of hot-spots and following equations:

Type–“a” hot-spots: For a fine mesh with element length not more than 0.4t at the hot spot, the
evaluation of SHSS from nodal stresses at two reference points 0.4t and 1.0t away from the weld toe,
is obtained according to the following equation -

Type–“b” hot-spots: For a fine mesh with element length of not more than 4 mm at the hot spot,
the evaluation of SHSS from nodal stresses at three reference points 4 mm, 8 mm and 12 mm away
from the weld toe, is obtained according to the following equation -



2.5. Stress based fatigue assessment methods 18

Type–“c” hot-spots: For this type, the same calculation procedure is followed as for Type-”a”
hot-spot.

It is also important to note that the equations used for hot-spot stress extrapolation also depend on
the element size (coarse/fine). For welded joints, the stress distribution over the thickness of a plate
near a weld toe is non-linear. The notch effect of the weld results in this non-linear stress distribution.
The structural stress is defined as the stress taking into account the geometrical variations of the detail
at the expected fatigue crack initiation area which is also known as a hot-spot, excluding the effect
of notch [40]. According to the IIW [40], the structural hot-spot stress (SHSS) method is applicable
for welded joints having the following conditions: (i) the fluctuating principal stress acts predominantly
transverse to the weld toe or the ends of a discontinuous longitudinal weld; (ii) the potential fatigue
crack will initiate at the weld toe or weld end.

The potential fatigue-critical points as was revealed from the study by Aygül and Al-Emrani [13] are
shown in Figure 2.16 [13]. The governing stress direction is also shown. The potential crack locations
are as follows:

• Crack A: The fatigue crack observed in the web of the crossbeam which started at the weld toe
under in-plane loading. This crack started from the edge of the cope hole and propagated along
the weld. The detail was defined as a type-“b” hot-spot for this type of crack, as weld was located
at the edge of the plate and stress distribution through the thickness of crossbeam is uniform. The
stresses were extracted along the direction perpendicular to the weld line along the crossbeam.

• Crack B: The root crack of the fillet weld at the intersection between the rib and the crossbeam.
For cracks originating from weld roots, the SHSS cannot be classified as type-“a” or type-“b”. The
force transfer takes place from the stiffener to the crossbeam through the weld.

• Crack C: The fatigue cracking in the open rib plate which also started from the weld toe. In this
case, stresses were extracted in the direction perpendicular to the weld line along the stiffener.
The detail was defined as a type-“a” hot-spot point for this type of crack as the weld was located
on the surface of the plate.

• Cracks D and E: The fatigue cracking in the deck plate which started either from the toe of weld
or along the fillet weld between the rib and the deck plate. These cracks were derived by the
normal stresses in the deck plate and both points were defined as type-“a” hot-spot points.

• Crack F: The fatigue crack in the web plate of the cross beam which started from the edge of the
cut-out hole and was generated by the multi-axial stress condition at this location. A preliminary
study on multi-axial stress state has been provided in the later sections.

Figure 2.16: The critical points subjected to fatigue in OSD with open stiffeners and fatigue classes based on SHSS method [13]
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Determination of SHSS by surface extrapolation
The approach of extrapolation of stress at the surface considers the stress distribution along the top
or bottom surface of a plate near the weld toe. The reference points for surface stress extrapolation
are located in front of a weld toe at certain specific distances. These distances are dependent on
the thickness of the plate for type-”a” and type-”c” hot-spots. The approach of linear surface stress
extrapolation involve determination of the nodal stresses at two reference points located at specific
distances away from the weld toe. After that the SHSS is found by extrapolation of these stress values
to the weld toe. The structural stress distribution is generally taken as linear (Figure 2.17). For the
linear case two reference points are used which are located at distances 0.4t and 1.0t away from the
weld toe . For more coarse meshes, it is recommended to use extrapolation points which are located at
0.5t and 1.5t distance from the weld toe. The notch stress due to the weld itself is not included by using
linear extrapolation of surface stress from the two reference points. This is because these reference
points are located far away from the region which is influenced by the local weld geometry [40].

Figure 2.17: Linear surface stress extrapolation [28]

There are some exceptions in using linear extrapolation for special cases like for example a pro-
nounced non-linear increase of structural stress towards the hot-spot or a sharp change of direction
of the applied force or a thick-walled structure. For such cases, the linear extrapolation method may
give results which are not conservative. Thus, for these cases, quadratic (non-linear) surface stress
extrapolation procedure is recommended as shown in Figure 2.18 [28][40]. Quadratic surface stress
extrapolation may also be used if the stress gradient is very steep near the weld toe [28]. For type-”b”
hot-spots, quadratic extrapolation method is recommended from the reference points located at 4 mm,
8 mm and 12 mm away from the weld toe for fine meshed model. For coarse meshing, the reference
points are located at 5 mm and 15 mm away from weld toe and linear extrapolation is recommended.
In case of coarse meshing, the stresses are sometimes extracted from the mid-side-node of elements.

Figure 2.18: Quadratic surface stress extrapolation [28]
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The equations used for the determination of SHSS at the weld toe using linear and quadratic stress
extrapolation techniques are summarised in Table 2.1 [40].

Table 2.1: Different types of hot-spots and quadratic and linear stress extrapolation procedure according to IIW guidelines [40]

Type of
Hot-spot Parameters Relatively Coarse Mesh Relatively Fine Mesh

Shell Solid Shell Solid

Type-a
Hot-spot

Element Size t t x t ≤0.4t ≤0.4t x t
Reference Points 0.5t and 1.5t 0.4t and 1.0t
Hot-spot stress σhs = 1.5σ0.5t - 0.5σ1.5t σhs = 1.67σ0.4t - 0.67σ1.0t
Extrapolation Linear Extrapolation Linear Extrapolation

Type-b
Hot-spot

Element Size 10mm 10mm x 10mm 4mm 4mm x 4mm
Reference Points 5mm & 15mm 4mm, 8mm & 12mm
Hot-spot stress σhs = 1.5σ5mm - 0.5σ1.5mm σhs = 3σ4mm -3σ8mm + σ12mm
Extrapolation Linear Extrapolation Quadratic Extrapolation

Determination of SHSS by through thickness linearization
The stress linearization through the thickness or through thickness at the weld toe (TTWT) approach
is the linear formulation of the non-linear stress distribution directly at the weld toe [28][40]. In this
procedure, the SHSS is evaluated from the stresses in the cross-section of the plate in the thickness
direction. The origin of the stress profiles are from the weld toe as shown in Figure 2.19 [42]. This
concept involves a 3-step procedure. In the first step, the non-linear stress distribution is integrated
over the plate thickness. In the second step, a linear stress distribution is generated from the outcome.
In the last step, there is a summation of the resulting linear distribution which produces the bending
and membrane stress components. The SHSS is found by adding the membrane and bending stress
components.

Figure 2.19: Though thickness stress linearization [42]

For application of the through thickness linearization method, use of finite elements which are sit-
uated in front of the weld toe is recommended. This is to be done along with turning off the nodal
averaging function [27]. The reason for turning off the stress averaging function is that the weld region
undergoes lower stresses due to the presence of extra material. But, the elements which are situated
in front of the weld toe, withstand higher stresses. The nodal averaging function reduces the stresses
at the weld toe. Thus, the calculated SHSS can be underestimated because of nodal averaging [27].
For cruciform type of joints loaded in tension, stresses through half of the thickness of the plate is used.
The through thickness linearization method is mesh sensitive just like the surface stress extrapola-
tion method. However, according to Poutiainen [42], the TTWT method is more forgiving compared
to surface stress extrapolation when it comes to mesh requirements. When quadratic solid elements
are used to calculate the SHSS by the TTWT method, it is recommended to use at least three iso-
parametric solid elements in the thickness direction [28]. This is done so as to have an acceptable
amount of accuracy in the non-linear stress calculation at the weld toe.
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Determination of SHSS by Dong method
The stress in the element adjacent to the weld toe is generally affected by the stress singularity at
the notch. Thus, several elements (at least three recommended by IIW [28]) in the thickness direction
are required to avoid any influence of the notch effect and so obtain reasonable results. Dong [17]
proposed a special procedure to derive the linear part of the stress distribution in the through-thickness
direction. The Dong method has two different approaches:

1. Stress based approach - According to this approach, the structural stress has to be calculated
using local stress outputs from solid elements at a certain distance (δ) away from the weld toe
(Figure 2.20 [17]). After this step, equilibrium conditions should be imposed in terms of stress
resultants between two adjacent cut sections.

Figure 2.20: Structural stress from a distance δ for solid elements with monotonic stress distribution (Dong method) [17]

The local stresses near the notch increases with the reduction of element sizes and thus they
are mesh sensitive. According to Dong [17], the approach is mesh insensitive since it uses of
the stresses through the thickness at a certain distance away from the weld toe. The SHSS is
determined by establishing equilibrium conditions for normal and shear stress components at the
distance δ away from the weld toe. Using equilibrium conditions between sections A-A΄ and B-B΄,
it can be seen that the structural stress components must satisfy the following conditions [17].

2. Nodal force based approach - Another approach is by using nodal forces at the weld toe plane to
calculate line forces and line moments along the weld toe line, fromwhich membrane and bending
stress can be derived [18] (Figure 2.21). With nodal forces and moments, greater accuracy can
be achieved compared to procedures using element stresses.

Figure 2.21: Structural stress calculation procedure for curved weld with distorted mesh [18]



2.5. Stress based fatigue assessment methods 22

Shell elements can also be used for the determination of SHSS using Dong method (Figure 2.22).
The stress distribution along the weld toe can be calculated directly from the nodal forces and
moments in the elements in front of the weld toe considering the element shape functions [27].
This is done with the help of a transformation matrix which relates the nodal forces/moments to
line forces and moments. Finally, the membrane stress and bending stress is calculated at each
nodal position along the weld toe line [27].

Figure 2.22: Structural stress from a distance δ for shell elements (Dong method) [27]

By using the following simultaneous equation, the line forces and moments along the entire weld
line obtained from the transformed element nodal forces [33][18].

In the nodal forces approach of Dong method, an important aspect is converting the global coordi-
nate system to a local coordinate system in which the local axes x΄ and y΄ should be perpendicular
to weld toe [42] if the crack is parallel to weld line. The line forces and moments derived from the
nodal forces and moments can be converted to the structural stress components and thus the
SHSS can be obtained using the following equation:

Some researchers claim that the Dongmethod [33] is mesh insensitive even for hot-spots with steep
stress gradients. However, Poutiainen [42] has proved a considerable mesh sensitivity in this approach
in case of solid elements [42]. Not regarding the influence of shear stresses acting in the lateral faces of
elements was the reason for this observation. This resulted in inaccuracies depending on the element
size. According to this research, at δ = 0.4t, the influence of these extra shear forces was negligible.
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Determination of SHSS at a single point close to the weld toe
There has already been a lot of approaches for the simplification of SHSS evaluation by using the
surface stress far away from the region which is affected by the weld toe notch. Fricke [23] suggested
a simpler approach where the value of the SHSS was directly read out from one point which was
situated at a distance of 0.5×t away from the weld toe (Figure 2.23 [28]). The IIW guidelines [28] also
suggested using this approach to find the SHSS. This approach involved neither any extrapolation
technique nor any integration. Since the stress distribution generally contains a stress gradient, the
SHSS at a distance of 0.5×t was smaller than that at the weld toe for specific cases like the one shown
in Figure 2.23 [13].

Figure 2.23: One point structural hot-spot stress determination [28] [13]

Therefore, it was used with a lower design S-N curve (a lower FAT class as compared to the FAT
class used for SHSS with stress extrapolation). In order to have a good fit to fatigue test results, the
SHSS obtained from the one-point stress determination approach should be multiplied with a factor
of 1.12 (Figure 2.23) [13]. For a finite element model having an element size of t×t (where t = plate
thickness), the reference point situated at a distance of 0.5×t away from weld toe is a useful validation
[13]. The stress at this point located at the element mid-side for a second order element can be directly
obtained from the FE-model.

Haibach [40] made an alternative proposal for the one-point SHSS approach by using absolute
distances from the weld toe. Haibach’s method involves the utilization of strain on the surface of plate
at a certain distance which is 2 mm away from weld toe and finding from measurements a common
strain-life curve for various welded details having different geometry.

Determination of SHSS according to Xiao and Yamada
Xiao and Yamada [48] had developed an approach to determine the SHSS based on the calculated
stress at a depth 1 mm below the weld toe. The IIW [28] also has some guidelines regarding this
approach. This concept was founded on analysis results of a reference structural detail which was a
non-load carrying cruciform joint with plate thickness of 10 mm as shown in Figure 2.24 [48].

Figure 2.24: Structural stress according to Xiao and Yamada [48]
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From the FEA of this reference detail it was observed that irrespective of the weld shape and size,
the stress value through the thickness drops to approximately the nominal stress at 1 mm depth from the
plate surface. However, this method can only be applied for membrane stresses. It was not applicable
for details subjected to a combination of membrane and bending stresses. The stress obtained from this
method was also correlated with early crack propagation phase. In order to obtain the SHSS according
to Xiao and Yamada [48], the FE model has to be developed with a very fine mesh that is capable of
providing the stress at 1 mm in depth along crack path with an acceptable amount of accuracy. This
approach showed a good correlation between this stress at 1 mm in depth and fatigue life to the extent
that it could be considered to be equivalent to the SHSS. Thus, it was used with the same hot-spot
stress design S-N curves [40].

2.5.3. Effective notch stress method
The geometrical discontinuities present in welded details are cope holes, sharp and local changes in
shapes and mis-alignments. The stress raisers or notches emanating from these geometrical discon-
tinuities are very common and cannot be avoided for such details in structures. These notches have
a large amount of influence on the fatigue resistance of welded details. The stress at these localized
stress raisers is often referred to as the “notch stress” [28]. The notch stress in welded joints is the total
local stress caused by both the component geometry and the local stress raiser, for example the shape
and local geometry of the weld itself and the surrounding local region [13]. For very sharp notches
where the radius is approaching to zero, the theoretical elastic notch stress tends to infinity. For such
cases, the stress is referred to as being “singular” and the phenomenon is called ”stress singularity”.
Singular stresses which are tending to infinity cannot be used for fatigue assessment. Hence, to over-
come this problem, the effective notch stress is defined as the average stresses over a certain distance
for 2D or over a certain volume for 3D.

The concept of the effective notch stress method states that if the local stress at the point of crack
initiation in a welded detail is calculated by assuming a predefined reference notch radius, then the
fatigue strength of this detail can be related to a single fatigue strength S-N curve. This method is
restricted to the assessment of welded joints with respect to potential fatigue failures from the weld toe
or weld root. A disadvantage of this method is that it is more time consuming in terms of computation
than the SHSS method. Due to the stress singularities which appear at the weld root and toe of the
FE model, a realistic stress at these points is difficult to determine by computation. In order to prevent
stress singularities, a notch at these points was applied as shown in Figure 2.25 [28]. The effective
notch stress includes the local stress raising effects due to geometry of the detail and of the weld.
Stress concentrations due to welding defects and misalignment are incorporated in the detail category.

Figure 2.25: Fictitious rounding of weld toes and roots by effective stress method (IIW recommendations [28])

2.6. Comparison of the fatigue assessment methods
Marquis and Samuelsson [36] gave a qualitative comparison of the accuracy and computational effort
for different fatigue assessment methods as shown in Figure 2.26 [36]. In OSD bridges, the intersection
between crossbeam and longitudinal open stiffeners is sensitive to fatigue. Several researchers have
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tried to explain the fatigue behaviour of this detail with different stress assessment methods. According
to the research of Wang [44], the analysis of the fatigue strength of fillet welds lead to similar results
for both the effective notch stress method and the SHSS method.

Figure 2.26: The comparison of accuracy vs. computational effort for fatigue strength assessment methods in welded joints [36]

It is known that the stress concentration factor (SCF) is the ratio of SHSS to nominal stress. There
is no SCF for nominal stress. The SCF for SHSS is non-uniform because of the sensitivity of finite el-
ement types, element size, classification of welded joints, and different extrapolation techniques. The
SCF for effective notch stress is not accurate due to indeterminate notch size and localized stresses
around the notch [49].

Aygul, Al-Emrani and Urushadze [14] investigated the applicability of fatigue strength assessment
methods using FEA. The detail investigated was a welded rib-to-cross-girder connection with a cope
hole. Ten full-scale fatigue tests were conducted by them. During the fatigue experiment, each speci-
men was supported vertically on two roller supports at the ends of the crossbeam. They were subjected
to a vertical load which was provided by an actuator and applied via a loading beam. The loading beam
was used to divide the load from the actuator into two equal loads at the end of the rib [14]. Three
specimens were first subjected to a static load. This was done to measure the strain distribution at
predetermined locations, including the hot spot points where it was expected that crack would start.
The fatigue tests were performed under constant amplitude fatigue loading (CAFL). The total number
of load cycles to the detection of crack for different crack locations was recorded. Each specimen was
tested with a different load range and the load frequency for the specimens varied between 2 and 3 Hz
[14].

This study of Aygül, Al-Emrani and Urushadze [14] was performed to simulate the behaviour fatigue
crack at the intersection between the longitudinal open ribs and cross girder. It was observed that the
cracks appeared at the weld toe and then propagated along the weld line in the web of the crossbeam
in most of the test specimens. However, in some specimens the cracks changed their path and prop-
agated through the weld into the longitudinal rib.

EN 1993-1-9 [2] (Table 8.9) recommends a detail category ”Category 56” when considering the
nominal stress for the fatigue design of orthotropic bridge decks with open ribs. The nominal stress
at the mid-section considering the net-section due to the cut-out hole of the web of the crossbeam
was calculated following recommendations from the EN 1993-1-9 [2]. The equivalent stress, i.e. the
resultant stress of the normal stress and shear stress, was used as the governing stress for the fatigue
strength capacity of the welded joints. The fatigue life of the test specimens was computed using the
equivalent nominal stress range and the results were plotted in Figure 2.27 [14] using linear regression
analysis with a slope of 3 to compare with the recommended fatigue design class C56. It was observed
that the calculated nominal stress did not yield appropriate results (Figure 2.27) [12].
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Figure 2.27: Fatigue test results when considering the nominal stress approach according to EN 1993-1-9 [14] [12]

However, as can be seen from Figure 2.28 (a) [14], almost 90% of the load was carried through shear
by the part of the web between the two cut-outs [12]. When only this part of the web was considered
to carry the shear force, the equivalent nominal stress was found to be higher. Thus, the nominal
stress method provided good agreement with the experimental results only when the distribution of
shear stress over the welded region and the distribution of normal stress over the girder region were
considered correctly. The results from the equivalent nominal stress approach for determining the
fatigue life were in good agreement with the recommended design curve of C56 as shown in Figure
2.28 [14]. The calculated amount of load cycles to failure was 20% lower compared to the hot spot
stress method.

Figure 2.28: (a) Shear stress distribution and (b) S–N diagram using equivalent nominal stress considering the welded
section.[12] [14]

The structural hot-spot stress (SHSS) approach (Figure 2.29 [14]) was more accurate in predic-
tion of fatigue life for the studied detail. It was recommended to use solid element models including
the welds for evaluating the structural hot spot stresses for the details with cut-out holes. For finding
SHSS from FEM using mid-plane shell elements, the most important and crucial aspect was modelling
the welds in the investigated section [12]. It was also concluded from their research, that shell ele-
ment models without modelling the welds yielded unrealistic stress values for the investigated detail.
From this study it was also found that around the cut-out holes, the curved stress evaluation path did
not show reliable results and so the straight stress evaluation path was used to calculate the hot-spot
stresses. The results from the SHSS based evaluation of the fatigue life were in good agreement with
the recommended design curve of C90 as shown in Figure 2.29 [14] [12].
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Figure 2.29: Fatigue test results when considering the structural hot spot stress approach [14] [12]

Evaluating the fatigue life according to the effective notch stress method was only possible from
finite element analysis. Since very finemeshedmodels around the critical points were required, the sub-
modelling technique was utilized in their study to determine the effective notch stress. This approach
(Figure 2.30) [14] showed that the root geometry did not have a significant effect on the stresses at
the weld toe as the stress distribution was mainly influenced by the cut-out hole. The detail category
was FAT225. The results for the effective notch stress from this study, were conservative as shown
in Figure 2.30 [14]. The determined value of load cycles (fatigue life) was less than half of the cycles
which was determined with the hot spot stress method (with quadratic extrapolation) [14].

Figure 2.30: Fatigue test results for an orthotropic bridge deck based on effective notch stresses according to the IIW [14] [12]

2.7. Finite element method (FEM)
Finite Element Analysis (FEA) is defined as the simulation of a physical phenomenon using the nu-
merical technique called Finite Element Method (FEM). FEM divides a large system into smaller and
simpler parts which are known as finite elements (FE). This is achieved by discretisation in the space
dimension, which is implemented by meshing of the object. FEM is used to understand, quantify and
approximate any physical phenomena for example structural behaviour. Generally, these processes
are described using Partial Differential Equations (PDEs). There are different FE programs which can
be used to solve these physical phenomena using PDEs. In order to compute displacements, stresses
or strains it is important to solve these PDEs. There is an increasing demand for reducing the computa-
tional power and effort to calculate the SHSS in the practical field. For this reason, simple models with
coarse mesh sizes are generally preferred for analysis. In addition, the numerical models have to be
able to capture the formation of steep stress gradients at the hot-spot locations. There are two types
of elements which can capture plate bending: shell elements and solid elements, Figure 2.31 [28].
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Figure 2.31: Numerical models for welded joints and stress evaluation paths: (a) shell elements excluding welds, (b) solid
elements including welds [28]

In numerical modelling using FEA, shell elements can be used for getting effective results for some
specific details. There is a possibility of huge computational time savings with shell elements. This is
because it is possible to model thin features with fewer mesh elements. On one hand, thin shells do
not consider the stress in the direction perpendicular to the shell surface which is through the thickness
direction. On the other hand, thick shells can consider stresses in through-thickness direction or in
the direction normal to the middle surface and account for shear deformation. The thin shell theory
has some important assumptions which allow shell structures to be analysed in an efficient way by
effectively simplifying a 3D problem to a 2D problem. The thin shell theory considers that the strains
are small compared with unity and that the shell thickness does not change. This means that the
changes in Poisson out-of-plane thickness can be ignored for thin shells. The main assumptions of the
thin shell or first-order shell theory which is also known as the ‘Kirchhoff-Love theory’ are as follows:

1. The normal to the shell surface remain straight after deformation.

2. The normal to the shell surface remain normal after deformation.

3. The transverse normal stress is negligible.

A thick shell or second-order shell theory is obtained by discarding Assumption 2, taking transverse
shear deformation into account. This known as ‘Mindlin-Reissner theory’. Progressively, higher-order
theories are obtained by additionally discarding Assumption 1 and then Assumption 3, leading to a full
three-dimensional (3D) continuum theory with explicit modelling of all stress and strain components
and changes of thickness. The theory manual of ABAQUS [8] has a shell element library divided into
three categories consisting of general-purpose, thin, and thick shell elements.

• Thin shell elements provide solutions to shell problems that are adequately described by classical
Kirchhoff shell theory [8].

• Thick shell elements yield solutions for structures that are best modelled by shear flexible Mindlin-
Reissner shell theory. The manual recommends the application of transverse shear-flexible thick
shell elements when the thickness is more than about 1/15 of a characteristic length on the surface
of the shell [8].

• General-purpose shell elements provide solutions to both thin and thick shell problems [8].

The simplest modelling technique which is used in practice is by using 2D shell or plate elements.
Generally, these elements are modelled using the mid-plane of the associated plate with no offsets. In
engineering applications, shell elements are most widely used. This is because the modelling effort
and computational power required by application of 1D shell elements is less than that compared to 2D
solid or volume elements. Unlike the solid element models, the welds are generally not modelled with
shell elements for the evaluation of welded structures. This is a general simplification for shell element
models which cannot be applied for all details. The main problem is that shell elements are not suitable
for the determination of structural hot-spot stresses (SHSS) for certain complex welded details. It can
underestimate the stiffness of the weld for such details.
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Solid elements 3D: Solid elements (Figure 2.31) provide a three-dimensional visual representation
of the structure which needs to be modelled. They are modelled with tetrahedral (4-noded), hexahedral
(8-noded) or iso-parametric (20-noded) elements [28] (Figure 2.32). More accurate approximation of
stresses with solid elements is achieved compared to shell elements and thus they are closer to the
real behaviour of the structure. With solid elements, the geometry of the weld can be fully modelled
which provide more accurate results when compared to shell elements. Solid elements have 3 degrees
of freedom per node all of which are translational degrees of freedom [28].

Figure 2.32: Solid elements with tetrahedral and brick shapes (4- and 8-noded respectively) [29]

Solid elements are particularly recommended in case of complex structures. One layer of iso-
parametric 20-node elements in thickness direction yields reasonably accurate results due to the quadratic
displacement function and linear stress distribution. The linear distribution of stress in thickness facili-
tates the SHSS determination directly at the weld toe. However, when multi-layer solid element models
are used, the stress distribution through the thickness becomes non-linear. Subsequently, to obtain the
SHSS, the through thickness stress should be linearized or alternative SHSS determination methods
should be used. Moreover, using several solid elements through thickness drastically increase the
computational time.

Shell elements 2D: Shell elements (Figure 2.31) give a good approximation of stresses if the thick-
ness of the element is much smaller than the length and width of the element. The inner, outer or
middle planes of the structural elements are modelled using shell elements. The welds are generally
not modelled when shell elements are used for modelling a connection. For lower order linear elements,
different types of geometrical shapes are possible: triangular or rectangular (Figure 2.33).

Figure 2.33: Shell elements with triangular and rectangular shapes (3- and 4-noded respectively) [29]

Triangular elements are generally used when the geometry is irregular or curved. The degrees of
freedom are calculated at the nodes of an element in which the triangular element has 3 nodes and
the rectangular element has 4 nodes. The rectangular element has more degrees of freedom than the
triangular element and this generally results in a more accurate approximation of the results when used
correctly. With shell element modelling, it is also possible to use higher order elements. When quadratic
elements are used the number of nodes for the triangular and rectangular elements are respectively
6 and 8 [28]. Higher accuracy is obtained with higher order elements, but the computational time also
increases. Thus, care should be taken if higher order elements are relevant and needed for obtaining
the results. Shell elements have 5 degrees of freedom per node and is composed of translational and
rotational degrees of freedom [28].
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Different approaches for modelling of welds with shell elements

Weld modelling with oblique shell elements: The welds can be modelled by oblique shell ele-
ments. This method was initially proposed by Niemi [39]. (Figure 2.34).

Figure 2.34: Weld modelling with inclined shell elements [39] [40]

The application of oblique or inclined elements is also listed in IIW guidelines [40]). There are some
drawbacks of this method. The shell model made with such type of elements exaggerate the area of
cross section close to the intersection of the plates. These oblique elements do not provide accurate
stress at the weld itself. Therefore, this method can only be used for fatigue assessment at weld toe.
The thickness of oblique shell elements is taken as equal to the weld throat thickness as shown in
Figure 2.34. The mid-planes of the plates are modelled.

Weld modelling with shell elements having increased thickness of plate in weld region: The
stiffness of the weld in the shell element model can be incorporated by increasing the thickness of
the elements in the vicinity of the weld. This method was proposed by Niemi et al. [39] in which it is
suggested to increase the thickness of the intersection, but there was no recommendation regarding
the length and thickness of the adapted elements. Eriksson [20] has recommended using elements
with increased thickness both in the attached plate and the parent plate for a double-sided fillet weld.

Figure 2.35: Weld modelling using increased thickness [20]

The application of increased thickness in the intersection of welded joints is also listed in the IIW
guidelines [28] (Figure 2.36). But, in this approach an inclined strip is made which is different from
the Niemi approach. The shell model developed using this approach depends on two geometrical
properties: the increased thickness and the length of the elements (Figure 2.36).
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Figure 2.36: Weld modelling using increased thickness [40]

Weld modelling with shell elements using rigid links: The application of rigid links to the shell
elements in the mid-surface of the plates. This approach was introduced by Fayard et al. [21] to find
the SHSS at the weld toe. The area of cross section of the shell elements correspond to the actual
area. This approach is also recommended by the IIW [40] (Figure 2.37).

Figure 2.37: Weld modelling with rigid links [40]

According to IIW, it is proposed that the stress at the weld toe can be directly read out at the elements’
centre of gravity (Figure 2.38). This means that there is no need for any extrapolation when determining
the SHSS at weld toe. The basis of this approach is to model the local rigidity of a joint resulting from
the weld stiffness. It is done by connecting the two adjacent shell elements using rigid links each
connecting a pair of nodes located along the whole weld length. The stiffness and geometry of the
welds can be considered in the shell element models using the above mentioned approaches. This is
done because sometimes it is important to make the welds in a shell element model for specific details
where the shell elements are not feasible for use.

Figure 2.38: Weld modelling with rigid links [13]
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2.8. Past research on shell and solid element modelling of OSDs
In the calculations of FEM, the Gaussian Quadrature approach is generally used. This approach is
developed to give appropriate results for polynomials of degree 2n − 1 or less by a suitable choice of
the nodes xi and weights wi for i = 1, …, n. For the function to be integrated, a number of points are
calculated and their positions are optimised. These points are known as Gaussian co-ordinates. The
function is then multiplied by an optimised weight function for each of the Gaussian coordinates. In the
final step, they are added together to calculate the integral.

When big scale structures have to be analysed, modelling the complete structure with solid ele-
ments is not often feasible as it involves a large computational time. On the other hand, the application
of shell elements reduces the computational time to a great extent when compared with the full model
made with solid elements. Thus, FEA of big structures with a lot fatigue critical points can be conducted
in two steps. In the first step, the complete model can be developed with shell elements having a coarse
mesh in order to find the location of the potential hot-spot regions. In the second step, two different ap-
proaches can be followed. The first approach is the sub-modelling technique with solid elements which
involves higher accuracy of results. An important aspect is to provide adequate rotational stiffness at
the interface between shell and solid elements. This is because the shell elements normally cannot
transfer any moment to the solid elements. The second approach is to refine the mesh locally at the
hot-spot regions of the global shell model with the help of partitioning.

In the method of developing solid element sub-models for large scale structures, at first, a shell
element model with coarse mesh is recommended to calculate the global deformation of the structure.
This model is called global model. Having obtained the global stresses, a local sub-model is devel-
oped with solid elements to model the investigated region with an appropriate mesh size needed to
obtain the stress accurately. The appropriate mesh size is obtained after a mesh sensitivity study on
the region of interest. The deformations obtained from the global shell model is generally used as
boundary conditions for the local solid model or solid sub-model. Another way is to couple the solid
element sub-model with the global shell model using tie constraints at the interface. However, small
scale structures can be built completely with solid elements. It is true that with solid elements, the com-
putational time increases when a fine mesh is applied at the weld toe region. Thus, for such structures
also two approaches are generally recommended. The first approach is to make sub-models with solid
elements to locally increase the mesh density. For the remaining part of the structure, solid elements
with coarse mesh is recommended for increasing efficiency. The deformations obtained from the global
solid model is used as boundary conditions for the local solid sub-model. The second approach is to
refine the mesh locally at the hot-spot regions of the solid model using partitions.

Numerical investigation of P. Beld (2019): Beld [16] in her numerical analysis had used the mea-
sured strain values from the experiment of Wu et al [47] for validation of both the shell and solid element
models. The experiment was performed on one of the troughs and measurements were done on two
trough-deck joints. The experimental strain measurements from both the joints are shown in Figure
2.39 [16]. In addition, an average value of strain from these two trough-deck joints was used for the
validation of the numerical models [16]. The FE model strain results were considered to be acceptable
if the deviation from the experimentally measured strains were within 10% according to Beld [16].

Figure 2.39 represents the strain results of two types of solid element models with linear and
quadratic elements having a mesh size of 2 mm, a shell element model with a mesh size of 4 mm
and a shell element model with a mesh size of 20 mm. The solid models were having full weld pene-
tration as it was found from this research that the lack of weld penetration did not have any effect on
the strain values. Due to the occurrence of stress singularity in all the numerical models, it was impos-
sible to determine the strain value at the root of the weld directly from the FEM output. So, the strain
gradients and the strain profiles were investigated for all the different numerical models to compare
the accuracy of results. It was observed that the shell element model with a relatively fine mesh had a
similar trend with the measured strains of the first specimen. But at a distance of 4 mm from the weld
root, the strain range was found to be higher than the 10% deviation (Figure 2.39 [16]). The coarse
mesh (20 mm) shell element model gave higher strain range in comparison to the fine mesh (4 mm)
model. For the coarse mesh shell model, the strain range was comparable to all the other numerical



2.8. Past research on shell and solid element modelling of OSDs 33

models at a distance of 20 mm away from the weld root. The strain was higher in the region close to
the weld root. Therefore, the slope of the curve was larger compared to the other numerical models.

Figure 2.39: Comparison of strains between the finite element models and experimental measurements at the lower surface of
deck plate [16]

In this research, solid and shell elements with reduced integration were used. On one hand, the
solid model with quadratic elements (C3D20R) agreed well with the experimental results [16]. On the
other hand, the solid model with linear elements (C3D8R) gave strain range which was lower than the
strains obtained from the experiments. Beld [16] stated in her conclusion that the application of solid
elements for the SHSS method resulted in a longer fatigue life in comparison to the application of shell
elements for the investigated detail (Figure 2.40). The fatigue life determined from calculation with solid
elements was 44% higher than that compared to the shell element model with a relatively fine mesh.

Figure 2.40: Hot-spot stress design S-N curve plots for numerical models and results from experiments [16]

Numerical investigation of M. Aygül, M. Al-Emrani and S. Urushadze (2011): In the research of
Aygül [14], a series of fatigue tests were performed under constant amplitude fatigue loading (CAFL)
and the number of cycles to crack detection for different cracking locations was registered. At first, a
three point bending test was performed where a static load was applied initially to three test specimens
(Figure 2.41). The static loading was applied such that the stresses were below the yield strength of
the specimens. The strain distribution was measured at pre-determined locations, which included the
hot-spot regions where it was expected that the crack would initiate. These locations were ’HS1’ and
’HS2’ as shown in Figure 2.41.
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Figure 2.41: Application of load for fatigue testing of the specimen and the regions of interest (hot-spots) [14]

The same locations were also investigated by Akhlaghi [9][10] in his research with another test
specimen having similar detail. The point ’HS1’ corresponds to point ’wb’ and the point ’HS2’ corre-
sponds to point ’wt’ in the thesis of Akhlaghi [9]. A comparison study was made between the SHSS
values calculated from the numerical analysis of Aygül [14] using shell and solid elements as shown
in Figure 2.42. It was observed that solid elements with an element size of 4 mm complied best with
the experimental strain measurements. The solid element models estimated the SHSS really well at
the investigated points of the specimen [14]. The shell element model where the welds were modelled
using oblique/inclined shell elements also gave good results compared with the normal shell element
models without welds. The SHSS values obtained from the shell models without welds had a large
difference with the SHSS values obtained from solid models and also from measurements [14].

Figure 2.42: Comparison of the results from FE analyses [14]

In the research of Aygül [14], it was stated that shell elements were not suitable for the representation
of the actual behaviour of the structure for such joints as the one investigated. Thus, including welds
in the shell element models using the IIW guidelines [28] is strongly recommended when analysing
welded joints with cut-out holes. It was also concluded that the stress evaluation path around the hole
(curved stress evaluation path) did not have good agreement with the experimental results. The Battelle
structural stress method [17] produced a good result for ’HS1’, while the method underestimated the
stress concentration at ’HS2’ [14]. However, the approach of Xiao and Yamada [48] which was the 1
mm stress method gave good results for both investigated points ’HS1’ and ’HS2’ as shown in Figure
2.42. In this research, a large scatter in fatigue assessment as shown in Figure 2.43 was observed
when different fatigue assessment procedures were used [12][13][14].
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Figure 2.43: The S–N curves for an orthotropic bridge deck based on nominal stress approach, SHSS approach and effective
notch stress approach [14] compared with fatigue experiments

Numerical study of N. Osawa (2011): Osawa [41] in his study, proved that solid elements have a
lower curvature than shell elements in a connection or intersection between two elements. In Osawa’s
research, he obtained a difference in stress results when modelling the connection between two plates
with shell and solid element types. The transverse curvature of a solid element might be restrained to
some extent by the element it is intersected by. But this was not observed for shell elements. This is
explained in Figure 2.44 [41].

Figure 2.44: Visible difference between the curvature for shell element model and the curvature for solid elements [41]

2.9. Fatigue load models (FLM) according to EN 1991-2
For the application of the nominal stress concept, the fatigue load model FLM 3 according to Eurocode
1 (EN 1991-2) [4] with its fictitious four-axle vehicle and the damage equivalent factors λ is generally
used. For the fatigue assessment at the very local details on an OSD, FLM 3 does not deliver appro-
priate results because of the fictitious wheel patch areas for each axle. The occurring stresses in the
details are dependent on the axle loads of the heavy vehicles as well as the wheel load geometries
within an axle. Thus, a more accurate load model with more realistic wheel geometries and axle loads
is necessary for the assessment of local details of OSD.

The fatigue load model FLM 4 includes 5 different lorry types and within a single vehicle 3 different
axle types are indicated. This load model FLM 4 is much more detailed than FLM 3, so that it is
appropriate for fatigue assessment of the very local details on an orthotropic bridge deck. FLM 4 has
also the possibility to adapt the axle loads and gross weights with weigh in motion measurements
(called FLM 4*). The fatigue load model FLM 2 is based on the same lorry and axle types as FLM 4,
but they have higher axle load and gross weights. Fatigue load models FLM 4, FLM 4* and FLM 2 are
presented in Figure 2.45 [4]. There are 5 different lorry types (T1 to T5) according to EN 1991-2 [4].
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Figure 2.45: Fatigue load models FLM 4, FLM 4* and FLM 2 (* percentage of FLM 4) (EN 1991-2 [4])

2.10. Residual stresses
When the weld metal contracts during cooling phase, the stresses which get locked in result in the
development of residual stresses. These stresses can be generated during the manufacturing process
or during welding. Figure 2.46 [26] shows the manufacturing residual stresses which develop during
the cooling process of hot-rolled sections. The outer part of flanges and middle part of web is in com-
pression and the remaining part of the section is in tension. A tensile residual stress reduces fatigue
life and a compressive residual stress increases fatigue life. The residual stresses may also relax with
time, especially if there are peaks in the load spectrum that cause local yielding effect at stress concen-
tration points. The other method to reduce residual stress is by re-heating which is not always possible
to implement. Complete relief of residual stress is not possible to achieve. The detail category used
for fatigue assessment with the S-N curve includes the residual stresses.

Figure 2.46: Residual stresses in a hot rolled element (left) and due to welding (right) [26]
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2.11. Fatigue life prediction
The fatigue damage is generally evaluated using Palmgren-Miner Damage Model. According to Palm-
gren and Miner, failure occurs when the cumulative damage caused by each loading cycle equals one.

Where, k is the different stress levels, Ni is the average number of load cycles to failure, ni is the
number of load cycles accumulated and D is damage ratio (failure occurs when D reaches 1).

When both direct/normal and shear stresses occur in the region which is prone to cracking, the EN
1993-1-9 [2] recommends the damage ratios due to each stress effect being calculated. In this case,
it is assumed that total fatigue damage caused by combination of different types of stresses is the
summation of damages caused by each individual type of stress. The damage ratio for each source
is the total number of load cycles cycles that the particular detail is exposed to during its service life
divided by the total number of cycles to failure at that stress level which is evaluated from the S-N curve.
This is represented in the following equation:

Where, Dσ is the damage due to normal stress and Dτ is the damage due to the shear stress.

2.12. Partial safety factors
From Eurocode (EN 1993-2), the consequence of failure for OSD should be taken as low consequence
and the fatigue assessment method should be considered as safe life as shown in Table 2.2 (EN 1993-
2-NB, 2011).

Table 2.2: Partial safety factor for fatigue strength (EN 1993-2-NB, 2011)

Assessment method Consequence of failure
Low consequence High consequence

Damage tolerant 1.00 1.15
Safe life 1.15 1.35

This means that the partial safety factor for fatigue strength (γMf) is 1.15. A distinction is made
between the fatigue strength factor (γMf) and the fatigue load factor (γFf) in fatigue design. The fatigue
load factor (γFf) is equal to 1. The fatigue strength factor depends on the assessment method and the
consequence of failure (Table 2.2).

After a brief study on past research in this chapter, it is observed that various researchers have tried
to bridge the gap between the calculation of hot-spot stress with shell and solid elements. Some of
them have suggested using weld modelling methods with shell elements for improving both the global
and local behaviour in terms of deformation. From the numerical investigation of Akhlaghi [10], it was
observed that there is a huge scatter of hot-spot stress between the regular shell and solid model. This
scatter was reduced after modelling welds with shell elements using the increased thickness method.
Moreover, the stress gradients obtained after weld modelling with shell elements were more in-line with
the stress gradients obtained from the solid model. Thus, among the weld modelling methods with shell
elements, the increased thickness approach according to IIW [28] and according to Eriksson [20] has
been elaborately explored in the present research for the connection of open stiffener to crossbeam at
the location of cope hole in OSD.



3
Simple fillet welded details

“The only source of knowledge is experience.”

Albert Einstein

This chapter focuses on numerical modelling of simple fillet welded details. The hot-spot stress
is computed using finite element modelling in order to gain some insight regarding the difference in
behaviour between shell and solid elements. Also, some aspects regarding the details which cannot
be modelled properly with shell elements have been provided. Two types of details have been in-
vestigated in this chapter: (a) single side fillet welded longitudinal plate joint and (b) double side fillet
welded transverse cruciform joint. The geometrical details of these two joints have been obtained from
literature.

38
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3.1. Single side fillet welded longitudinal plate joint (T-joint)
The first studied detail is a single side fillet welded longitudinal plate joint (detail type a) which is also
known as a T- joint (section 3.1.2). This detail is numerically investigated under tension and bending
load cases and the structural hot-spot stress (SHSS) is determined.

3.1.1. Numerical investigation from the research of Śledziewski (2018)
In the research of Śledziewski [54], a unit stress (1 MPa) was applied on the FEM models, the output
was interpreted as the stress concentration factor (SCF). Linear and quadratic extrapolation methods
were used to find the hot-spot stress. Based on the statistical assessment of the test data, the course
of the regression curve was determined and in consequence the standard fatigue for 2 million cycles
(Nc) was determined. The analysis was carried out according to the requirements of the Eurocode 3
(EN 1993-1-9 [2]). Table 3.1 summarises the test results of the longitudinal attachments subjected to
tensile loading [54].

Table 3.1: Numerical results on fatigue for longitudinal plate joint according to nominal stress approach [54]

Test
data N Nominal

stress
range (MPa)

Hot-spot stress range (MPa) SCF
Linear

Extrapolation
Quadratic

Extrapolation
Linear

Extrapolation
Quadratic

Extrapolation
1 1.96E+05 181.3 213.9 217.5 1.18 1.20
2 2.46E+05 180.2 212.6 216.2 1.18 1.20
3 3.40E+05 149.8 176.7 179.7 1.18 1.20
4 4.17E+05 139.9 165.1 167.9 1.18 1.20
5 4.93E+05 139.9 165.1 167.9 1.18 1.20
6 7.72E+05 119.9 141.5 143.9 1.18 1.20
7 9.29E+05 109.4 129.0 131.2 1.18 1.20
8 1.14E+06 110.7 130.6 132.8 1.18 1.20
9 1.29E+06 100.3 118.4 120.4 1.18 1.20
10 1.43E+06 100.3 118.4 120.4 1.18 1.20

It was also concluded from the literature that the assumed detail category FAT71 is appropriate. But
on the other hand, the recommended fatigue detail category FAT100, from SHSS method is conserva-
tive. Thus, it was recommended from the literature, to be replaced by the category FAT90 [54].

3.1.2. Geometry
Steel plates of 16 mm thickness are used in this study. The longitudinal rib is 50 mm high and 60 mm
long, whereas the main plate is 300 mm long and 90 mm wide. The weld throat thickness is 5 mm [54].

Figure 3.1: Geometry of the investigated welded steel joint (all dimensions in millimetre): (a) top view of the specimen (b) section
A-A (c) section B-B [54]
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3.1.3. Material properties
Steel with elastic modulus of E = 210 GPa and Poisson’s ratio of v = 0.3 is used for the entire geometry
including the welds. Since elastic material behavior is assumed for the fatigue analysis, only elastic
material properties are defined.

3.1.4. Stress extraction path and coordinate system
The coordinate system is chosen to be consistent for both solid and shell finite element models. The
plate surface stresses along a line perpendicular to the weld toe are used to compare both the numerical
models. The same path and direction are used for both the numerical models as shown in Figure 3.2.
The assembly orientation is also chosen to be consistent in both the models.

Figure 3.2: Coordinate system for the numerical models: solid (left) and shell (right)

3.1.5. Loading and boundary conditions

Tension: Tensile stress of 1 MPa is applied on both ends of main plate. The tensile load is applied
in longitudinal (x) - direction following the coordinate system shown in Figure 3.2. The models are not
restrained in width and thickness directions. Thus, lateral contraction is not prevented in the numerical
models. Full geometry is used for developing the models in order to maintain consistency in modelling
as is also done by Śledziewski [54]. All other numerical models in this thesis are made using full
geometry. The loading and boundary condition is shown in Figure 3.3.

Figure 3.3: Solid (left) and shell (right) element models under tension

Bending: A uniform pressure of 1 MPa is applied over the top plate. The bottom plate is simply
supported at the ends. Both edges at the end of the plate is restrained against vertical - (y) direction
according to the coordinate system shown in Figure 3.2. For the solid model, the bottom edge is used
for applying the boundary conditions as shown in Figure 3.4.

Figure 3.4: Solid (left) and shell (right) element models under bending
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3.1.6. Numerical modelling
The solver used for numerical modelling is set to Static - General in the step module of ABAQUS as
linear analysis is performed. The plates in the numerical model are partitioned to create nodes at the
reference points 0.4 t and 1.0 t for linear surface stress extrapolation. The same is done at points 0.4 t,
0.9 t and 1.4 t for quadratic surface stress extrapolation. The weld throat thickness is 5 mm. Here, t is
the plate thickness. The stress concentration in longitudinal attachments is observed on the base plate
surface at the weld toe for tensile load (Figure 3.5). Therefore, it is classified as type-“a” hot-spot. To
find the SHSS, the stress distribution orthogonal to the weld toe is plotted for both the models (Figure
3.5). The figure shows the stress paths for extrapolation of the solid and shell numerical models at the
plate surface. The origin of the stress profile is taken at the weld toe for solid element model and at
the plate intersection for shell element model. For all the numerical models, average stress over the
finite element boundaries are considered by using the stress averaging option in ABAQUS. The stress
profiles are also investigated with the stress averaging turned off. It is observed that there is no effect
of stress averaging on the hot-spot stress as the reference points are far away from the affected nodes.

Figure 3.5: Stress path orthogonal to the weld line at the base plate surface for tension load

Development of solid element models: The solid element reference model is developed using
dimensions from Figure 3.1 [54]. The weld is modelled using chamfering and solid sweep function
in ABAQUS. The curvature of the weld at the corner of the stiffener is modelled using sweep edge
tool. This is done so that the weld looks as close to reality as possible. The effect of element sizes are
studied for the solid element models. They are made such that a cubic block could be generated having
dimensions AxAxA mm3 where A is the mesh size in mm. Since the thickness of the main and stiffener
plates is 16 mm, for a mesh size of 2 mm (t/8), the number of elements in the thickness direction is 8.
The mesh sizes investigated are A = t/2, t/4, t/8 and t/16 (8 mm, 4 mm, 2 mm and 1 mm respectively).
The stress contour plot of the solid model loaded in tension in shown in Figure 3.6.

Figure 3.6: Contour plot of stress (S11) for solid element model loaded under tension

For the solid model, the middle path of the attachment plate is considered (Figure 3.5) because it
showedmaximum stress concentration compared to the corner path of the attachment plate. The stress
perpendicular to the weld toe is extracted along the path shown in Figure 3.5. The crack - assign seam
tool in ABAQUS is used to model the gap between the plates inside the weld region. This is done to
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model a load carrying weld connecting the two plates. The effect of non-load carrying weld is checked.
It is observed that the stress values did not change more than 1% if the seam is not incorporated in
the solid model (Figure 3.7). The extraction of stress perpendicular to weld toe is done according to
the path shown in Figure 3.5. For both the load cases tension and bending, there is no significant
difference between the solid models with and without seam crack. The number of elements at the weld
for solid model are the same as the global mesh size in the mesh refinement study.

Figure 3.7: Stress perpendicular to weld toe for solid model with and without seam for tension load (left) and bending load (right)

Development of shell element models: Initially, the shell element model is developed using mid-
plane geometry according to IIW [28]. The mid-plane sections are incorporated in the property module
as shown in Figure 3.8. The total height of stiffener plate is the sum of height of stiffener plate and half
of thickness of base plate. Thus, the total height of the shell element model after extrusion remained
same as that of the solid element model. The weld is not modelled with shell elements for any of
the approaches at first. In later sections, the weld modelling concept using shell elements has been
investigated in detail. For the shell model however, there is only one path as shown in Figure 3.5.

Figure 3.8: The shell element model with and without rendered shell thickness using mid-plane sections for both the plates

In order to study the effect of offsetting the plate, the base plate is modelled with bottom surface
approach. The height of the stiffener is taken to be the reference height of 50 mm without any additions
of thickness. This can be visualized in Figure 3.9.

Figure 3.9: Shell model with different modelling approaches, left: shell offset - mid-surface, right: shell offset - bottom-surface

The meshing of the shell element models is made such that a square plate could be generated
having dimensions AxA mm2 where A is the mesh size in mm. The mesh sizes investigated are A =
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t/2, t/4, t/8, and t/16, where t is the thickness of plate. Both these approaches are analysed for tension
and bending load cases as shown in Figure 3.10.

Figure 3.10: The stress profiles of shell element model with different approaches for modelling under tension load (left) and
bending load (right)

On one hand, the difference in stress results for tension load case is mainly due to the eccentricity
which is present in the offset - bottom surface approach. This eccentricity is not present with the offset
- mid-surface approach. Due to this eccentricity, additional moments develop on the base plate ends
at the time of tensile loading. This is also the reason why the nominal stress values are different for the
shell models loaded in tension (Figure 3.10). The gap in nominal stress values between the numerical
models is approximately 3 MPa. On the other hand, for bending load, the nominal stress is found to
be same for both the approaches of shell modelling. The difference is observed in the stress gradient
in the vicinity of the hot-spot (Figure 3.10). The stress profiles converged at a distance of 25 mm away
from the weld toe for both the approaches of shell modelling in bending load case.

In addition to the stresses, the deformations are also investigated for both load cases (Figure 3.11).
The graphs show that the deformation behaviour is more or less similar for both the shell models under
bending but the same is not observed for tension.

Figure 3.11: The deformation of shell models subject to tension load (left) and bending load (right)

Thus, the SHSS values are different for both the approaches of modelling shell elements as shown
in Table 3.2. The shell model with shell offset-bottom surface showed a very large hot-spot stress value
for tensile loading (6.26 MPa). The SHSS obtained from the numerical investigation of Śledziewski [54]
was 1.18 MPa for linear extrapolation (Table 3.1) [54] for tension loading. The mid-surface approach
of shell model gave a SHSS value of 1.24 MPa which is closer to that obtained from the research of
Śledziewski [54] with an overestimation of 5% which is acceptable.

Table 3.2: SHSS obtained from two different approaches using shell elements

Tensile load Bending load
SHSS (MPa) Percentage

Difference
in

SHSS (%)

SHSS (MPa) Percentage
Difference

in
SHSS (%)

Shell offset:
Mid-surface

Shell offset:
Bottom

surface-plane

Shell offset:
Mid-surface

Shell offset:
Bottom

surface-plane
1.24 6.26 404% -18.61 -25.15 35%
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The mid-surface offset approach is chosen as an appropriate modelling strategy with shell elements
for further analysis as the bottom surface offset is giving a higher value compared to the numerical
results Śledziewski [54] (Table 3.1 and 3.2). Thus, the development of the shell model with mid-surface
offset is recommended as a better strategy for such details. The stress contour plot (S11) of the shell
element model using mid-plane approach and loaded in tension is shown in Figure 3.12.

Figure 3.12: Contour plots for shell element model loaded under tension

Shell element model with welds modelled using the local increase in thickness approach:
The welds are modelled using the approach mentioned in the IIW guidelines [40]. Figure 2.36 in
Chapter-2 illustrates this approach. This increases the stiffness of the welded region and it will re-
sult in higher value of SHSS compared to the shell elements without welds. This has been investigated
in a parametric study in later sections. The details of the stress contour plots are shown in Appendix-I
for shell element model, solid element model and shell element model with welds. From deformation
contours shown in Appendix-I for bending, it can be seen that all the numerical models have more or
less same deformation in the middle of the base plate.

Figure 3.13: Weld modelling with shell elements with increase of thickness at the weld location: (Left - normal view) (Right -
rendered view)

3.1.7. Mesh sensitivity study for tension load case
A mesh sensitivity study for tensile loading is performed for this welded detail. At first, FE models
meshed using elements with reduced integration is studied. Later on, the elements with full integration
are also investigated. The thickness of the base and top plates is t = 16 mm. The following global mesh
sizes are investigated: 8 mm, 4 mm, 2 mm and 1 mm respectively (t/2, t/4, t/8 and t/16). The description
of the investigated element types is shown in Table 3.3 [8]. The figures for the stress profiles obtained
from mesh sensitivity analysis for tension load case are shown in Appendix-B.

Table 3.3: Description of the elements [8]

Element
type Description Integration

points
C3D8R An 8-node linear brick element with reduced integration and hourglass control 1x1x1
C3D8 An 8-node linear brick element 2x2x2

C3D20R A 20-node quadratic brick element with reduced integration 2x2x2
C3D20 A 20-node quadratic brick element 3x3x3
S4R A 4-node doubly curved thin or thick shell element with reduced integration, hourglass con-trol and finite membrane strains 1x1
S4 A 4-node doubly curved general-purpose shell element with finite membrane strains 2x2
S8R An 8-node doubly curved thick shell element with reduced integration 2x2
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The SHSS value is calculated from the numerical models using linear extrapolation for all the mesh
sizes. The SHSS values and SCF are shown in Table 3.4. For the quadratic solid elements (C3D20R)
loaded in tension, it is observed that the SHSS values are converging to 1.177 MPa for mesh size of
2 mm. For the linear solid elements (C3D8R), it is observed that the SHSS value for 2 mm mesh and
that for 1 mm mesh is very close to each other. However, for obtaining full convergence with C3D8R
elements, a mesh size of 0.5 mm is required. But this involved a lot of computational time as a mesh
size of 0.5 mm is very small. Thus, a mesh size of 2 mm is selected as a proper mesh size for further
numerical investigation with solid elements under tensile load. For the linear shell elements (S4R)
loaded in tension, it is observed that the SHSS values are converging for mesh size of 2 mm to a value
of 1.215 MPa. This behaviour is also observed for quadratic shell elements (S8R). Thus, for the shell
elements also a mesh size of 2 mm is selected for further numerical analysis with tensile loading.

Table 3.4: SHSS of solid and shell elements with reduced integration for tension

Tensile load - Linear Extrapolation
Element
Type Mesh σ_0.4t

(MPa)
σ_1.0t
(MPa)

SHSS
(MPa) SCF

Solid -
C3D8R

8mm 1.102 1.058 1.132 1.132
4mm 1.128 1.061 1.172 1.172
2mm 1.134 1.063 1.182 1.182
1mm 1.136 1.065 1.184 1.184

Solid -
C3D20R

8mm 1.127 1.092 1.150 1.150
4mm 1.138 1.087 1.173 1.173
2mm 1.137 1.078 1.177 1.177
1mm 1.137 1.078 1.177 1.177

Shell -
S4R

8mm 1.139 1.058 1.192 1.192
4mm 1.140 1.057 1.196 1.196
2mm 1.151 1.056 1.215 1.215
1mm 1.151 1.056 1.214 1.214

Shell -
S8R

8mm 1.215 1.066 1.315 1.315
4mm 1.184 1.064 1.264 1.264
2mm 1.170 1.060 1.243 1.243
1mm 1.169 1.058 1.244 1.244

A separate mesh sensitivity study for tensile loading is also performed using elements with full
integration with the above mentioned mesh sizes 8 mm, 4 mm, 2 mm and 1 mm. Appendix-B also
shows the figures of mesh sensitivity study with full integration. The SHSS values and the SCF obtained
with full integration has been summarized in Table 3.5.

Table 3.5: SHSS of solid and shell elements with full integration

Tensile load - Linear Extrapolation
Element
Type Mesh σ_0.4t

(MPa)
σ_1.0t
(MPa)

SHSS
(MPa) SCF

Solid -
C3D8

8mm 1.112 1.068 1.142 1.142
4mm 1.128 1.071 1.165 1.165
2mm 1.130 1.060 1.177 1.177
1mm 1.131 1.060 1.179 1.179

Solid -
C3D20

8mm 1.189 1.061 1.275 1.275
4mm 1.149 1.065 1.206 1.206
2mm 1.134 1.066 1.179 1.179
1mm 1.136 1.070 1.180 1.180

Shell -
S4

8mm 1.262 1.084 1.380 1.380
4mm 1.186 1.064 1.267 1.267
2mm 1.165 1.058 1.236 1.236
1mm 1.164 1.057 1.236 1.236
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For a mesh size of 2 mm, the difference in SHSS values for C3D8R and C3D8 is within 1%. For the
samemesh size, the difference in SHSS for C3D20R and C3D20 is almost negligible. For 4-noded shell
elements, the difference in SHSS values between reduced and full integration is 1%. Thus, for further
investigation, shell and solid elements with reduced integration are used for tension loading. This is
because, sufficient amount of accuracy is achieved with reduced integration in lesser computation time.

3.1.8. Element type study for tension load case
At first, different element types for shell and solids are investigated for the same mesh size. The final
mesh size for almost all the numerical models is obtained as 2 mm based on mesh sensitivity study.
The SHSS values are calculated using linear extrapolation and the SCF is found. This is summarised in
Table 3.6. It is observed that the maximum variation of SHSS values for the solid models with different
element types is within 1% and that for the shell model within 2% for the same mesh size of 2 mm.
This variation is expected and can be considered as acceptable. The details of the stress profiles are
shown in Appendix-B.

Table 3.6: SHSS of different element types for tension

Tensile load, Linear Extrapolation, Mesh - 2mm

Element Element
Type

σ_0.4t
(MPa)

σ_1.0t
(MPa)

SHSS
(MPa) SCF

Solid

C3D8R 1.135 1.063 1.182 1.182
C3D20R 1.137 1.078 1.177 1.177
C3D8 1.131 1.060 1.177 1.177
C3D20 1.134 1.066 1.179 1.179

Shell
S4R 1.151 1.056 1.215 1.215
S8R 1.170 1.060 1.243 1.243
S4 1.165 1.058 1.236 1.236

Secondly, the stress profiles for different solid and shell element types with reduced integration is
investigated for different mesh sizes (Appendix-B). The stress profiles of 2 mm quadratic solid elements
(C3D20R) are compared with 1 mm linear solid elements (C3D8R). Also, the stress profiles of 2 mm
quadratic shell elements (S8R) are compared with 1 mm linear shell elements (S4R). The SHSS values
are also compared as shown in Table 3.7.

Table 3.7: SHSS of solid and shell elements with different element types

Tensile load, Linear Extrapolation

Element Element
Type Mesh σ_0.4t

(MPa)
σ_1.0t
(MPa)

SHSS
(MPa) SCF

Solid C3D8R 1mm 1.136 1.065 1.184 1.184
C3D20R 2mm 1.137 1.078 1.177 1.177

Shell S4R 1mm 1.15 1.06 1.214 1.214
S8R 2mm 1.17 1.06 1.243 1.243

From the table, it is observed that the maximum variation of SHSS values between the linear and
quadratic solid element types is within 1% and between the linear and quadratic shell element types is
2%. This difference can be considered as acceptable for the current study.

3.1.9. Linear and quadratic extrapolation for tension load case
The SHSS values are found from quadratic solid and shell elements using both linear and quadratic
extrapolation methods. This is shown in Table 3.8. Also, the ratio between the SHSS of solid and shell
is obtained. It is also important to state that the origin of the stress profile for the solid model is taken
at the weld toe. But for the shell model the origin or starting point of stress extraction is the intersection
of mid-plane of plates. The IIW [40] also recommends to take the origin for shell element model as the
intersection of the mid-planes of the connecting plates.
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Table 3.8: Linear and quadratic extrapolation for tension

Tensile load Linear Extrapolation Quadratic Extrapolation

Elements
Types

σ_0.4t
(MPa)

σ_1.0t
(MPa)

SHSS
(MPa)

Ratio
SHSS

shell/solid

σ_0.4t
(MPa)

σ_0.9t
(MPa)

σ_1.4t
(MPa)

SHSS
(MPa)

Ratio
SHSS

shell/solid
Solid_2mm
(C3D20R) 1.137 1.078 1.177 1.056 1.138 1.076 1.040 1.206 1.077
Shell_2mm

(S8R) 1.170 1.060 1.243 1.169 1.069 1.039 1.300

3.1.10. Numerical model validation for tension load case
The SCF obtained from numerical analyses in this thesis is compared to the SCF obtained from the
numerical investigation of Śledziewski [54] for validation of the solid model subjected to tension. The
SHSS of the solid model (C3D20R) with 2 mm mesh showed good agreement with numerical study of
Śledziewski [54] for both linear and quadratic stress extrapolation methods. However, the SHSS from
the S8R model with 2 mm mesh is 5% higher compared to the results of Śledziewski [54] for linear
extrapolation and 8% higher for quadratic extrapolation as shown in the Table 3.9.

Table 3.9: Comparison of SHSS values from the numerical models with results from Śledziewski [54]

Tensile
Load SCF - FEM SCF - Numerical Śledziewski Percentage Difference (%)

with Experiment
Element
Types

Linear
Extrapolation

Quadratic
Extrapolation

Linear
Extrapolation

Quadratic
Extrapolation

Linear
Extrapolation

Quadratic
Extrapolation

Solid_2mm
(C3D20R) 1.177 1.206 1.18 1.20 -0.25% 0.51%

Shell_2mm
(S8R) 1.243 1.300 5.32% 8.30%

The stress distribution perpendicular to the weld toe for the solid model and the shell model are
shown in Figure 3.14. The stress distribution of the solid and shell models are first plotted separately
and then together in one plot. The figure shows that for this specific detail, the shell and solid model
has the same nominal stress value far away from the stress concentration at for example at 50 mm
away from weld toe. However, the stress gradient is different and thus it gives different hot-spot stress
values when the stresses are extrapolated from reference points.

Figure 3.14: Stress distribution perpendicular to weld toe for the numerical models under tension
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3.1.11. Parametric study for tension load case
At first, a parametric study of the weld throat thickness for tension load case is performed as shown in
Table 3.10. The weld throat thicknesses investigated are (a) = 4 mm, 5 mm and 6 mm. It is observed
that the SHSS decreased with increase of throat thickness for this specific detail under tension.

Table 3.10: SHSS values for different weld throat thicknesses

Loading Tension
Element type and mesh Solid_2mm_C3D20R
Extrapolation Method Linear Extrapolation
Throat thickness (a) a = 4mm a = 5mm a = 6mm

SHSS (MPa) 1.223 1.177 1.164

The main parametric study is performed for the detail with varying thickness of the stiffener (ts) and
base plate (tp). The stiffener and base plate thickness of the reference detail is 16 mm. The SHSS
values are obtained for ts = 8 mm, 12 mm, 20 mm and 24 mm and tp = 8 mm, 12 mm, 20 mm and 24
mm respectively using linear extrapolation as shown in Table 3.11. The nominal stress in tension is 1
MPa and thus the SCF is the same as the SHSS. The percentage difference of SHSS with respect to
the reference model is also shown.

Table 3.11: Parametric study of T-joint under tensile load

Tension Load Solid_2mm_(C3D20R) Shell_2mm_(S8R) Shell+weld IIW_2mm_(S8R) Ratio

SHSS -Linear
Interpolation

SHSS
(MPa)

Percentage
difference

with reference
model (%)

SHSS
(MPa)

Percentage
difference

with reference
model (%)

SHSS
(MPa)

Percentage
difference

with reference
model (%)

SHSS
shell/solid

SHSS
shell+weld
IIW/solid

Stiffener
thickness
ts (mm)

8 1.23 4.4% 1.18 -5.1% 1.24 -5.9% 0.96 1.01
12 1.20 2.2% 1.21 -2.5% 1.28 -2.8% 1.01 1.07
16 1.18 0.0% 1.24 0.0% 1.32 0.0% 1.06 1.12
20 1.17 -0.3% 1.28 3.0% 1.35 2.5% 1.09 1.15
24 1.16 -1.3% 1.32 6.0% 1.38 4.8% 1.13 1.19

Base plate
thickness
tp (mm)

8 1.35 14.8% 1.48 19.2% 1.72 30.7% 1.10 1.28
12 1.27 8.1% 1.36 9.1% 1.49 12.7% 1.07 1.17
16 1.18 0.0% 1.24 0.0% 1.32 0.0% 1.06 1.12
20 1.16 -1.1% 1.17 -5.9% 1.27 -3.8% 1.01 1.09
24 1.15 -2.0% 1.14 -8.5% 1.17 -11.3% 0.99 1.01

For the single side fillet welded longitudinal plate joint (T-joint) loaded in tension a parametric study
is performed (Table 3.11). When the thickness of the stiffener (ts) is varied, all other parameters are
kept constant. Similarly, when the thickness of the base plate (tp) is varied, all other parameters are
kept constant. On one hand, it is found that the SHSS values obtained from the solid element model
increased on decreasing the thickness of the stiffener plate. On the other hand, the SHSS values from
the shell element model decreased on decreasing the thickness of the stiffener plate. The SHSS values
increased with the reduction of the base plate thickness for both solid and shell elements. Since, the
shell element model is initially developed without modelling the welds, there is a lot of scatter in the
ratio of the SHSS of shell to that of solid subjected to tension. This scatter in SHSS did not get reduced
after modelling the weld with shell elements using increased thickness approach from IIW [40].

3.1.12. Mesh sensitivity for bending load-case
A mesh sensitivity study is also performed for bending load case. At first, elements with reduced
integration are used to develop the FE model. The thickness of the base and top plates are t = 16
mm. The following mesh sizes are investigated: t/2, t/4, t/8 and t/16 i.e. 8 mm, 4 mm, 2 mm and 1 mm
respectively. The stress profiles are shown in Appendix-B. The same element types are used: C3D8R,
C3D20R, S4R and S8R as is done for the tension load case. The SHSS values and SCF are also
computed as shown in Table 3.12. For the quadratic solid elements (C3D20R) loaded in bending, it is
observed that the SHSS values are converging for mesh size of 2 mm to a value of -19.08 MPa. For
the linear solid elements (C3D8R), it is observed that the SHSS value for 2 mm mesh and that for 1
mm mesh is very close to each other. However, for obtaining full convergence with C3D8R elements,
a mesh size of 0.5 mm is required. But this involved a lot of computational time as a mesh size of 0.5
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mm is very small. Thus, a mesh size of 2 mm is selected as a proper mesh size for further numerical
investigation with solid elements under bending. For the linear shell elements (S4R) loaded in bending,
it is observed that the SHSS values are converging for mesh size of 2 mm to a value of -18.41 MPa.
This behaviour is also observed for quadratic shell elements (S8R). Thus, for the shell elements also
a mesh size of 2 mm is selected for further numerical analysis.

Table 3.12: SHSS of solid and shell elements with reduced integration for bending

Bending load - Linear Extrapolation
Element
Types

Mesh
size

σ_0.4t
(MPa)

σ_1.0t
(MPa)

SHSS
(MPa)

Solid -
C3D8R

8mm -11.81 -9.70 -13.23
4mm -13.98 -11.12 -15.90
2mm -15.36 -12.62 -17.19
1mm -15.37 -12.62 -17.21

Solid -
C3D20R

8mm -17.15 -13.43 -19.64
4mm -16.87 -13.54 -19.11
2mm -16.85 -13.53 -19.08
1mm -16.85 -13.53 -19.08

Shell -
S4R

8mm -16.61 -13.79 -18.49
4mm -16.33 -13.66 -18.12
2mm -16.48 -13.60 -18.41
1mm -16.43 -13.59 -18.44

Shell -
S8R

8mm -16.97 -13.69 -19.17
4mm -16.78 -13.68 -18.85
2mm -16.62 -13.64 -18.61
1mm -16.61 -13.61 -18.61

A separate mesh sensitivity study for bending is also performed using full integration with the above
mentioned mesh sizes 8 mm, 4 mm, 2 mm and 1 mm (Appendix-B). At first, the SHSS values are calcu-
lated using linear extrapolation method. Later, the quadratic extrapolation method is also investigated.
The SHSS values are calculated using linear extrapolation (Table 3.13).

Table 3.13: SHSS of solid and shell elements with full integration for bending

Bending load - Linear Extrapolation
Element
Type

Mesh
Size

σ_0.4t
(MPa)

σ_1.0t
(MPa)

SHSS
(MPa)

Solid -
C3D8

8mm -13.46 -10.59 -15.39
4mm -14.47 -11.41 -16.52
2mm -15.19 -11.98 -17.34
1mm -15.20 -11.98 -17.35

Solid -
C3D20

8mm -17.42 -13.35 -20.15
4mm -16.49 -13.51 -18.49
2mm -16.47 -13.50 -18.45
1mm -16.47 -13.50 -18.45

Shell -
S4

8mm -17.76 -13.89 -20.34
4mm -16.61 -13.68 -18.57
2mm -16.57 -13.61 -18.55
1mm -16.47 -13.59 -18.39

3.1.13. Element type study for bending load-case
At first, different element types for shell and solids are investigated for bending load for the same mesh
size. The stress profiles of these elements are shown in Appendix-B. The SHSS values are calculated
using linear extrapolation. This is summarised in Table 3.14.
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Table 3.14: SHSS of different element types for bending

Bending load, Linear Extrapolation, Mesh - 2mm

Element Element
Type

σ_0.4t
(MPa)

σ_1.0t
(MPa)

SHSS
(MPa)

Solid

C3D8R -15.36 -12.62 -17.19
C3D20R -16.85 -13.53 -19.08
C3D8 -15.19 -11.98 -17.34
C3D20 -16.47 -13.50 -18.45

Shell
S4R -16.48 -13.60 -18.41
S8R -16.62 -13.64 -18.61
S4 -16.57 -13.61 -18.55

Secondly, the stress profiles for different solid and shell element types with different mesh sizes
and reduced integration are investigated (Appendix-B). The stress gradients of 2 mm quadratic solid
elements (C3D20R) are compared with 1 mm linear solid elements (C3D8R). Also, the stress gradients
of 2 mm quadratic shell elements (S8R) are compared with 1 mm linear shell elements (S4R). These
are shown in the figures in Appendix-B. The SHSS values are calculated using linear extrapolation as
shown in Table 3.15.

Table 3.15: SHSS of different element types for bending

Bending load, Linear Extrapolation

Element Element
Type Mesh σ_0.4t

(MPa)
σ_1.0t
(MPa)

SHSS
(MPa)

Solid C3D8R 1mm -15.37 -12.62 -17.21
C3D20R 2mm -16.85 -13.53 -19.08

Shell S4R 1mm -16.43 -13.59 -18.34
S8R 2mm -16.62 -13.64 -18.61

It is found that the maximum variation of SHSS values between the 1 mm linear and 2 mm quadratic
solid element types is 10%. It is also observed that the variation between the linear and quadratic shell
element types is negligible for bending load case.

3.1.14. Linear and quadratic extrapolation for bending load case
The SHSS values are found from quadratic solid and shell elements using both linear and quadratic
extrapolation method. This is shown in Table 3.16. Also, the ratio between the SHSS of solid to that of
shell is obtained as shown in the table.

Table 3.16: SHSS using linear and quadratic extrapolation for bending

Bending
Load

Linear
Extrapolation

Quadratic
Extrapolation

Elements σ_0.4t
(MPa)

σ_1.0t
(MPa)

SHSS
(MPa)

Ratio
SHSS

shell/solid

σ_0.4t
(MPa)

σ_0.9t
(MPa)

σ_1.4t
(MPa)

SHSS
(MPa)

Ratio
SHSS

shell/solid
Solid_2mm
(C3D20R) -16.85 -13.53 -19.08 0.976 -16.87 -13.96 -12.10 -19.96 0.978
Shell_2mm

(S8R) -16.62 -13.64 -18.61 -16.62 -13.99 -12.47 -19.52

The stress distribution perpendicular to the weld toe and deformation in the direction of load for solid
and shell models are shown in Figure 3.15. For this load case as well, the shell and the solid models
have the same nominal stress far away from the weld toe. However, the stress gradient is different near
the weld toe which results in a small difference in SHSS values between the numerical models. Since,
the solid element model has a higher stress gradient, it gives higher hot-spot stress value compared to
the shell element model.
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Figure 3.15: Stress distribution perpendicular to weld toe and deformation for shell and solid model under bending load

3.1.15. Parametric study for bending load case
At first, a parametric study of the weld throat thickness for bending load case is performed as shown
in Table 3.17. The weld throat thicknesses investigated are (a) = 4 mm, 5 mm and 6 mm. Again, it is
found that the SHSS reduced in magnitude with the increase of weld throat thickness just like for the
tension load case.

Table 3.17: SHSS values for different weld throat thicknesses

Type of loading Bending
Element type and mesh Solid_2mm_C3D20R
Extrapolation Method Linear Extrapolation
Throat thickness (a) a = 4mm a = 5mm a = 6mm

SHSS (MPa) -19.42 -19.08 -18.78

The main parametric study is performed for the specimen with varying thickness of the stiffener (ts)
and base plate (tp). The stiffener and base plate thickness of the reference specimen is 16 mm. The
SHSS values are calculated for ts = 8 mm, 12 mm, 20 mm and 24 mm and tp = 8 mm, 12 mm, 20 mm
and 24 mm using linear extrapolation as shown in Table 3.18. When the thickness of the stiffener (ts)
is varied, all other parameters are kept constant. Similarly, when the thickness of the base plate (tp) is
varied, all other parameters are kept constant. The percentage difference of SHSS with respect to the
reference model having ts = 16 mm and tp = 16 mm is also shown.

Table 3.18: Parametric study of T-joint under bending load

Bending Load Solid_2mm_(C3D20R) Shell_2mm_(S8R) Shell+weld IIW_2mm_(S8R) Ratio

SHSS -Linear
Interpolation

SHSS
(MPa)

Percentage
difference

with reference
model (%)

SHSS
(MPa)

Percentage
difference

with reference
model (%)

SHSS
(MPa)

Percentage
difference

with reference
model (%)

SHSS
shell/solid

SHSS
shell+weld
IIW/solid

Stiffener
thickness
ts (mm)

8 -9.7 49% -8.8 53% -8.8 52% 0.91 0.91
12 -14.3 25% -13.6 27% -13.5 26% 0.96 0.95
16 -19.1 0% -18.6 0% -18.3 0% 0.97 0.96
20 -23.0 -20% -23.7 -27% -23.2 -27% 1.03 1.01
24 -27.8 -45% -28.9 -55% -28.2 -54% 1.04 1.02

Base plate
thickness
tp (mm)

8 -93.6 -391% -107.2 -476% -98.3 -436% 1.15 1.05
12 -54.6 -186% -58.7 -215% -55.2 -201% 1.08 1.01
16 -19.1 0% -18.6 0% -18.3 0% 0.98 0.96
20 -13.1 31% -12.6 32% -12.4 32% 0.96 0.95
24 -7.6 60% -7.3 61% -7.1 61% 0.95 0.93

The same welded longitudinal plate joint is loaded in bending for another parametric study (Table
3.18) and a different behaviour is observed. The magnitude of SHSS obtained from the shell element
reference model is lower compared to that obtained from the solid element reference model. From the
parametric study it is found that there is again a considerable amount of variation in the ratio of SHSS of
shell to that of solid when subjected to bending. However, this variation is reduced to some extent from
a coefficient of variation (CV) of 7.0% to 4.6% for bending, by modelling the welds with shell elements
using increased thickness at the welded region according to IIW [28].
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3.2. Double side fillet welded transverse plate joint (cruciform joint)
The second simple welded detail analysed is a double side fillet-welded cruciform joint (detail type
b) loaded in tension. The welded detail from the study performed by Karabulut and Lombaert [31] is
numerically investigated with solid and shell elements.

3.2.1. Experimental investigation of Karabulut and Lombaert (2020)
In the research of Karabulut and Lombaert [31], a uniform pressure type load of 80 MPa is applied on
the two ends of a non-load-carrying cruciform welded joint. The measurements are performed using
strain gauges SG1(0.4t) and SG2(1.0t) [31]. The strain gauges are installed after the plate surface is
cleaned both mechanically (de-greasing, grinding, polishing with abrasive sand paper) and chemically
(with conditioner and neutralizer) as shown in Figure 3.16 [31].

Figure 3.16: Test with strain gauges: (a) bonded strain gauge; (b) test setup – stresses are in MPa; (c) placement scheme of
strain gauges;(d) stress readout [31]

The thickness of the base plate is 12.5 mm. The hot-spot stress in the test specimen is measured
using strain gauges at 0.4t (5 mm) and 1.0t (12.5 mm) from the weld toe. The measured stresses are
84.5 MPa and 79.8 MPa at a distance of 5 mm and 12.5 mm from the weld toe respectively. According
to Karabulut and Lombaert [31], by using linear surface stress extrapolation, the measured value of
SHSS is 87.6 MPa. The measured stress values at 0.4t and 1.0t are also shown in Figure 3.16 [31].

3.2.2. Numerical investigation of Karabulut and Lombaert (2020)
The analysis of the test specimen was performed via FEM using ABAQUS [8]. In the numerical model of
Karabulut and Lombaert [31], the boundary conditions were chosen such that the specimen is subjected
to uniform tension, resulting in a nominal stress range in the flange corresponding to the detail category
FAT 80 [31]. The linear 8-noded solid elements with reduced integration (C3D8R) were used in their
analysis. The element size was limited to 0.4 t and the material exhibited a linear elastic behaviour (E
= 200 GPa). The stress field obtained from the FEM is shown in Figure 3.17 [31].

Figure 3.17: FEM of the test specimen: (a) principal stress results; (b) calculation of SHSS [31]
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The thickness of the base plate was 12.5 mm. The top and bottom stiffeners had a thickness of 8.5
mm. The width of all the plates are 42 mm. The length of the detail was 200 mm and the weld throat
thickness was 6 mm. The SHSS calculated for this model was found to be 83 MPa using linear surface
stress extrapolation as shown in Figure 3.17 [31]. A sensitivity analysis of the computed SHSS were
performed and the results are summarized in Figure 3.18 [31]. It was concluded that there is a very
little influence of the sensitivity study on the magnitude of SHSS [31], a maximum variation within 10%.

Figure 3.18: Sensitivity analysis of the computed SHSS [31]

3.2.3. Numerical modelling in the current report
The same loading and boundary conditions are applied in the current numerical models for comparison
with the experimental and numerical results of Karabulut and Lombaert [31]. This is shown in Figure
3.19. However, the coordinate system is chosen to be consistent with the model shown in section 3.1.
Thus, the tensile loading of 80 MPa is applied at the two ends of the main plate along longitudinal - (x)
direction. A structured mesh is used in all the numerical models.

Development of solid element models: The solid element model is developed using the dimen-
sions from [31]. The weld is modelled using the same technique as for the T-joint in section 3.1 i.e by
chamfering and sweep tools. A small gap between the plates is also modelled using the assign seam
tool in ABAQUS. The origin of the stress profiles is taken at the weld toe. The global meshing of the
solid element models is performed such that a cubic block of size AxAxA mm3 is generated where A is
the mesh size in mm. A structured meshing approach is used in the solid element model (Figure 3.19).
A mesh and element sensitivity study is performed, the details of which are given in Appendix-B.

Figure 3.19: The coordinate system, loading and mesh of the solid model [31]

Development of shell element models: The shell element models are developed using mid-plane
geometry (Figure 3.20). The top plate is modelled with a height including half the thickness of the base
plate. The bottom plate is modelled using a similar approach. Thus, the top and bottom plates are
made such that the total height is same as that of the solid model. The welds are not modelled in
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the shell element model for this detail. The global meshing with the shell model is done such that a
square plate of size AxA mm2 can be generated where A is the mesh size in mm. A mesh and element
sensitivity analysis is performed with shell and solid elements as shown in Appendix-B.

Figure 3.20: Mid-plane approach in modelling with shell elements

Figure 3.21: The coordinate system and loading of the shell model [31]

The contour plot of the maximum principal stress for this detail with the solid element model is
shown in Figure 3.22. From the contour plot it is observed that the exact similar stress distribution
was obtained from the numerical investigation by Karabulut and Lombaert [31] as given in Figure 3.17.
The contour plots of the stress component perpendicular to the weld toe for shell and solid elements is
provided in Appendix-I.

Figure 3.22: Contour plot for solid element model having a mesh size of 1mm

From the mesh sensitivity study (Appendix-B) it is found that there is no significant difference be-
tween the coarse and fine meshed linear shell models. Linear and quadratic elements with reduced and
full integration are also used for a particular mesh size and the stress profiles are shown in Appendix-B.
The SHSS values are calculated using linear extrapolation as is recommended by Karabulut and Lom-
baert [31]. Table 3.19 summarizes the SHSS values obtained for different mesh sizes and element
types using linear surface stress extrapolation. The solid elements in general gave higher hot-spot
stress values compared to shell elements.
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The maximum variation of SHSS values for different mesh sizes using C3D20R elements is within
6% compared to 5.5% obtained by Karabulut and Lombaert [31]. Moreover, the SHSS values con-
verged for mesh sizes smaller than 2.5 mm for both linear and quadratic solid elements. Thus, 2.5 mm
is recommended as an appropriate mesh size for further analysis with solid elements for this detail.

Table 3.19: SHSS values for all the numerical models of the transverse cruciform joint

Number Element type ABAQUS
Nomenclature

Mesh size
(mm)

SHSS
(MPa)

1 Linear solid with reduced integration C3D8R 12.5 87.53
2 Linear solid with reduced integration C3D8R 5 85.11
3 Linear solid with reduced integration C3D8R 2.5 82.11
4 Linear solid with reduced integration C3D8R 1 82.11
5 Quadratic solid with reduced integration C3D20R 12.5 81.94
6 Quadratic solid with reduced integration C3D20R 5 80.94
7 Quadratic solid with reduced integration C3D20R 2.5 86.49
8 Quadratic solid with reduced integration C3D20R 1 86.06
9 Linear shell with reduced integration S4R 12.5 79.31
10 Linear shell with reduced integration S4R 5 78.14
11 Linear shell with reduced integration S4R 2.5 78.24
12 Linear shell with reduced integration S4R 1 78.24
13 Quadratic shell with reduced integration S8R 12.5 77.79
14 Quadratic shell with reduced integration S8R 5 78.07
15 Quadratic shell with reduced integration S8R 2.5 78.24
16 Quadratic shell with reduced integration S8R 2.5 78.27
17 Linear solid with full integration C3D8 2.5 83.54
18 Quadratic solid with full integration C3D20 2.5 86.49
19 Linear shell with full integration S4 2.5 78.22

The maximum variation of SHSS values for different mesh sizes using S8R elements is within 1%.
Moreover, the SHSS values converged below a mesh size of 2.5 mm for both linear and quadratic shell
elements. Thus, 2.5 mm mesh is also recommended as an appropriate mesh size for further analysis
with shell elements. Figure 3.23 shows the SHSS values from Table 3.19 where the measured value
of SHSS is 87.6 MPa, shown by a red line.

Figure 3.23: Comparison of SHSS values from different element types under tension load case



3.2. Double side fillet welded transverse plate joint (cruciform joint) 56

Finally, a comparison study is made between the SHSS obtained using linear and quadratic extrap-
olation techniques with a mesh size of 2.5 mm. In this study, C3D20R and S8R elements are used.
This is shown in Table 3.20. The SHSS results from the solid model with linear extrapolation is 4.2%
lower than the measured SHSS of 87.6 MPa. The SHSS results from the solid model with quadratic
extrapolation is 1.6% lower than the measured SHSS. This difference in results is considered as ac-
ceptable and thus the solid model gave good results of SHSS. The SHSS results from the shell model
with linear extrapolation is 10.7% lower than the measured SHSS. The SHSS results from the shell
model with quadratic extrapolation is 11.3% lower than the measured SHSS. This difference in results
cannot be acceptable as the underestimation is large. The maximum variation with linear and quadratic
extrapolation methods is 2.5% for solid models and 1% for shell models. Karabulut and Lombaert [31]
had obtained a maximum variation of 3.3% between SHSS from linear and quadratic extrapolation
methods as shown in Figure 3.18 of section 3.2.2.

Table 3.20: Comparison of hot-spot stresses between the numerical models with different extrapolation techniques

Tensile
load

Linear
Extrapolation Quadratic Extrapolation

Elements σ_0.4t
(MPa)

σ_1.0t
(MPa)

SHSS
(MPa)

Ratio
SHSS

shell/solid

σ_0.4t
(MPa)

σ_0.9t
(MPa)

σ_1.4t
(MPa)

SHSS
(MPa)

Ratio
SHSS

shell/solid
Solid_2.5mm
(C3D20R) 82.67 80.74 83.96 0.93 82.67 80.54 80.90 86.16 0.90

Shell_2.5mm
(S8R) 79.10 80.39 78.24 79.10 80.24 80.68 77.68

In this case, it can be said that the shell element model is not feasible to be used for finding the
hot-spot stress. This can be explained by observing the maximum principal stress distribution of the
shell and solid model (Figure 3.24 (left)). Since, this detail is loaded in pure tension, the stress per-
pendicular to the weld toe is almost equal to the maximum principal stress. Thus the stress distribution
perpendicular to weld toe for both the solid and shell models have also been plotted in Figure 3.24
(right). From the stress profiles, it can be clearly observed that the shell model does not show any
stress concentration. Even after application of weld modelling with shell elements, there will be no
effect on stress concentration for this detail loaded in tension. Thus, there will always be a consistent
underestimation of hot-spot stress with shell elements as shown in Figure 3.23.

Figure 3.24: Maximum principal stress and stress perpendicular to weld toe between shell and solid models of cruciform joint

It can be concluded that for such details loaded in tension, the SHSS values are lower for the shell
element model compared to the solid element model (Table 3.19). This behaviour was also observed
from the numerical results of Karabulut and Lombaert [31]. From Figure 3.23, it can be observed that
there is no hot-spot in the shell element model. This is because the stress concentration at weld toe
cannot be captured using shell elements and hence, it is not suitable to use shell elements for hot-spot
stress calculation for this detail using surface extrapolation. The numerical results of the SHSS from
solid element model agreed well with the fatigue test results of Karabulut and Lombaert [31].
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3.3. General findings
Themain parameters affecting the hot-spot stress using surface extrapolation from the FEMmodels are
as follows: geometry (thickness of components), throat thickness of weld, definition of type of hot-spot
(type-“a”, “b” or “c”), type of extrapolation (linear and quadratic), type of element (linear and quadratic)
and element size. This explicitly means that the calculation of hot-spot stress depends on the reference
points and how these reference points are defined in the numerical model.

The stress profiles of the single side fillet welded longitudinal plate joint and the transverse cruciform
joint are also investigated with the stress averaging option in ABAQUS being turned off. However, it is
observed that there is no effect of stress averaging on the hot-spot stress as the reference points are
far away from the affected nodes. For this detail, both the linear and quadratic extrapolation methods
gave SHSS values which were quite close to each other with a difference within 4% for the solid model
and within 5% for the shell element model for tension and bending load cases. The throat thickness of
the weld has some influence on the structural hot-spot stress (SHSS) for this detail. However, this vari-
ation of SHSS is within 5% for a tolerance of +/- 1 mm throat thickness, which is considered acceptable.

The SHSS value is also computed without modelling the gap using weld-seam from the crack-assign
seam tool in ABAQUS. But the difference in results from the numerical model with gap is within 1%.
For the single side fillet welded longitudinal plate joint, the shell element model developed using shell
offset - bottom surface gave SHSS values which are not in good agreement with the SHSS values
obtained by Śledziewski [54]. This is because of eccentricity which results in additional moments in the
shell models with bottom surface approach. These moments lead to additional stresses in the model.
Thus, the shell element geometry developed using mid-planes is recommended as a better approach
for modelling. For the double side fillet welded transverse cruciform joint, the solid elements with full
integration yielded higher values of SHSS compared to reduced integration. This was also observed
in the FE results of Karabulut and Lombaert [31]. However, this difference is less than 3%. So, it is
considered as acceptable to use the solid elements with reduced integration because it involves lower
computation time.

Reduced integration uses a lesser number of Gaussian co-ordinates when solving the integral.
With full integration there are more gaussian co-ordinates for each element and thus more accuracy
is achieved and also more is the computational time taken. However, sufficient amount of accuracy is
achieved with reduced integration and thus this makes it a recommended choice for elements in such
details for the calculation of hot-spot stress.

With reduced integration, the number of elements through the thickness of the base plate plays
a critical role for specimens loaded in bending. For the linear 8-node brick (C3D8R) model loaded
in bending, four elements through the thickness failed to provide enough accuracy compared to the
quadratic 20-node brick (C3D20R) element model and numerical results. A very fine mesh with element
size 0.5 mm is required for the linear solid elements for having better accuracy in SHSS compared to
the quadratic elements when subjected to bending. But the computational time taken by linear 8-node
brick (C3D8R) elements with a very fine mesh size of 0.5 mm is larger than C3D20R and thus it is
not feasible to use the linear solid elements for numerical modelling of such details loaded in bending.
Also, the convergence rate of C3D20R elements is higher than C3D8R elements subject to bending
load. In conclusion, it is recommended to use the quadratic 20-node brick (C3D20R) with a mesh size
of 2 mm (t/8, where t = 16 mm is the thickness of the base plate) for the fillet welded T-joint and 2.5
mm (t/5, where t = 12.5 mm is the thickness of the base plate) for the welded cruciform joint. For the
shell model, the 8-node quadratic elements (S8R) is recommended to be used as it gave better SHSS
results compared to the 4-node linear (S4R) elements. Also, the convergence rate of S8R elements is
higher than S4R elements subject to bending load. Thus, it can be concluded that with linear elements,
a smaller mesh size is required which increases the computational time.



4
Complex fillet welded details in steel

bridges
“Once we accept our limits, we go beyond them.”

Albert Einstein

In this chapter, finite element modelling is performed on a complex fillet welded detail in steel
bridges. Some numerical models are developed based on previous fatigue tests in the literature. All
these models are investigated for different load cases in order to study the behavioural difference be-
tween shell and solid elements in terms of stresses and deformations. The solid element model of the
reference detail is first validated with the experimental strain measurements. The hot-spot stresses
are then obtained using the solid element models. Furthermore, the weld modelling approach using
increased thickness of plates according to IIW [40] has been investigated for standard load cases.
The main focus is on the differences between the hot-spot stresses obtained from the shell and solid
element modelling.
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4.1. Experimental investigation of complex detail from the research
of Akhlaghi (2009)

The experimental study performed by Akhlaghi [9][10] dealt with a three-point bending test on a crossbeam-
stiffener welded connection with a cope hole. The test specimen was held on two roller supports at the
crossbeam ends. The load was applied in a vertical plane passing through the mid-span of crossbeam
by a loading beam. This is shown in Figure 4.1 [9][10]. The loading beam divided the load into two
equal parts and applied each part to one stiffener end.

Figure 4.1: The test specimen mounted on the fatigue test machine and associated hot-spot locations [9]

The specimens were first loaded statically with a small load to carry out elastic strain measurements
with strain gauges. Then, a high cycle fatigue test was performed with constant amplitude fatigue load
(CAFL). Two hot-spot points were identified on the web of the crossbeam (‘wb’ and ‘wt’ as shown in
Figure 4.1) and two hot-spot points on the deck plate (‘fl1’ and ‘fl2’ as shown in Figure 4.1) on each
side of the symmetry plane [9]. In this thesis, the point ’wb’ has been further investigated. At this point,
the crack started from the weld toe at the corner of the crossbeam plate as shown in Figure 4.2. For all
specimens, the first crack in the joint was observed at the hot-spot points [9]. The details of the crack
locations are shown in Figure 4.2 [9].

Figure 4.2: Fatigue cracks in the specimen (left and right sides respectively) [9]
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4.2. Numerical investigation of complex detail from the research of
Akhlaghi (2009)

In the analytical part of the study by Akhlaghi [10], various finite element models were made. Different
modelling techniques to incorporate the weld into shell element models were also investigated and
compared to the results from the experiments and to those obtained from the solid element models.

Figure 4.3: FEM models developed by Akhlaghi [10]

Four numerical models were investigated in the study of Akhlaghi [9][10] (Figure 4.3):

1. SH model: A quadratic shell element model with a mesh size of 4 mm at the hot-spot regions.
The geometry was based on the mid-planes of the plates in the physical part. Welds were not
modelled. Stress extrapolation was carried out to the intersection of mid-planes of the plates [10].

2. OP model: A quadratic solid element model with a mesh size of 4 mm at the hot-spot regions.
The welds were modelled [10].

3. SW model: A quadratic shell element model with a mesh size of 4 mm. Geometry and stiffness
of the welds were incorporated into the FE model by means of oblique shell elements with a
thickness equal to weld throat thickness. Stress extrapolation was carried out upto the weld toe
for the SW model [10].

4. TS model: A quadratic shell element model with mesh size of 2 mm. The weld was modelled by
increasing the thickness of the elements in the weld region. The stress extrapolation was carried
out to the transition point, where the thickness of shell elements changed for the TS model [10].

It was observed from the research of Akhlaghi [10] that the shell element model (SH) resulted in
unrealistically high SHSS values which were not acceptable(the difference in ratios). The measured
hot-spot stress was closer to the hot-spot stress obtained from the solid element model with a difference
smaller than 15%. Thus, the solid element model (OP) had sufficient accuracy to be used as a reference
for comparing the results from the other models. This is shown in Figure 4.4 [10].
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Figure 4.4: SHSS from FEA obtained by Akhlaghi [10]
.

4.3. Geometry
The dimensions of the investigated detail with a cope hole are shown in Figure 4.5 and 4.6 [10][9].

Figure 4.5: Left: Side elevation and Right: End elevation of the test specimen [10] [9]

Figure 4.6: Left: Plan view of the test specimen and Right: Detail view of the investigated connection [10] [9]

From the study of Akhlaghi [10], it was reported that using symmetry condition to reduce the model
size was affecting the stresses in the numerical models. Thus, in this thesis, the whole geometry of the
specimens was numerically modelled using both shell and solid elements.

4.4. Strain gauge location and placement
The detailed placement of the strain gauges used in the experiment is shown in Figure 4.7 [9]. The
numbers in red colour indicate the channel number in the strain data output. The range of numbers (for
example 10-21) denotes the strain gauges [9]. The first critical location of hot-spot which is denoted
as ’HS1’ in this thesis, (’wb’ according to Akhlaghi [9]) is investigated for the purpose of validating the
numerical models. The placement of the strain gauges 31-40 in SIDE 1 is also shown in an enlarged
view in Figure 4.7[9].
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Figure 4.7: Placement of strain gauges and location of hot-spots [9]

4.5. Material properties
The Young’s modulus of steel used in the numerical models is E = 210 GPa and the poisson’s ratio of
steel ν = 0.3. Elastic properties were considered in the numerical analysis [9].

4.6. Loading and boundary conditions
The specimens were tested in a way similar to the three-point bending test. They were supported on
one pin and one roller at either ends of the crossbeam. In the experiment, the load was applied by a
loading beam passing through the mid-span of the crossbeam (Figure 4.1). In the numerical models,
the load is applied by distributing it symmetrically into two equal parts and each part to one end of the
stiffeners. The loading and boundary conditions are shown in Figure 4.8, similar to Akhlaghi [9].

Figure 4.8: Loading and boundary condition for the test specimen (Left: solid model, Right: shell model)
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4.7. Finite element modelling
Before starting with the development of the FE models, some preliminary calculations regarding the
stresses and deflections are performed. These are summarised in Appendix-F. This is done to have
more insight regarding the verification of the FE models. All the FE models are verified with the de-
flections at the mid-span and equilibrium checks. Also, the nominal stress is calculated by doing some
hand calculations as shown in Appendix-G. From the case study on the single side fillet welded trans-
verse plate joint (detail type a) loaded in tension and bending and from the cruciform joint (detail type
b) loaded in tension (Chapter-3), some facts on the feasibility of using shell elements for modelling are
reported.

For details having a notch or a cope hole, it is expected that SHSS values computed from shell
element models without welds will be significantly larger than the values from the solid element model.
This is because with the shell model there is an underestimation of stiffness in the welded region. This
is also observed in the numerical results of Akhlaghi [9] as shown in Figure 4.4. Also, shell elements
being modelled with mid-plane geometry will have a different behaviour than the ones where offsets
are applied at the top and bottom plates. This is due to the eccentricities from the offsets which will
create additional moments. These additional moments will result in additional stresses which will affect
the stress gradient and also SHSS values.

4.8. Modelling with solid elements
A full-scale solid model is made using the dimensions from Figure 4.5. In order to place the nodes
exactly at the stress extrapolation points, the solid model is partitioned. The fillet weld geometry is
generated by chamfering two intersecting edges of crossbeam web plate and stiffener plate, using
’solid sweep’ function around the curved edges. The curved corner of the weld can also be generated
by ‘extrude’ and ‘revolve’ operations available in the part module of ABAQUS. All these operations
provide better control and accuracy in generating the weld geometry. The gap between the connected
plates inside the weld is modelled using the crack - assign seam tool. The fillet weld geometry is shown
in Figure 4.9. The weld geometry is modelled as close to reality as possible.

Figure 4.9: Modelling of fillet weld geometry in solid element model

The weld is modelled more realistically than the model proposed by Akhlaghi [9] where only cham-
fering was used without the rounding of the corners. The stresses in the crossbeam are extracted
along the path perpendicular to the weld line using the local rectangular coordinate system. It can be
predicted that the elements at the corner of the weld will have some bulging effect. However, this effect
will not affect the stresses at the reference points. The stress and deformation contour plots of the solid
element models are presented in Appendix-I. The meshing of the investigated detail is performed in a
structured manner as shown in Figure 4.10. The global mesh size is 50 mm.
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Figure 4.10: Detail with solid elements having a mesh size of 4 mm

Mesh sensitivity study with solid elements: Both linear and quadratic solid elements are used
for the mesh sensitivity study. The following mesh sizes of 8 mm, 4 mm and 2 mm are chosen for the
mesh sensitivity study. Figure 4.11 shows the stress profiles of linear and quadratic solid elements with
different mesh sizes. Appendix-C, shows the detailed mesh sensitivity study for location ’HS1’ with
solid elements for 400 kN in-plane load. A mesh size of 4 mm is chosen for further analysis with the
solid element model. This is because mesh convergence is achieved at an element size of 4 mm.

Figure 4.11: Stress distribution perpendicular to weld toe for linear and quadratic solid elements of different mesh sizes

Element type study with the solid element model: From the case study on simple welded details,
it is seen that reduced integration gave sufficient accuracy with less computation time. The stress
profiles of different solid element types for 4 mm mesh size are shown in Appendix-C for an in-plane
load of 400 kN. For this specific detail also, elements with reduced integration gave sufficient accuracy
compared to elements with full integration (Table 4.1).

Table 4.1: Comparison of SHSS between different element types with the solid model at HS1

Quadratic Extrapolation – Mesh size 4mm - Load - 400kN

Element Element
Type

SHSS
(MPa)

Experiment
SHSS (MPa)

Ratio SHSS
(FEM/Experiment)

Solid

C3D8R 209.5

202

1.04
C3D20R 193.2 0.96
C3D8 250.1 1.24
C3D20 233.8 1.16

The solid model with linear elements and reduced integration (C3D8R) overestimated the measured
SHSS by 4%. The solid model with quadratic elements and reduced integration (C3D20R) underesti-
mated the measured SHSS by 4%. This difference of +/-4% is considered as acceptable. Linear and
quadratic elements with full integration overestimated SHSS values measured from the experiment by
24% and 16% respectively. The stress distribution of different solid element types is shown in Figure
4.12. At a distance of 12 mm away from weld toe, all the curves converged together. Elements with
reduced integration, on the other hand gave SHSS values which are closer to the measured SHSS.
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Figure 4.12: Stress distribution perpendicular to weld toe of different element types in solid model (left) and shell model (right)

The contour plots of stress S11 for the solid model with different element types are shown in Figure
4.13. The contour plots clearly show that the elements with full integration showed higher stress values
compared to the elements with reduced integration. From the numerical investigation in Chapter-3, it
is found that the convergence rate of quadratic solid elements is higher than linear solid elements
subject to bending load. Thus, quadratic solid elements with reduced integration is recommended as
an appropriate element type for further analysis. Also, it was recommended by Akhlaghi [9] to use
quadratic solid elements with a mesh size of 4 mm for the numerical analysis.

Figure 4.13: Contour plots of stress (S11) for solid models with different element types having same scale

Strain validation of solid model with experimental measurements: The applied load of 200 kN
is distributed symmetrically on the two ends of the stiffener in the form of patch loading. The strain
values are extracted perpendicular to weld toe along the global x-direction. The global coordinate
system is shown in Figure 4.8. The strain validation of the solid model is shown in Figure 4.14. The
strain values obtained the solid element model are in line with the strain values measured from the
experiment near the weld toe region. There was no measurement data from 0-4 mm near the weld toe.
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Figure 4.14: Stress validation of the solid models with the experimental measurements at HS1

The percentage differences between the normal strain in x-direction obtained from the solid element
model and the measured strains are shown in Appendix-E. The average percentage difference of the
stress values from the measured points is within 10%. The solid element model is considered as a
reference model.

4.9. Measurement of SHSS from the experiments
Structural hot spot stresses at HS1 and HS2 are calculated from the quadratic extrapolation of the
stresses at 4 mm, 8 mm, and 12 mm from the weld toe as both of them belong to type-”b” hot-spot
(Akhlaghi [9]). The values of the SHSS are obtained from the research of Akhlaghi [9] [10]: For a load
range of 200 kN, the SHSS measured from the experiment of Akhlaghi for HS1 is 101 MPa [9]. For
a load range of 400 kN, the SHSS measured from the experiment of Akhlaghi for HS1 is 202 MPa [9]
[10]. For a load range of 350 kN, the SHSS measured from the experiment of Akhlaghi for HS1 is 176.8
MPa [9]. For a load range of 370 kN, the SHSS measured from the experiment of Akhlaghi for HS1 is
186.9 MPa [9].

4.10. Calculation of SHSS from the solid element model
The calculation of SHSS based on FEM according to the IIW recommendations [40] involves determi-
nation of stresses from specific points away from the weld toe. From these points, the stress values
are extracted and SHSS is determined according to the type of hot-spot defined in Chapter-2. The
SHSS is calculated for the numerical model with quadratic solid elements (C3D20R) at hot-spot region
HS1 for a load range of 400 kN. The SHSS is calculated using quadratic extrapolation following the
IIW guidelines [28] [40]. The stress perpendicular to the weld toe is extracted. For the investigated
detail, the hot-spot located at the weld toe of the crossbeam plate is classified as Type-“b” according
to the IIW recommendations. Thus, the stresses from the reference points 4 mm, 8 mm and 12 mm is
obtained and the SHSS is calculated. The stress distribution perpendicular to weld is shown in Figure
4.15 where the reference points are also shown.

Figure 4.15: Hot-spot stress calculation from the solid finite element model for the detail having type-b hot-spot [40]

From the figure, the SHSS values obtained from the solid element model for the load range of 400
kN is 193.2 MPa for hot-spot location HS1. The SHSS values from the experiment for the same loading
conditions is 202 MPa (Figure 4.4). The average percentage difference between the SHSS results of
FEM and measurements is within +/- 5%. This difference in percentage is considered as acceptable
and thus the solid element model is said to be completely validated with the experimental results.
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4.11. Modelling with shell elements
The shell element models are developed using 8 node quadratic elements with reduced integration
(S8R). In order to place the nodes exactly at the stress extrapolation points, the shell model is also
divided using partitions just like the solid models. The stress profile obtained from a non-structured
mesh showed some difference compared to that from a structured mesh. But, this difference is within
5%. A structured mesh is used for the investigated detail in the shell model as shown in Figure 4.16.
The global mesh size is 50 mm. A local mesh refinement is done at the investigated region as shown in
the figure. The cope hole is modelled using the same radius as that from the solid model. The contour
plots of the shell element models are presented in Appendix-I.

Figure 4.16: Detail with shell elements having a mesh size of 2 mm

In Chapter-3, it was seen that for the single side fillet welded longitudinal plate joint, the shell ele-
ment model developed using shell offset - bottom surface gave SHSS values which were not in good
agreement with the SHSS values obtained by Śledziewski [54]. This was because of eccentricity which
results in additional moments in the shell models with bottom surface approach. These moments lead
to additional stresses in the model. Thus, the geometry of the crossbeam, stiffener, deck plate and bot-
tom flange of the presentb detail are constructed using the mid-surface offset approach. This means
that the total height of the crossbeam included half of the thickness of the deck plate and half of the
thickness of the bottom flange. This is done to make sure that the total height is consistent. There is
some overlapping of material at the intersection of every component of this detail.

Figure 4.17 shows how the shell element model is made using the mid-plane modelling approach.
The rendered shell view is also shown in the same figure in order to have a clear visualisation of the
modelling. The important locations are shown in Figure 4.18.

Figure 4.17: Shell element model using mid-plane geometry



4.11. Modelling with shell elements 68

Figure 4.18: Rendering of shell thickness and offset in property module along with locations of interest

Mesh sensitivity study with shell elements: Both linear and quadratic shell elements are used
for mesh sensitivity study. The following mesh sizes of 1 mm, 2 mm, 4 mm and 8 mm are chosen
for numerical analysis. The same load of 400 kN is applied and a structured mesh is used for all the
shell models. Figure 4.19 shows the stress profiles of linear and quadratic shell element models with
different mesh sizes. It can be observed that the quadratic shell elements gave a higher stress con-
centration compared to the linear shell elements of the same element size.

Appendix-C shows the detailed mesh sensitivity study for location HS1 with shell elements. It has
been observed that there is a huge stress increase near the weld toe due to singularity in all the models.
Both linear and quadratic models are mesh insensitive below a mesh size of 2 mm. At a distance of 20
mm from the weld toe all the curves converge.

Figure 4.19: Stress distribution perpendicular to weld toe for linear and quadratic shell elements of different mesh sizes

Element type study for the shell element model: The stress profiles of different shell element
types for 2 mm mesh are shown in Appendix-C. The SHSS values are calculated using quadratic
extrapolation and are shown in Table 4.2. A huge difference in SHSS values is observed between the
shell models with different element types. Also, the SHSS obtained from the shell model is in general
quite high compared to the SHSS of the solid model. This is also observed from the numerical results
of Akhlaghi [10] (Figure 4.4). The percentage difference is almost 2% between the linear and quadratic
elements with reduced integration. Full integration linear shell elements gave very high SHSS values.

Table 4.2: Comparison of stresses between different shell models at HS1

Quadratic Extrapolation - Mesh 2mm - Load - 400kN

Element Element
Type

SHSS
(MPa)

Experiment
SHSS (MPa)

Ratio SHSS
(FEM/Experiment)

Shell
S4R 660.8

202
3.27

S8R 672.5 3.33
S4 756.6 3.75
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4.12. Comparison of SHSSwith numerical results of Akhlaghi (2009)
Akhlaghi [10] in his research, had obtained, the hot-spot stress value from the solid model as 230 MPa
and that from the shell model as 873 MPa. The SHSS ratio of FEM to experiment, was 1.14 for solids
and 4.32 for shells for a load range 400 kN [10]. This is shown in Table 4.3. The ratio of SHSS of shell
to solid obtained from his research was 3.8 [10].

Table 4.3: SHSS values at the location HS1 obtained from the research of Akhlaghi [10]

Quadratic Extrapolation, Location - HS1
Load range

(KN)
Experiment
SHSS (MPa) Element Type SHSS from

FEM (MPa)
SHSS ratio

FEM/Experiment
SHSS ratio
shell/solid

400 202 Solid (C3D20R) 230 1.14 -
Shell (S8R) 873 4.32 3.8

After complete analysis in the current study, the SHSS values are evaluated for a load range of
400 kN from the numerical models. The results are compared with the SHSS from the experiment as
shown in Table 4.4.

Table 4.4: SHSS values at the location HS1

Quadratic Extrapolation, Location - HS1
Load range

(KN)
Experiment
SHSS (MPa) Element Type SHSS from

FEM (MPa)
SHSS ratio

FEM/Experiment
SHSS ratio
shell/solid

400 202 Solid (C3D20R) 193.2 0.96 -
Shell (S8R) 672.5 3.33 3.48

It is found that the ratio of SHSS obtained from the numerical model to measured SHSS is 0.96 for
solids and 3.33 for shells for a load range of 400 kN at HS1. The SHSS values calculated from the solid
model is about 4% lower than the experimental values, which is acceptable, considering the effect of
mis-alignments and residual stresses in the real specimen. The ratio of SHSS obtained from the shell
model to that from the solid model is 3.48.

The main reason for the occurrence of such large stresses in the shell model is because of insuf-
ficient stiffness at the weld region when compared to the solid model. In addition, the origin for stress
extrapolation for the regular shell model is taken at the plate intersection. But, in the solid model the
origin is taken at the weld toe.

4.13. Shell elements including weld geometry
The weld is modelled by a local increase in the thickness of the elements in the weld region. Niemi
[39] suggested the use of shell elements with increased thickness at the intersection region of welded
joints. Niemi [39] mentioned only the intersection region of the weld without recommending thickness
and size that should be used in the modelling. Eriksson [20] had suggested using this technique for
modelling of fillet welds in shell element model. It is recommended using two rows of shell elements
with increased thickness, for example, elements with increased thickness both in the attached plate
and the parent plate for a double-sided fillet weld.

The IIW [40] also provides some guidelines for this method as mentioned in Chapter-2 (Figure 2.36).
Since, the weld is modelled, the origin of the stress profile is now at the weld toe which is the same
for both the shell and solid models. Thus, both the stress profiles can be plotted on the same graph.
It is found that this type of shell model with quadratic elements which included the stiffening effect of
the welds had a similar stress gradient with the solid element model. The IIW approach [40] of weld
modelling is implemented in this study as can be seen in Figure 4.20.
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Figure 4.20: Shell element model with weld modelled using local increase of thickness at the weld region

4.14. Numerical models subjected to different load cases
Quadratic solid elements (C3D20R) are used with a mesh size of 4 mm. Quadratic shell elements
(S8R) are used with a mesh size of 2 mm. The boundary conditions remained unchanged for all the
load cases investigated. In order to have a good comparison between the solid model, the shell model
and shell model with welds, the stress gradients are compared. In addition, the maximum principal
stress and the absolute maximum principal stress is also used for the comparison study. The following
load cases are investigated: load case 1: in-plane bending of crossbeam, load case 2: out-of-plane
bending of crossbeam and load case 3: in-plane bending of crossbeam with local load introduction on
top of the stiffener.

Load case 1: Pure in-plane bending of crossbeam - For this case, equal loads of 200 kN are
applied on either side of the crossbeam at equal distances away from the stiffener in order to capture
the pure in-plane behaviour of the crossbeam as shown in Figure 4.21.

Figure 4.21: In-plane behaviour of the crossbeam: loading and deformed mesh

The stress perpendicular to weld toe and maximum principal stress distribution of the three numer-
ical models are shown in Figure 4.22. The stress values from shell element model with welds is in
good agreement with the stress from solid element model. This means that with the weld modelling
approach using shell elements, a correct estimation of the in-plane stiffness of the numerical model can
be obtained. When weld is not included in shell element models, sharp increase of stress in vicinity of
the weld toe is found and high stress concentration is observed. The stress values converge beyond
a distance of 16 mm. For this load case, the direction of maximum principal stress is found to be the
same as the direction of stress perpendicular to weld toe. Thus, the maximum principal stress is close
to the stress perpendicular to weld toe. The stress gradient of the shell model with welds using the IIW
[40] approach was similar to the stress gradient from the solid model for all the stress components.
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Figure 4.22: Stress profiles of the numerical models in crossbeam for LC-1

Load case 2: Pure out-of-plane bending of crossbeam - In this section the pure out-of-plane de-
formation behaviour of the crossbeam is studied and the stress profiles of the shell and solid numerical
models are investigated in order to check for a difference in behaviour. A load of 10 kN is applied in
the upward direction on one load patch and in downward direction in the other. The load patches are
directly located on the deck plate at top of the stiffener as shown in Figure 4.23.

Figure 4.23: Out-of-plane behaviour of the crossbeam: loading and deformed mesh

It is observed that the shell element model is having a more gradual stress gradient compared to the
solid element model at HS1. However, it is also observed that the shell+weld IIW model overestimates
the stress values compared to the solid model. The stress profiles of the numerical models converged
at a distance of 30 mm away from the stress concentration. The shell element model with welds, have
a steeper stress gradient and higher stress peak. The trend-line of the stress from the shell+weld IIW
model was similar to the trend-line of the solid element model as shown in Figure 4.24. The maximum
principal stress is almost zero for all the numerical models. For this load case, the stress gradient of
the component perpendicular to weld toe is comparable to the stress gradient of absolute maximum
principal stress.
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Figure 4.24: Stress profiles of the numerical models in crossbeam for LC-2

Load case 3: Pure in-plane bending of crossbeam with local load introduction on top of the
stiffener - A load of 400 kN is applied at the centre of the deck plate as a load patch shown in Figure
4.25. In this section the in-plane of the crossbeam is studied with the effect of local load introduction on
top of the stiffener. Here also, the boundary conditions remained unchanged and thus all the numerical
models are consistent with respect to the boundary conditions.

Figure 4.25: In-plane behaviour of the crossbeam with local load introduction on the stiffener: loading and deformed mesh

The stress profiles of the shell and solid numerical models are investigated in order to check for a
difference in behaviour. The comparison of stress gradients between the numerical models are shown
in Figure 4.26. Just like for LC-1, here also it is observed that the stress values from shell+weld IIW
model are in good agreement with that from solid element model. The stress perpendicular to the weld
toe converged at a distance of 20 mm away from the weld toe for all the numerical models. The stress
gradient of the shell model was more flat when compared to that of the solid model. The stress values
are also obtained from the strain perpendicular to weld toe in order to investigated the effect of lateral
contraction. It is observed from the stress profiles that this effect is very small.
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Figure 4.26: Stress profiles of the numerical models in crossbeam for LC-3

From different stress profiles of the numerical models, it is evident that the shell model with welds
developed using the IIW approach shows a good match in stress gradient for LC-1 and LC-3. The
contour plots of stress and deformation are shown in Appendix-I. The following tables give the summary
of the hot-spot stress values from the numerical models. The SHSS is first calculated considering the
stress perpendicular to weld toe in Table 4.5.

Table 4.5: Summary of SHSS results for different load cases based on stress perpendicular to weld toe

Load Case Description Shell_
S8R_2mm

Solid_
C3D20R_4mm

Shell+weld_
S8R_2mm

Ratio
Ratio
SHSS

shell/solid

Ratio
SHSS

shell+weld/solid
1 Pure in-plane 672.5 193.2 193.0 3.48 1.00
2 Pure out-of-plane -815.2 -724.9 -890.9 1.12 1.23
3 In-plane + local 421.7 121.1 138.0 3.48 1.14

The ratio of SHSS between the shell elements to that of the solid elements is also shown in Table
4.5. It is observed that the hot-spot stress ratio improved a lot for LC-1 and LC-3 after modelling welds
with shell elements according to IIW [40] approach. For LC-2 (out-of-plane loading), this was not the
case. Thus, it was concluded that the weld modelling approach recommended by the IIW [40] only
improved the in-plane stiffness. Other weld modelling strategies using the increased thickness method
is recommended for accurately modelling the out-of-plane stiffness for such details. The SHSS is also
calculated using the maximum principal stress in Table 4.6. The ratio of SHSS between the shell
elements to that of the solid elements is also shown.

Table 4.6: Summary of SHSS results for different load cases based on maximum principal stress

Load Case Description Shell_
S8R_2mm

Solid_
C3D20R_4mm

Shell+weld_
S8R_2mm

Ratio
Ratio
SHSS

shell/solid

Ratio
SHSS

shell+weld/solid
1 Pure in-plane 689.0 101.5 130.0 6.79 1.28
2 Pure out-of-plane -818.6 -772.5 -995.8 1.06 1.29
3 In-plane + local 424.6 84.3 109.0 5.04 1.29

In this case, the direction of the maximum principal stress stress varies with change of load case.
Thus, getting consistent SHSS ratio is more difficult when maximum principal stress is used in calcu-
lation of hot-spot stress.



5
Parametric analysis of fillet welded

transverse and longitudinal cruciform
joint

“You never fail until you stop trying.”

Albert Einstein

In this chapter a parametric sensitivity study is first performed on a fillet welded longitudinal and
transverse cruciform joint subjected to bending. In addition to the shell and solid models, the shell model
incorporating welds using the increased thickness method is investigated. The increase of thickness of
the plate along the weld region is done using three different approaches: the Eriksson’s approach [20],
the approach given by the IIW recommendations [40] and a combination of these two approaches. The
purpose of this study is to obtain consistency in the ratio of calculated SHSS values from shell elements
to that from solid elements for this particular detail.

74
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5.1. Motivation
In the following sections, a detailed investigation of hot-spot stress is performed for a fillet welded
transverse and longitudinal cruciform joint under bending. In Chapter-3, a fillet welded transverse
cruciform joint having the geometry from the study by Karabulut and Lombaert [31] is investigated under
a tensile load. It is observed that the SHSS obtained from the solid model gave a good estimation of
the SHSS which is experimentally obtained. Thus, in this study, the solid model is considered as a
reference for comparison with other numerical models for this specific detail. A parametric study is
performed with this type of joint having dimensions of the crossbeam and stiffener plates based on the
light and heavy OSD variants.

5.2. Weld modelling with increased thickness method
There are two approaches of modelling the welds with shell elements using the increased thickness
method which is discussed in detail in Chapter-2 as shown below:

Weld modelling approach using the increased thickness method as recommended by the
IIW guidelines [40] - The first approach for weld modelling with shell elements is performed by locally
increasing the thickness at the plate intersection and having downward sloping ends (weld fillet) as per
the IIW recommendations (Figure 2.36). In this approach, the thickness of one of the two connected
plates is increased at the welded connection. The two governing parameters in this approach are the
weld leg length (l) and the thickness of the connected plate (t). The throat thickness of the weld at the
joint is (a) and thus the weld leg length (l = a√2). Since, the shell model is developed using mid-plane
geometry, the height of the weld plate strip is equal to the weld leg length (l) plus half of the thickness of
the stiffener (ts/2). The weld is modelled using an inclined plate extended from the crossbeam having
a thickness increased by the weld leg length (l). Thus, the increased value of plate thickness = (tp + l),
where tp is the thickness of the crossbeam and l is the weld leg length.

Weld modelling approach using the increased thickness method as recommended by Niemi
[39] and Eriksson [20] - The second approach for weld modelling with shell elements (Figure 2.35
[20]) is performed by locally increasing the thickness at the plate intersection without any downward
sloping end. Niemi [39] and Eriksson [20] proposed this modelling technique where the stiffness of the
weld is simulated without representing the weld fillet (downward sloping ends). The role of the weld is
played by the shell elements with an increased thickness along the welded region. In this approach,
the thickness of both plates is increased at the welded connection. The two governing parameters in
this approach of weld modelling are the weld throat thickness (a) and the thickness of the connected
plates (t). The Eriksson’s approach [20] is investigated in detail for a simple fillet welded cruciform joint
subjected to different load cases in the following sections.

5.3. Numerical models of fillet welded cruciform joint
The numerical models of the transverse and longitudinal fillet welded cruciform joints which are inves-
tigated in this study are shown in Figures 5.1 and 5.2 respectively. Three different models are made
with the transverse joint and five different models are made with the longitudinal joint. The coordinate
system, loading and boundary conditions are taken to be consistent in all the numerical models in order
to have a better comparison.

Figure 5.1: Numerical models of transverse cruciform joints
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Figure 5.2: Numerical models of longitudinal cruciform joints

For the solid model, the stiffener is modelled as a continuous plate to which two crossbeam plates
are welded on top and bottom. The solid models are developed using the crack assign-seam tool, to
model the gap in between the connected plate inside the weld. However, it is observed that the differ-
ence in stress results obtained from the solid models with and without seam is within 1%. The origin
for stress extrapolation is taken at the weld toe for solid model.

For the shell model, the mid-planes of the stiffener and crossbeam is modelled, and the total length
of the top and bottom plates included the length of the individual plates plus the thickness of the base
plate. The origin for stress extrapolation is taken at the plate intersection for shell model. In addition to
the shell and solid models, the weld modelling approach with shell elements has been investigated in
detail in the following sections.

A parametric study has been performed on the transverse and longitudinal cruciform joint as shown
in Figure 5.3.

Figure 5.3: Dimension of components for parametric study on cruciform joint: longitudinal (left) and transverse (right)

Both the transverse and longitudinal cruciform joints are subjected to the same reference load cases
and load combinations. The dimension of the base plate is based on the dimension of the continuous
stiffener of OSD. The dimension of the top and bottom plates are based on the dimension of the cross-
beam of OSD. Table 5.1 shows the values of the constants and variables for the parametric study on
the cruciform joints. The variables for the numerical models for the parametric study are thickness of
base plate (tb) and thickness of top plate (tp). All other parameters are kept constant.
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Table 5.1: Dimensions of different components of the cruciform joint based on the dimensions of OSD variants

Components Variant 1
(based on old/light OSD)

Variant 2
(based on new/heavy OSD)

Length of the base plate (L) 200 mm 200 mm
Height of the top and bottom plates (H) 50 mm 50 mm
Thickness of the base plate (tb) 8 mm 10 mm
Thickness of the top and bottom plates (tp) 10 mm 16 mm
Width of the base plate (wb) 50 mm 50 mm
Width of the top and bottom plate (wb) 50 mm 50 mm
Throat thickness of the weld (a) 5 mm 5 mm

5.4. Parametric study on transverse fillet welded cruciform joint
based on the dimensions of OSD

Load case 1 (LC-1): in-plane bending - In order to investigate the effect of pure in-plane bending,
the detail is loaded under a uniform pressure applied on bottom surface of bottom plate in the negative
y direction. The total force applied is 1kN and it is uniformly distributed as a pressure loading (Figure
5.4). The point of maximum stress concentration is located at the middle of the base plate for this load
case.

Figure 5.4: Solid model variant 1 under load case-1 (LC-1) for transverse cruciform joint

Figure 5.5 shows the deformation of the model in the y-direction along path-1 for LC-1. The maxi-
mumdeformation of the shell model is 0.38mm for variant-1 and 0.2mm for variant-2. The deformations
of the solid model and the shell+weld Eriksson model are almost the same and are equal to 0.29 mm
for variant-1 and 0.14 mm for variant-2. From the figures, it can be seen that there is an overlap of
deformations between the solid model and shell+weld Eriksson model.

Figure 5.5: Deformation (U2) along path-1 for load case-1 (LC-1) for variant-1 (left) and variant-2 (right)

The stress distribution perpendicular to weld toe along path-2 for both the light and heavy OSD
variants for LC-1 is also shown in Figure 5.6. The regular shell model gives a consistent overestimation
of stresses in the range of 20-25% compared to the solid model for both the variants.
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Figure 5.6: Stress distribution perpendicular to weld toe along path-2 for variant-1 (left) and variant-2 (right) under LC-1

Load case 2 (LC-2): in-plane torsion - In order to investigate in-plane torque on the detail, 2×1 kN
total force is applied with one on top plate in the negative x direction and the other on bottom plate along
positive x direction, according to Figure 5.7. The point of maximum stress concentration is located at
the middle of the base plate for this load case.

Figure 5.7: Solid model variant 1 under load case-2 (LC-2) for transverse cruciform joint

From Figure 5.8, the maximum deformation of the model in the x-direction for LC-2 of shell model is
0.25 mm for variant 1 and 0.12 mm for variant 2, respectively. The deformation of the solid model is 0.18
mm for variant 1 and 0.085 mm for variant 2. The deformation of the shell+weld Eriksson model is very
close to that of the solid model which is 0.19 mm for variant 1 and 0.089 mm for variant 2 respectively.

Figure 5.8: Deformation (U2) along path-1 under LC-2 for variant-1 (left) and variant-2 (right)

The stress distribution perpendicular to weld toe along path-2 for both the light and heavy OSD
variants in the case of LC-2 is shown in Figure 5.9. It can be observed that, the stress value at 50 mm
away fromweld toe is almost the same for the solid model and the shell+weld Erikssonmodel. However,
the regular shell model gives a higher stress value at 50 mm away from weld toe. Furthermore, the
regular shell model gave a consistent overestimation of stresses in the range of 15-20% compared to
the solid model for both the variants.
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Figure 5.9: Stress distribution perpendicular to weld toe along path-2 for variant-1 (left) and variant-2 (right) and LC-2

Load case 3 (LC-3): out-of-plane torsion - For investigating the out-of-plane torque of the detail,
2×1 kN total force is applied on top plate along positive z direction and on bottom plate along negative
z direction (Figure 5.10). The deformations are shown in the following figures (Figures 5.11, 5.12 and
5.13).

Figure 5.10: Solid model variant 1 under load case-3 (LC-3) for transverse cruciform joint

Figure 5.11: Deformation (U1) along path-1 under LC-3 for variant-1 (left) and variant-2 (right)

Figure 5.12: Deformation (U2) along path-1 under LC-3 for variant-1 (left) and variant-2 (right)
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Figure 5.13: Deformation (U3) along path-1 under LC-3 for variant-1 (left) and variant-2 (right)

The point of maximum stress concentration is located at the side of the base plate for this load case.
From the above figures, it can be observed that the deformations of the solid model and the shell+weld
Eriksson model are almost the same for LC-3. This proves that the out-of-plane torsional stiffness of
the solid model can be modelled properly by the shell+weld Eriksson model.

The stress distribution perpendicular to weld toe along path 2 is also shown in Figure 5.14. The
shell model with welds result in an underestimation of stresses of the order of 2% compared to the
solid model. Whereas the normal shell model show an overestimation of stresses in range of 20-25%
compared to the solid model. At a distance of 50 mm, the stress values from all the numerical models
converge.

Figure 5.14: Stress distribution perpendicular to weld toe along path-2 for variant-1 (left) and variant-2 (right) under LC-3

The contour plots of deformation of the numerical models in the case of transverse cruciform joint
are shown in Appendix-I. The out-of-plane load case (LC-3) has been investigated further in Appendix-
J for this detail. Not only the edge path, but also other paths on the base plate have been considered
during the comparison study of the stress gradients between the numerical models. Also, a small study
is done to find the appropriate boundary conditions for the solid model (Appendix-J). It is found that for
the solid models, the mid-line edge support is regarded as an appropriate boundary condition in order
to have a good comparison with all the shell element models.

In addition to the three reference load cases, four load combinations are also investigated as shown
in Figures 5.15-5.18. For all the load combinations, similar observations are found as from the standard
load cases LC-1, LC-2 and LC-3. The regular shell element model gave an overestimation of stresses in
the range 15-25% compared to the solid element model. The stress gradient of the shell+weld Eriksson
model is similar to the stress gradient of the solid model. Furthermore, the stress value at a distance of
50 mm away from the weld toe is exactly same for the solid model and the shell+weld Eriksson model.
The regular shell element model gave an overestimation of stresses in the range 15-25% compared to
the solid element model. The contour plots of deformation of the numerical models of the transverse
cruciform joint for these load cases are shown in Appendix-I.

Table 5.2 shows the SHSS values and the SHSS ratios obtained for all the load cases. After mod-
elling welds using the Eriksson’s approach, the SHSS ratios are consistent having a mean of 0.98 and
a CV of 0.4%. This is considered as acceptable.
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Load combination-1 (LC1+LC2)

Figure 5.15: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under load combination-1

Load combination-2 (LC1+LC3)

Figure 5.16: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under load combination-2

Load combination-3 (LC2+LC3)

Figure 5.17: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under load combination-3

Load combination-4 (LC1+LC2+LC3)

Figure 5.18: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under load combination-4
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Table 5.2: SHSS of transverse cruciform joint

Geometry
Variant

Load
Case

Hot-spot stress (MPa) Ratio

Solid Shell Shell+weld
Eriksson

SHSS
shell/solid

SHSS
shell+weld

Eriksson/solid

Variant 1
(Light variant

OSD)

LC1 88.2 106.0 87.0 1.20 0.99
LC2 87.0 102.3 85.8 1.17 0.99

LC1+LC2 175.2 208.2 172.8 1.19 0.99
LC1+LC3 88.2 105.9 87.0 1.20 0.99
LC2+LC3 87.0 102.2 85.8 1.17 0.99

LC1+LC2+LC3 175.2 208.2 172.8 1.19 0.99

Variant 2
(Heavy variant

OSD)

LC1 53.7 66.5 52.6 1.24 0.98
LC2 54.0 65.7 52.8 1.22 0.98

LC1+LC2 107.6 132.2 105.4 1.23 0.98
LC1+LC3 53.7 66.5 52.6 1.24 0.98
LC2+LC3 54.0 65.7 52.8 1.22 0.98

LC1+LC2+LC3 107.6 132.2 105.4 1.23 0.98

5.5. Parametric study on fillet welded longitudinal cruciform joint
based on the dimensions of OSD

Load case 1 (LC-1) - Similar to the transverse cruciform joint, the detail is loaded under a uniform
pressure applied on bottom surface of bottom plate in the negative y direction in order to investigate
in-plane bending (Figure 5.19).

Figure 5.19: Solid model variant 1 under load case-1 (LC-1) for longitudinal cruciform joint

The stress profiles of the solid element model and all the shell element models for both the variants
are shown in Figure 5.20.

Figure 5.20: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under LC-1



5.5. Parametric study on fillet welded longitudinal cruciform joint based on the dimensions of OSD 83

From the figures, it is observed that the regular shell model gave a consistent overestimation of
stresses by 13-16% compared to the solid model for both the variants. After weld modelling with shell
elements, the stress gradients improved when compared to the solid model. The stress gradient of the
shell models with welds are in good agreement with the stress gradient of solid model. Furthermore,
the stress value obtained at a distance of 50 mm away from weld toe from the shell+weld combined
model were exactly the same as that obtained from the solid element model.

Load case 2 (LC-2) - Just like for the transverse cruciform joint, 2×1 kN total force is applied with
one on top plate in the negative x direction and the other on bottom plate along positive x direction in
order to investigate in-plane torsion (Figure 5.21).

Figure 5.21: Solid model variant 1 under load case-1 (LC-2) for longitudinal cruciform joint

The stress profiles of the solid element model and all the shell element models for both the variants
are shown in Figure 5.22.

Figure 5.22: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under LC-2

From the above figure, it can clearly be observed that the shell model overestimates the stress
values by 11-15% compared to the solid model. At a distance of 50 mm away from weld toe, the shell
model gives a higher value of stress in comparison to the solid model. The shell+weld models gave a
good match in stress gradient compared to the solid model for this load case.

Four load combinations are investigated for the longitudinal cruciform joint. The corresponding
stress profiles are shown in Figures 5.23-5.26. In all these cases, the shell model overestimates the
stress values by 11-16% when compared compared to the solid model. The stress at a distance of 50
mm away from weld toe is almost same for the solid element model and the all shell+weld models.
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Load combination-1 (LC1+LC2)

Figure 5.23: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under load combination-1

Load combination-2 (LC1+LC3)

Figure 5.24: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under load combination-2

Load combination-3 (LC2+LC3)

Figure 5.25: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under load combination-3

Load combination-4 (LC1+LC2+LC3)

Figure 5.26: Stress perpendicular to weld toe for variant-1 (left) and variant-2 (right) under load combination-4
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The contour plots of deformation of the numerical models of the longitudinal cruciform joint for these
load cases are shown in Appendix-I. Table 5.3 shows the SHSS values and the SHSS ratios obtained
for all the load cases.

Table 5.3: SHSS of longitudinal cruciform joint

Geometry
Variant

Load
Case

Hot-spot stress (MPa) Ratio

Solid Shell Shell+weld
IIW

Shell+weld
Eriksson

Shell+weld
IIW+Eriksson

SHSS
shell/solid

SHSS
shell+weld
IIW/solid

SHSS
shell+weld

Eriksson/solid

SHSS
shell+weld

IIW+Eriksson/solid

Variant 1
(Light

variant OSD)

LC1 85.8 96.9 85.6 82.4 82.2 1.13 1.00 0.96 0.96
LC2 83.6 92.7 82.3 80.3 79.9 1.11 0.98 0.96 0.96

LC1+LC2 169.4 189.6 167.9 162.7 162.1 1.12 0.99 0.96 0.96
LC1+LC3 85.8 96.9 85.6 82.4 82.2 1.13 1.00 0.96 0.96
LC2+LC3 83.6 92.7 82.3 80.3 79.9 1.11 0.98 0.96 0.96

LC1+LC2+LC3 169.4 189.6 167.9 162.7 162.1 1.12 0.99 0.96 0.96

Variant 2
(Heavy

variant OSD)

LC1 50.1 58.2 51.7 48.6 49.6 1.16 1.03 0.97 0.99
LC2 49.8 57.2 50.7 48.6 49.3 1.15 1.02 0.98 0.99

LC1+LC2 99.9 115.4 102.4 97.2 98.9 1.16 1.03 0.97 0.99
LC1+LC3 50.1 58.3 51.7 48.6 49.6 1.16 1.03 0.97 0.99
LC2+LC3 49.8 57.2 50.8 48.6 49.3 1.15 1.02 0.98 0.99

LC1+LC2+LC3 99.9 115.5 102.4 97.2 98.9 1.16 1.03 0.97 0.99

From Table 5.3, it is clear that the regular shell models cannot be used to calculate the SHSS using
surface stress extrapolation. The maximum overestimation in hot-spot stress with regular shell element
model is 16% compared to the solid element model. The stress obtained from the regular shell model
at a distance of 50 mm away from weld toe is also significantly higher compared to the solid model. This
is considered as unacceptable. After modelling welds with shell elements, the following observations
are noted:

• With the IIW approach, the SHSS ratios are consistent having a mean of 1.01 and a CV of 1.9%.

• With the Eriksson’s approach, the SHSS ratios are consistent having a mean of 0.97 and a CV
of 0.7%.

• With the combined approach, the SHSS ratios are also consistent having a mean of 0.97 and a
CV of 1.8%.

Thus, it can be concluded that all the above three methods of weld modelling are good for the case
of a simple longitudinal cruciform joint subjected to bending. This is because the mean value of the
SHSS ratio is within the range of 0.97-1.01 and the CV is within the range of 0.7%-1.9%.



6
Parametric analysis of OSD

“Invention is not the product of logical thought, even though the final product is tied to a
logical structure.”

Albert Einstein

In this chapter, a preliminary and a detailed parametric investigation is performed on an OSD. The
main regions of interest are based on two types of cracks on the open stiffener-to-crossbeam welded
joint with (1) crack in crossbeam and (2) crack in longitudinal open stiffener. In the first half of this chap-
ter, a preliminary investigation is performed on the OSD for some reference load cases. A comparison
of stress gradients and structural hot-spot stress (SHSS) is done for the numerical models. In the next
half of this chapter, the influence lines of SHSS are computed for six different numerical models which
are investigated in this study for the light and heavy OSD variants. In addition, the critical points with
maximum and minimum SHSS are determined for all the numerical models. The ratio of SHSS of shell
model to solid model and the ratio of SHSS of shell model with welds to solid model using different
approaches are obtained and summarised in the later sections of this chapter.

86



6.1. Motivation 87

6.1. Motivation
A parametric analysis is performed for the OSD consisting of the detail of open stiffener and crossbeam
with a cope hole. The general approach followed is to first make a global shell model of the OSD and
then develop the local sub-solid model in the region of interest. Since the focus of this thesis is on
the cracks in the crossbeam and stiffener, the middle crossbeam and middle stiffener is selected for
investigation. This is because, this region is subjected to maximum bending when the load is applied
at the centre of the deck-plate. This study is performed with realistic dimensions from the existing and
new bridges in The Netherlands as shown in Table 6.1. The starting dimensions of the detail to be
investigated is based on the dimensions of the Haringvlietbrug [7] and is obtained from the drawings
provided by Rijkswaterstaat. The main purpose of this study is to achieve consistency in the ratio of
SHSS from the shell element model to that from the solid element model.

6.2. Geometrical variants for the parameter model
The parametric models are based on realistic dimensions of bridges in The Netherlands. The influence
of geometry of bridge components is taken by considering the light and heavy of OSD variants (Table
6.1). The newly designed OSD bridges generally have thicker deck plates compared to the old OSD
bridges. The thickness and height of the crossbeam is more for the new OSD bridges than that of the
old ones in The Netherlands.

The goal is to investigate two main geometrical variants of the OSD. The first variant with the dimen-
sions of the old and existing bridges in The Netherlands (variant-1). The thickness of the components of
this variant are lower compared to that of the newly designed bridges. This variant can be regarded as
the light variant. The second variant with the dimensions of newly designed bridges in The Netherlands
(variant-2). This variant is regarded as the heavy variant.

Table 6.1: Details of geometry of OSD variants for parametric study

Sl. No. Component Variant-1 Variant-2
1 Thickness of deck plate (tdp) 10 mm 16 mm
2 Spacing (centre-to-centre distance) between crossbeams 2000 mm 2000 mm
3 Spacing (centre-to-centre distance) between open stiffeners 300 mm 300 mm
4 Length of deck plate (Ldp) 11500 mm 11500 mm
5 Width of deck plate (Wdp) 6000 mm 6000 mm
6 Length of crossbeam (Lcb) 11500 mm 11500 mm
7 Total number of crossbeams to be modelled 3 3
8 Thickness of crossbeam web (tcb,w) 10 mm 16 mm
9 Thickness of crossbeam bottom flange (tcb,bf) 12 mm 20 mm
10 Width of crossbeam bottom flange (bcb,bf) 250 mm 300 mm
11 Height of crossbeam web (hcb,w) 650 mm 1000 mm
12 Length of open stiffener (Ls) 6000 mm 6000 mm
13 Total number of open stiffeners to be modelled 38 38
14 Height of open stiffener (hs) 160 mm 220 mm
15 Thickness of open stiffener (ts) 8 mm 10 mm
16 Diameter of cope hole (dcope-hole) 45 mm 60 mm
17 Shape of cope hole Circular Circular

6.3. Material properties and boundary conditions
The following material properties are assumed: E = 210000 MPa and ν = 0.3. Since the main beam
is not modelled, some assumptions are made for modelling appropriate boundary conditions for the
crossbeam in the OSD parameter model. The boundary conditions are chosen with the crossbeam
being fully restrained against translation in x, y and z directions as shown in Figure 6.1. The boundary
conditions are chosen in order to study the in-plane bending behaviour of the crossbeam.
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Figure 6.1: Boundary conditions of the OSD parametric model

6.4. Load cases for preliminary parametric study
Before starting the complete parametric analysis, the numerical models based on the OSD variants,
are studied for some reference load cases. The loads are applied in the central region of the deck plate.
The middle crossbeam and the middle stiffeners are investigated. The crossbeam ends are restrained
against translation in x, y and z directions. The load cases 1, 2 and 3 are shown in Figure 6.2. For
load case 3, there are two sub-load cases: load applied on the stiffener and load applied between the
stiffeners which are also shown in Figure 6.2. A wheel load area of 270 mm x 320 mm (Figure 6.14).
All the different load cases are to be investigated in the subsequent sections.

Figure 6.2: Middle crossbeam of the OSD parametric model with the three different load cases

• Load case 1: Pure in-plane behaviour of the crossbeam - The total load applied for studying
this type of behaviour is 100 kN as a tyre loading. Two patch loads (50 kN each of area 270 mm
x 320 mm) are applied on the deck plate at equal distances of 500 mm from the centre of the web
of CB-2. This is done to investigate pure in-plane behaviour without the effect of local loads on
the crossbeam for the shell and solid models. (Figure 6.2).

• Load case 2: Pure out-of-plane behaviour of the crossbeam -The out-of-plane behaviour is
studied by applying two patch loading areas on the deck plate at equal distances of 500 mm from
the centre of the web of the middle-crossbeam. However, these patch loads are not the same as
for LC-1. Instead, these loads are applied in opposite directions. The effect of pure out-of-plane
behaviour of the crossbeam on the shell and solid models is investigated. (Figure 6.2).

• Load case 3: In-plane behaviour of the crossbeam with local load introduction - In a similar
manner as the previous load case, a tyre loading of 100 kN (in the form of one patch area of
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270 mm x 320 mm) is applied on the deck-plate right on top of the middle-crossbeam-stiffener
connection. The influence of local load introduction with the in-plane behaviour is investigated for
shell and solid models. Two sub load cases have been investigated under this category. These
sub-load cases are also shown in (Figure 6.2).

1. Load Case 3a: Load applied over the deck plate right on top of the stiffener (LC3a)
2. Load Case 3b: Load applied over the deck plate in between two stiffeners (LC3b)

6.5. Global shell model
The global shell model of OSD variant-1 is shown in Figures 6.3 and 6.4. The dimensions of OSD are
based on the existing bridges in the Netherlands and it has been summarised in Figure 6.1. The shell
element model is constructed using mid-surface modelling approach. Generally these elements are
used to model the middle planes of plates and the plate thickness is given as a property of the element.
This is because, using this approach, it is observed that the stress gradient far away from the plate
intersection for shell elements is comparable with the stress gradient from the solid element model as
explained in earlier chapters for this particular detail.

Figure 6.3: Parametric shell model of the OSD variant-1 (based on old/light OSD) - top and bottom view

Figure 6.4: Parametric shell model of the OSD variant-1 (based on old/light OSD) - side views
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6.6. Sub-solid model
The dimensions of the open stiffener of geometric variant-1 is based on the dimensions of the stiffeners
in Haringvlietbrug (160 mm x 8 mm). For the variant-2, the dimensions of the stiffeners are taken a bit
higher (220 mm x 10 mm). For the first geometric variant, the sub-model is made with two different
sizes in order to check the effect of the interface conditions on the size of the solid sub-model as shown
in Figure 6.5.

Figure 6.5: Solid sub-models for size effect study (Left: large model, Right small model)

The weld modelling with solid elements is done in a simplified approach using fillet welds. Full
penetration of the welds is not considered. A full penetration weld is a type of weld that has completely
consumed the root of the joint. The weld is modelled using the solid extrusion and sweep tool in
ABAQUS. The corner of the welds is rounded in order to have a more realistic weld geometry. The
throat thickness of the weld is 5 mm and thus the weld leg length is 7.07 mm. The stiffener is modelled
to be continuous and the small gap between the crossbeam and stiffener plate is modelled using the
assign seam tool. This is shown in Figure 6.6. The sub-model is attached to the global shell element
model using tie-constraints. The plate edge surface of the solid sub-model is taken as the master
surface. The plate mid surface of the shell model is taken as the slave surface.

Figure 6.6: OSD parametric sub-solid model of light OSD variant and modelling of welds with solid elements

A fully structured meshing approach is used for the solid element sub-model as shown in Figure 6.6.
This is achieved by the help of partitioning tool. An element size of 2 mm is recommended for the solid
element sub-model after performing a mesh sensitivity study. C3D20R elements are recommended for
the analyses. The mesh near the weld toe is also modelled in a structured way. It can be seen from the
figure that all the elements near the weld toe are not straight and there is some bulging of elements.
However, all the elements shown in the above figure and also around the cope hole are structured.
The details of meshing of the global shell model of the OSD and the local meshing of the numerical
models at the point of interest is shown in the next section.
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6.7. Global mesh - shell
The global meshing of the OSD is shown in Figure 6.7. The global mesh size is taken as 100 mm. The
mesh size below the wheels of the axle (axle type C) are taken as 10 mm.

Figure 6.7: Global mesh of the OSD parameter model

6.8. Local mesh - shell and solid
The local meshing of the OSD is shown in Figure 6.8. The local mesh size is taken as 2 mm for all the
numerical models after a mesh sensitivity study.

Figure 6.8: Local mesh of the OSD parameter model
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Path for stress extraction: The following stress paths have been selected for stress extraction
from the numerical models: stress along the crossbeam and stress along the stiffener (horizontal and
vertical direction). These two stress paths are shown in Figure 6.9 for both the shell and solid element
models. The origin of the stress paths for the shell element model is taken from the plate intersection.
Whereas, the origin of the stress paths for the solid element model is taken as the weld toe. For the
paths along stiffener, the stresses along the horizontal direction are higher than that along the vertical
direction. Thus, stresses along horizontal direction are considered to be governing for the stiffener and
is further investigated.

Figure 6.9: The two regions of interest based on cracks in crossbeam and cracks in stiffener

Hot-spot types: For the investigated detail, SHSS located at the weld toe of crossbeam plate is
classified as type-“c” and that located at the weld toe of stiffener is classified as type-“a” according to
the DNVGL [6] (Figure 6.10). However, for the crack in crossbeam, the SHSS is calculated twice, once
by considering it as type-“c” and then by considering it as type-“b” hot-spot for obtaining the influence
lines. A stark difference between the three types of hot-spots has been identified from Figure 6.10 and
also from Chapter-2. For type-“a” hot-spot, the crack originates from the toe of the edge weld located
at top surface of plate. For type-“c” hot-spot, the crack originates from the toe of the side weld located
at the side surface of plate. For type-“b” hot-spot, the crack originates from the toe of the edge weld
located at the edge of plate.

Figure 6.10: Types of hot-spots [6] [13]

The first sub-solid model is made of dimensions 200×200×200 [mm3]. The second sub-solid model
is developed using exactly half the size i.e. 100×100×100 [mm3]. The stress perpendicular to the weld
toe is plotted in the crossbeam and in the stiffener for the load cases: LC-1, LC-2 and LC-3. The SHSS
is computed using the stress perpendicular to the weld toe for both the sub-solid models (small and
large) as shown in Table 6.2.
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It can be seen that the maximum percentage difference in SHSS values due to the size of the solid
sub-model is 5% and the average is 3%. Since, this difference is quite small, it is decided to use
the small solid sub-model 100×100×100 [mm3] for further analysis, in order to save computation time.
From Figures 6.11, 6.12 and 6.13, it can be seen that the difference between the stress gradients of
the small and large sub-models are small.

Table 6.2: SHSS determination of the small and large solid sub-model for LC-1 and LC-2

Geometry
variant Location Load case

Solid_C3D20R
_2mm_Small

Solid_C3D20R
_2mm_Large Percentage

Difference (%)SHSS (MPa) SHSS (MPa)

Variant - 1
(light
variant
OSD)

Crossbeam LC1 (in-plane) 19.5 19.3 1%
LC2 (out-of-plane) -96.7 -93.8 3%

Stiffener LC1 (in-plane) -142.7 -146.8 -3%
LC2 (out-of-plane) -5.1 -5.4 -5%

Average percentage (%) 3%

Figure 6.11: Stress distribution perpendicular to the weld toe in crossbeam (left) and stiffener (right) for LC-1

Figure 6.12: Stress distribution perpendicular to the weld toe in crossbeam (left) and stiffener (right) for LC-2

Figure 6.13: Stress distribution perpendicular to the weld toe in crossbeam (left) and stiffener (right) for LC-3a
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6.9. Procedure for parametric study including influence lines
An axle load of 100 kN and axle type C is used for the main parametric study using the influence line
approach. The axle type C consists of two load patches of dimension 270 mm x 320 mm which are
spaced 2 m apart from each other. Both of these load patches are modelled at specific locations of the
deck plate and the influence lines are obtained using the DLOAD user subroutine in ABAQUS. Two
geometric variants: one based on the dimensions of the old/light OSD (variant–1) and the other based
on the dimensions of the new/heavy OSD (variant–2) are considered in the analysis. The details of the
axle types for fatigue load model 4 are shown in Figure 6.14 [4].

Figure 6.14: Different axle types for FLM4 [4]

User subroutine DLOAD: The subroutine DLOAD is used when a load is a complex function of time
and/or position. It can be used to define the variation of the distributed load magnitude as a function
of position, time, element number and load integration point number. The user has to define only the
variable F in the subroutine. The following variables are passed into the subroutine:

1. KSTEP: Step number

2. KINC: Increment number

3. TIME(1): Current value of step time

4. TIME(2): Current value of total time

5. NOEL: Element number

6. NPT: Load integration point number within element or on element’s surface depending on load
type

7. LAYER: Layer number

8. KSPT: Section point number

9. COORDS: An array containing the coordinates of the load integration point

10. JLTYP: Identifies the load type for which this call to DLOAD is being made

11. SNAME: Surface name for a surface-based load definition

The interface of the DLOAD subroutine is shown in Figure 6.15.
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Figure 6.15: DLOAD sub-routine interface

Coordinate system for DLOAD sub-routine: A local coordinate system (redraw it to make it clear)
is made at the edge of deck plate which is completely aligned with the global coordinate system (Figure
6.16). The x-direction is selected as transverse direction and z-direction is selected as longitudinal
direction.

Figure 6.16: Coordinate system for the parametric study

Axle load path 1 (Load applied on top of stiffener): One of the wheel loads is placed on top of the
stiffener located on the middle section of the deck plate. The axle load is moved along the longitudinal
(z) direction at increments of 200 mm using the DLOAD subroutine in ABAQUS. The hot-spot stress is
calculated for every load step and the influence line is drawn. From the influence line, the positions of
the maximum and minimum hot-spot stress is determined.

Figure 6.17: Axle load path 1 - Wheel load patch on top of one of the middle stiffeners
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Axle load path 2 (Load applied in between two stiffeners): The wheel load patch is shifted by
150mm in the transverse (x) direction, in order to have the load patch placed directly in between the two
stiffeners located on themiddle section of the deck plate. In the samemanner as the previous case, axle
load is moved along the longitudinal (x) direction at increments of 200 mm using the DLOAD subroutine
in ABAQUS. The hot-spot stress is calculated for every load step and the influence line is drawn. From
the influence line, the positions of the maximum and minimum hot-spot stress is determined.

Figure 6.18: Axle load path 2 (Load applied in between two stiffeners)

Axle load path 3 (Load applied in between path 1 and 2): For this load path, the wheel load is
placed in between axle load path 1 and axle load path 2. In a similar way, the SHSS is calculated and
the positions of the maximum and minimum hot-spot stress is determined. All the three transverse axle
load paths are placed at a spacing of 75 mm away from each other.

Figure 6.19: Axle load path 3 (Load applied in between path 1 and 2)

After determining the locations of the maximum and minimum hot-spot stress from the influence
lines, the axle loads are applied manually on top of the critical locations. A recalculation of the hot-
spot stress is performed on the investigated detail for these critical locations. This is because manual
placing of the axle loads give better accuracy compared to the DLOAD subroutine in ABAQUS. Both
the light and heavy OSD variants are considered in the analysis. For the detail which is investigated,
the stress perpendicular to the weld toe is chosen for the determination of hot-spot stress with shell and
solid elements. However, the hot-spot stress values are also determined using the maximum principal
stress and is shown in Appendix-H.

6.10. Weld modelling with shell elements for the OSD
The recommendations from Chapter-5 for weld modelling with shell elements are followed for the detail
in OSD.

• Weld modelling approach using increased thickness method as recommended by IIW [28]:
The first approach for weld modelling with shell elements is performed by locally increasing the
thickness at the plate intersection and having downward sloping ends (weld fillet) as per the IIW
recommendations [28]. This method has been discussed in detail in Chapter-2. In this approach,
the thickness of one of the two connected plates is increased at the welded connection. The
two governing parameters in this approach are the weld leg length (l) and the thickness of the
connected plate (t). The investigated detail after applying this weld modelling strategy with shell
elements is shown in Figure 6.20. The throat thickness of the weld at the joint is (a) and thus
the weld leg length (l) = a√2. Since, the shell model is developed using mid-plane geometry, the
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height of the weld plate strip is equal to the weld leg length (l) plus half of the thickness of the
stiffener (ts/2). The weld is modelled using an inclined plate extended from the crossbeam having
a thickness increased by the weld leg length (l). Thus, the increased value of plate thickness = (tp
+ l), where tp is the thickness of the crossbeam and l is the weld leg length. The origin of stress
extraction of the shell model without welds is chosen from the intersection of mid-planes of the
plates as recommended by IIW guidelines. The origin of stress extraction of the solid model is
taken at the weld toe. Due to the inclusion of welds, the starting point or origin of stress extraction
(weld toe), are now the same for both the solid element model and the shell model with welds.
This resulted in a better comparison between the numerical models.

• Weld modelling approach using increased thickness method as recommended by Niemi
[39] and Eriksson [20]: The second approach (Figure 6.20 [20]) for weld modelling with shell
elements is performed by locally increasing the thickness at the plate intersection without any
downward sloping end. Niemi [39] and Eriksson [20] proposed this modelling technique where the
stiffness of the weld is simulated without representing the weld fillet (downward sloping ends). The
role of the weld is played by the shell elements having an incremented thickness along the welded
region. In this approach, the thickness of both plates is increased at the welded connection. The
two governing parameters in this approach of weld modelling are the weld throat thickness (a)
and the thickness of the connected plates (t). The investigated detail after applying this weld
modelling strategy with shell elements is shown in Figure 6.20.

• In addition to the above two approaches of weld modelling with shell elements using increased
thickness method, a combination of the two approaches is also investigated. This combined
approach is also shown in Figure 6.20. Another new approach of weld modelling with shell ele-
ments having increased thickness has been investigated for the OSD as an additional study in
Appendix-K.

Figure 6.20: Rendered shell models with welds modelled using the increased thickness method for the OSD

6.11. Mesh sensitivity study of the OSD variants
The mesh sensitivity study of OSD is performed with both shell and solid elements, the details of which
are given in Appendix-D.

Shell elements: A mesh sensitivity study with shell elements is performed to find the most suitable
mesh size for analysis. This mesh size is selected based on a local mesh refinement at the region of
interest followed by using elements of decreasing order of sizes: 8 mm, 4 mm, 2 mm and 1 mm, respec-
tively. Quadratic shell elements with reduced integration (S8R) are used in the numerical analysis. The
details of the load case for studying this behaviour of the crossbeam is given in earlier sections. The
figures in Appendix-D, show the mesh sensitivity study of the two regions of interest with shell elements
for both the geometrical variants. The stress profiles using quadratic shell elements converge below
a mesh size of 2 mm for both along the stiffener and along the crossbeam directions. Convergence
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is observed in the stress profiles at all regions except at the plate intersection due to singularity. After
investigating a range of mesh sizes with shell elements, from coarse to fine, it is decided to use an
element size of 2 mm for determination of SHSS for all the above mentioned load cases.

Solid elements: In the sameway as for shell elements, amesh sensitivity analysis is also performed
using solid elements to find an appropriate element size for analysis. The element size is selected
based on a local mesh refinement at the region of interest followed by using elements of decreasing
order of sizes: 8 mm, 4 mm, 2 mm and 1 mm, respectively. Quadratic solid elements having 20 nodes
with reduced integration (C3D20R) are used in the numerical analysis. The figures in Appendix-D,
show the mesh sensitivity study of the two regions of interest with solid elements for the geometrical
variants. From the figures it can be observed that the stress profiles using quadratic solid elements
converge below a mesh size of 2 mm for both along the stiffener and along the crossbeam directions.
After investigating a range of mesh sizes for solid elements, from coarse to fine, it is decided to use an
element size of 2 mm for determination of SHSS for all the load cases.

6.12. Multi-axial stress state in fatigue assessment
The structural hot-spot stress (SHSS) method can be applied for the following two cases: (i) when the
nominal stress is not clearly defined, (ii) when the connection differs from the detail categories provided
by the design codes for fatigue calculations based on nominal stress. Multi-axial fatigue occurs when
two or more stress components act in a detail. The stress components may be dependent or inde-
pendent of each other depending on geometry and loading. The problems encountered when using
the hot-spot method for multi-axial loaded specimens arise from the way of determining the stresses at
weld toe from finite element models. When the stress state is bi-axial, the actual stress might be up-to
10% higher than that obtained from the uni-axial stress condition.

Different authors of the IIW guidelines propose different ways of calculation of the SHSS in uni-
axial and multi-axial stress state. A. Hobbacher [28] recommends using maximum principal stress
for calculating the SHSS in uni-axial stress condition. According to A. Hobbacher [40], if the principal
stress acts predominantly perpendicular to the weld toe or within an angle less than +/- 60° from the line
perpendicular to the weld, then the SHSS value is taken to be equal to the maximum principal stress
for a bi-axial stress state at the plate surface. This is explained in Figure 6.21 [40]. If the direction of
the maximum principal stress is outside the above range which is more than 60°, the SHSS value is
taken as the stress component normal to weld toe or the minimum principal stress whichever shows the
largest range. When the directions of principal stress changes during a load cycle, the partial fatigue
load factor (γFf) should be increased [40]

Figure 6.21: Definition of the stress component used as SHSS when both principal stresses are tensile (bi-axial) [40]
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On the contrary, E. Niemi [38] suggested that the stress perpendicular to weld toe is more suitable
for determination of the SHSS in welded details based on the type of loading for multi-axial stress state.
Fatigue design data have been generally obtained under unidirectional axial or bending loads. How-
ever, it is common for details in real structures to experience more complex loading conditions, notably
by bi-axial or by combined loading for example bending and torsion.

For the two reference load cases LC-1 (in-plane loading) and LC-2 (out-of-plane loading), the angle
of the maximum principal stress with the line perpendicular to the weld toe is found manually from the
solid models. This is shown in Figure 6.22 and 6.23.

Figure 6.22: Direction of maximum principal stress w.r.t the line perpendicular to weld toe in crossbeam for LC-1

Figure 6.23: Direction of maximum principal stress w.r.t the line perpendicular to weld toe in crossbeam for LC-2

The principal direction is at an angle α from the line perpendicular to the weld toe. The value of
angle α is 40° (approximately) for LC-1 and 30° (approximately) for LC-2. Thus, it is found that the
direction of the principal stress is depending on the load case and the angle varied for different load
cases. Different approaches are found from different guidelines. For example, in EN 1993-1-9 [2]
there are S-N curves which should be used for hot-spot stresses. All these S-N curves assume stress
perpendicular to weld.



6.13. Numerical analysis of OSD 100

6.13. Numerical analysis of OSD
In a similar procedure as for the simple details from Chapter-3, a global shell model is developed as
the first variant for the parametric study. This is based on the dimensions of the light variant OSD. After
that, a sub-model is made using solid elements at the connection of the stiffener and crossbeam with
the presence of a cope hole. Two types of cracks are investigated in the detail: cracks in crossbeam
and cracks in longitudinal stiffener. Similar procedure is then applied for the heavy OSD variant.

In the first step, the stresses at a distance far away from the load positions in the global shell model
is investigated in order to see if the global geometry is an appropriate representation of an actual bridge.
In the next step, a preliminary parametric study is performed on the OSD. The geometric variants are
investigated for four standard load cases as shown in Figure 6.2. After a mesh sensitivity study, an
appropriate mesh size is selected for the shell and solid element models which is 2 mm. C3D20R
elements are recommended for the solid element sub-model and S8R elements are recommended for
the global shell model. The stress profiles of the stress perpendicular to the weld toe is plotted for all
the load cases. In the final step, a detailed parametric study is performed where the hot-spot stress
influence lines are plotted for three transverse axle load positions on OSD. The critical locations are
determined from the influence lines. The stress profiles of the stress perpendicular to the weld toe is
shown for all the critical locations. In both studies, the structural hot-spot stress is calculated based on
the stress perpendicular to weld toe. The SHSS is also calculated using the maximum principal stress
in Appendix-H, where the stress distribution is also shown .

6.13.1. Nominal stress determination using three axle loads (six load patches)
The nominal stress is defined as the far-field stress as stated in Chapter-2. For the determination of
nominal stress, the OSD variant-1 and OSD variant-2 from Table 6.1 are subjected to loading from truck
type-3 (FLM-4), according to the Eurocode 1 (EN 1991-2) [4] as shown in Figure 6.24. The rear axles
of the truck type-3 are used in the study. Three axle loads of 90 kN each and axle type C are chosen
to have a realistic load on the deck plate. For getting an idea about the nominal stress, the stress at a
distance of 1 m away from the wheel load are shown for both the light and heavy geometric variants of
OSD in Figure 6.24.

Figure 6.24: The three axles of type C having an axle load of 90 kN each

The stress profiles are also shown in Figure 6.25 and the deformations are shown in Figure 6.26.
Table 6.3 shows the stress at the top and bottom of crossbeam at a distance of 1 m away from the
wheel load location.The maximum vertical deformation is also shown in Table 6.3.
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Figure 6.25: Stress distribution at top of crossbeam (deck plate)

Figure 6.26: Deformation of bottom flange of crossbeam

Table 6.3: Summary of nominal stress results for both the light and heavy OSD variants

Load : 3 axle loads of 90 kN each

Geometry
Variants

Stress at 1 m from wheel load
at top of crossbeam (deck plate)

(MPa)

Stress at 1 m from wheel load
at bottom of crossbeam (bottom flange)

(MPa)

Deformation
(mm)

Variant 1
(light OSD variant) -8 45 3.8

Variant 2
(heavy OSD variant) -3 14 1.0

It can be assumed that the stress at 1 m away from the load location is the nominal stress. The
heavy variant of OSD showed lower value of nominal stress (14 MPa) compared to the light variant of
OSD (45 MPa) at the bottom flange of the crossbeam. This is because the depth of crossbeam for the
old geometric variant is 650 mm and that of the new geometric variant is 1000 mm. Another reason
for the decrease in nominal stress in the new variant is that the plate thickness of components of the
new variant are more than that of the old variant (according to Figure 6.1). From the stress values at
1 m away from the bottom of the wheel load, it is concluded that the dimensions of the light and heavy
OSD variants are such that it gave logical values of stress far away from the investigated detail.
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6.13.2. Preliminary parametric study on OSD

Load case 1: Pure in-plane bending of the crossbeam - The stress distribution perpendicular to
the weld toe is investigated under LC-1 for all the numerical models of both the OSD variants. Figure
6.27 shows the stress distribution in the crossbeam and stiffeners for the numerical models subjected
to load case LC-1. The stress gradient in the crossbeam for shell model with welds is found to be
similar to that of the solid model. The nominal stress values are almost same for the shell and solid
models in the horizontal stiffener direction.

Figure 6.27: Stress distribution perpendicular to weld toe under LC-1

Load case 2: Pure out-of-plane bending of the crossbeam - Here again, the stress distribution
perpendicular to the weld toe is investigated under LC-2 for all the numerical models for both the OSD
variants. The appropriate mesh size of 2 mm is selected after a mesh sensitivity study, for both the shell
and solid element models. Figure 6.28 shows the stress distribution in the crossbeam and stiffener for
the numerical models subjected to load case LC-2.

Figure 6.28: Stress distribution perpendicular to weld toe under LC-2
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Load case 3: Pure in-plane bending of the crossbeamwith local load introduction - The stress
perpendicular to the weld toe is investigated for load cases LC-3a and LC-3b (as shown in Figure 1).
The appropriate mesh size is selected after a mesh sensitivity study, for both the shell and solid el-
ement models. Figures 6.29 and 6.30 shows the stress distribution of the numerical models for load
cases: LC-3a and LC-3b.

Load directly on top of the stiffener (LC3a): It is observed that just like for load case LC-1, the
stress gradient of shell model with welds is same as that of the solid model in the crossbeam.

Figure 6.29: Stress distribution perpendicular to weld toe under LC-3a

Load in between the stiffeners (LC3b): It is observed that in this load case also the stress gradient
of shell model with welds is same as that of the solid model for the crossbeam (just like LC-1 and LC-3a).

Figure 6.30: Stress distribution perpendicular to weld toe under LC-3b

The structural hot-spot stress (SHSS) values are calculated for all the above load cases and for the
five different numerical models of the light and heavy variant (variant 1 and 2). The stress perpendicular
to the weld toe is used in the computation of SHSS. The ratio of the SHSS of shell to that of solid is also
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calculated. However, this ratio is not consistent for the different load cases. Moreover, modelling the
welds with shell elements also changed the ratio of SHSS for different load cases. The SHSS results
are summarised in Table 6.4.

Table 6.4: Summary of SHSS results of a preliminary parametric investigation with four load cases

Geometry
variant Location Load

case
Solid Shell Shell+weld

IIW
Shell+weld
Eriksson

Shell+weld
IIW+Eriksson Ratio

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

Ratio SHSS
shell/solid

Ratio SHSS
shell+weld
IIW/solid

Ratio SHSS
shell+weld

Eriksson/solid

Ratio SHSS
shell+weld

IIW+Eriksson/solid

Variant - 1
(light variant

OSD)

Crossbeam

LC1 5.2 27.1 5.6 8.0 5.3 5.25 1.09 1.54 1.03
LC2 -93.7 -134.7 -109.0 -80.2 -100.8 1.44 1.16 0.86 1.08
LC3a 11.9 65.6 9.6 13.4 11.1 5.51 0.80 1.13 0.94
LC3b 23.6 34.8 23.4 24.7 21.6 1.48 0.99 1.05 0.91

Stiffener -
horizontal

LC1 -135.6 -127.9 -137.4 -132.1 -143.2 0.94 1.01 0.97 1.06
LC2 -1.9 -9.0 -7.1 -2.5 -1.9 4.82 3.83 1.32 1.02
LC3a -1.0 -1.6 -4.7 -0.5 -1.0 1.65 4.76 0.49 1.04
LC3b 41.9 41.8 41.1 47.4 45.3 1.00 0.98 1.13 1.08

Variant -2
(heavy variant

OSD)

Crossbeam

LC1 2.0 11.0 0.4 3.5 2.3 5.39 0.20 1.73 1.11
LC2 -36.6 -51.9 -39.0 -46.9 -36.6 1.42 1.07 1.28 1.00
LC3a 5.5 26.8 4.3 5.7 5.9 4.85 0.78 1.04 1.08
LC3b 9.9 16.8 9.8 9.9 10.1 1.69 0.99 0.99 1.02

Stiffener -
horizontal

LC1 -51.9 -51.7 -56.3 -58.9 -51.8 1.00 1.09 1.14 1.00
LC2 -2.0 -9.3 -7.3 -1.7 -1.9 4.53 3.55 0.82 0.92
LC3a -0.2 -0.2 -0.4 -0.4 -0.2 0.84 2.10 2.02 0.97
LC3b 11.6 10.1 9.9 12.9 11.4 0.87 0.86 1.11 0.98

From the table, it can be seen that the SHSS ratio of shell/solid has a big range of 1.42-5.51 for the
crossbeam and 0.84-4.82 for the stiffener. This amount of deviation in both variants for standard load
cases is not acceptable. The maximum difference in hot-spot stress between shell and solid model
in crossbeam is 53.7 MPa. This is observed for LC-3a in variant-1 where the SHSS of solid model
is 11.9 MPa. The maximum difference in hot-spot stress between shell and solid model in stiffener is
7.7 MPa. This is observed for LC-1 in variant-1 where the SHSS of the solid model is -135.6 MPa.
These differences are huge and cannot be accepted. Thus, the regular shell model cannot be used
to determine SHSS for the investigated detail. After using the combined weld modelling approach,
the SHSS ratio is within a range of 0.91-1.08 for the crossbeam and 0.92-1.08 for the stiffener. Also,
the differences between the SHSS of solid model and the shell+weld model using the combined ap-
proach is less and is thus considered acceptable. The SHSS values of the heavy OSD variant are
lower than that of the light OSD variant for all the investigated load cases. This is due to the effect of
thickness of the heavy variant which reduces the stress concentrations (Figure 6.1). Initially a large
difference is observed between the SHSS of shell and solid. After modelling welds with shell elements,
the difference in SHSS reduced. For the crack in crossbeam, the shell+weld combined IIW+Eriksson
model gives a mean value of SHSS ratio is 1.02 and the CV is 6.8%. For the crack in stiffener, the
shell+weld combined IIW+Erikssonmodel gives amean value of SHSS ratio is 1.01 and the CV is 5.1%.

Study on through thickness in crossbeam: The main difference between type-“c” and type-“b”
hot-spot types lies in the stress distribution through the thickness of the plate with anticipated cracking.
While the stress in type-“c” hot-spots varies substantially through the thickness of the cracked plate, it
is more uniform in type-“b” hot-spots. The selected paths for stress extraction is shown in (Figure 6.32.

Figure 6.31: Study on through thickness in crossbeam
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The stresses are extracted through the thickness of the crossbeam as shown in Figure 6.31 for the
critical points of maximum hot-spot stress for the 3 transverse axle load positions. From the above
figures, it is concluded that since the stress distribution through the thickness is non-uniform, the rec-
ommended hot-spot type for the crossbeam would be type-”c”. However, the SHSS calculation for
influence lines is done using both hot-spot types type-”b” and type-”c” for the sake of comparison.

Figure 6.32: Stress distribution through the thickness of crossbeam for both OSD variants

Study on different paths in crossbeam above the cope hole: Two different paths one at 10 mm
and other at 20 mm above the cope hole are selected for the reference load LC-1 (Figure 6.33) in
variant-1.

Figure 6.33: Study on different paths in crossbeam above cope hole for LC-1

Stresses from two additional paths were studied in order to make sure that the critical location is
at the investigated path. The critical location may not always be at the investigated path. The stress
distribution perpendicular to the weld toe for all the numerical models is plotted for the crossbeam as
shown in Figure 6.34.

Figure 6.34: Stress distribution perpendicular to weld toe under LC-1 (in-plane loading)



6.13. Numerical analysis of OSD 106

6.13.3. Main parametric study (Influence lines of SHSS for light OSD variant)
In this section, the SHSS influence lines are plotted, and the critical points are determined for the 3
transverse axle load paths as mentioned in Figures 6.17, 6.18 and 6.19. These three load paths have
a spacing of 75 mm from each other in the transverse (x) direction. The origin of the influence lines is
taken at the second crossbeam. The right side of the influence line from origin is taken as positive part
and the left side is taken as negative part of the influence line diagram. The hot-spot stress influence
lines for both the crossbeam and the stiffener are plotted over the deck plate starting from the first
crossbeam (z = -2000 mm) to the third crossbeam (z = +2000 mm).

Axle load path 1 (Load applied on top of stiffener): Figure 6.35 and Figure 6.36 show the SHSS
influence lines of variant 1 and for axle load path 1 in crossbeam where the hot-spot stress is calculated
using type-“c” and type-“b” calculation procedure as mentioned in section 6. The SHSS of all the six
different models are shown.

Figure 6.35: SHSS influence lines of crossbeam for variant 1 (old OSD) and axle load path 1 based on type-c calculation

Figure 6.36: SHSS influence lines of crossbeam for variant 1 (old OSD) and axle load path 1 based on type-b calculation

The SHSS influence lines from the above figures clearly show that the classification of hot-spot type
is very important for a detail under investigation. The hot-spot stress obtained from type-“b” calculation
are higher than that obtained from type-“c” calculation.

From the SHSS influence lines of crossbeam, it is observed that there is a huge difference in SHSS
between the shell and solid models (Figure 6.35 and Figure 6.36). This gap is reduced when the welds
are modelled using the Eriksson’s approach [20] by increasing the thickness of the shell elements at
the weld region. The maximum and minimum value of hot-spot stress from the solid model influence
line is observed at z = +600 mm and z = -800 mm respectively from the middle crossbeam (Table 6.5).

For the stiffener, the investigated hot-spot is of type-“a”. Thus, the influence lines for stress in the
horizontal direction along the stiffener is selected for determination of the critical locations of the OSD.
Figure 6.37 shows the SHSS influence lines of variant 1 and for axle load path 1 for stiffener. The
maximum and minimum value of hot-spot stress from the solid model influence line is observed at z =
0 mm and z = -800 mm respectively from the middle crossbeam (Table 6.5).



6.13. Numerical analysis of OSD 107

Figure 6.37: SHSS influence lines of stiffener for variant 1 (old OSD) and axle load path 1 based on type-a calculation

Axle load path 2 (Load applied in between two stiffeners)): Just like for axle load path 1, Figure
6.38 and 6.39 show the SHSS influence lines of variant 1 and for axle load path 2 for crossbeam.

Figure 6.38: SHSS influence lines of crossbeam for variant 1 (old OSD) and axle load path 2 based on type-c calculation

Figure 6.39: SHSS influence lines of crossbeam for variant 1 (old OSD) and axle load path 2 based on type-b calculation

Figure 6.40: SHSS influence lines of stiffener for variant 1 (old OSD) and axle load path 2 based on type-a calculation

Figure 6.40 shows the SHSS influence lines of variant 1 and for axle load path 2 for stiffener. In
this case, it can be seen that at the critical locations, the shell model with and without welds give SHSS
values which are close to the SHSS obtained from the solid model.
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Axle load path 3 (Load applied in between path 1 and 2))): Similar to axle load path 1 and 2,
Figure 6.41 and 6.42 shows the SHSS influence lines of variant 1 and for axle load path 3 for crossbeam.

Figure 6.41: SHSS influence lines of crossbeam for variant 1 (old OSD) and axle load path 3 based on type-c calculation

Figure 6.42: SHSS influence lines of crossbeam for variant 1 (old OSD) and axle load path 3 based on type-b calculation

Figure 6.43 shows the SHSS influence lines of variant 1 and for axle load path 3 for stiffener. In
this case also, it can be seen that at the critical locations, the shell model with and without welds give
SHSS values which are close to the SHSS obtained from the solid model.

Figure 6.43: SHSS influence lines of stiffener for variant 1 (old OSD) and axle load path 3 based on type-a calculation

The Eriksson’s method [20] of weld modelling gave good results when compared to the SHSS
obtained from the solid model for the light OSD variant. However, there is a small underestimation
of SHSS at the critical locations. The IIW approach [40] of weld modelling on the other hand gave
overestimated SHSS values in comparison to the solid element model at the critical locations. The
combined method of weld modelling by Eriksson and IIW showed good results in comparison to both
the above mentioned methods. From the SHSS influence line study on the light OSD variant, 6 critical
points can be identified as shown in Table 6.5. These critical locations have been further investigated
in the subsequent sections.
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6.13.4. Main parametric study (Influence lines of SHSS for heavy OSD variant)
Similar to the light OSD variant, the SHSS influence lines are plotted, and the critical points are deter-
mined for the new OSD variant having the same 3 transverse axle load paths as mentioned in Figure
6.17, 6.18 and Figure 6.19.

Axle load path 1 (Load applied on top of stiffener): Figure 6.44 and 6.45 show the SHSS influ-
ence lines of variant 2 and for axle load path 1 for crossbeam where the hot-spot stress is calculated
using type-“c” and type-“b” calculation procedure as mentioned in section 6. The SHSS of all the six
different models are shown.

Figure 6.44: SHSS influence lines of crossbeam for variant 2 (new OSD) and axle load path 1 based on type-c calculation

Figure 6.45: SHSS influence lines of crossbeam for variant 2 (new OSD) and axle load path 1 based on type-b calculation

The SHSS influence lines in stiffener for variant 2 in axle load path 1 is shown in Figure 6.46 where
the hot-spot stress is calculated using type-a calculation procedure.

Figure 6.46: SHSS influence lines of stiffener for variant 2 (new OSD) and axle load path 1 based on type-a calculation

Axle load path 2 (Load applied in between two stiffeners): Just like for axle load path 1, Figure
25 shows the SHSS influence lines of variant 2 and for axle load path 2 for crossbeam. The hot-spot
stress is calculated using type-c and type-b calculation procedure. It is observed that the shell model
with welds modelled using the Eriksson’s approach gave good results for hot-spot stress in crossbeam
compared to the solid model.
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Figure 6.47: SHSS influence lines of crossbeam for variant 2 (new OSD) and axle load path 2 based on type-c calculation

Figure 6.48: SHSS influence lines of crossbeam for variant 2 (new OSD) and axle load path 2 based on type-b calculation

The SHSS influence lines in stiffener for variant 2 in axle load path 2 is shown in Figure 6.49 where
the hot-spot stress is calculated using type-a calculation procedure.

Figure 6.49: SHSS influence lines of stiffener for variant 2 (new OSD) and axle load path 2 based on type-a calculation

Axle load path 3 (Load applied in between path 1 and 2): Similar to axle load path 1 and 2,
Figure 6.50 shows the SHSS influence lines of variant 2 and for axle load path 3 for crossbeam where
the hot-spot stress is calculated using type-c and type-b calculation procedure. The SHSS influence
lines in stiffener for variant 2 in axle load path 3 is shown in Figure 6.52 where the hot-spot stress is
calculated using type-a calculation procedure.

Figure 6.50: SHSS influence lines of crossbeam for variant 2 (new OSD) and axle load path 3 based on type-c calculation
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Figure 6.51: SHSS influence lines of crossbeam for variant 2 (new OSD) and axle load path 3 based on type-b calculation

Figure 6.52: SHSS influence lines of stiffener for variant 2 (new OSD) and axle load path 3 based on type-a calculation

6.14. Determination of critical points based on axle load paths 1, 2
and 3

The critical points are determined from the influence lines for three transverse axle load paths 1, 2
and 3 which are equally spaced at 75 mm from each other. The longitudinal distance of these critical
points are calculated from the middle crossbeam. From Tables 6.5 and 6.6, twelve different critical
points can be identified for both the light and heavy variants of the OSD. For all these critical points,
the stress distribution perpendicular to weld toe and the maximum principal stress are shown in the
following sections.

Table 6.5: Critical points for the 3 transverse axle load paths for variant 1 (old OSD)

Component of OSD (old) Crossbeam Stiffener

Axle load paths

Maximum
SHSS
location

Minimum
SHSS
location

Maximum
SHSS
location

Minimum
SHSS
location

Distance from the middle crossbeam (mm)
Axle load path 1 600 -800 0 -800
Axle load path 2 -200 200 -200 900
Axle load path 3 700 -900 -100 900

Table 6.6: Critical points for the 3 transverse axle load paths for variant 2 (new OSD)

Component of OSD (new) Crossbeam Stiffener

Axle load paths

Maximum
SHSS
location

Minimum
SHSS
location

Maximum
SHSS
location

Minimum
SHSS
location

Distance from the middle crossbeam (mm)
Axle load path 1 600 -800 0 -800
Axle load path 2 800 -1000 -200 900
Axle load path 3 700 -900 -100 900
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6.14.1. Critical points for light OSD variant based on S11

Axle load path 1 – Load on top of stiffener:

Figure 6.53: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 1 of variant 1

Figure 6.54: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
1 of variant 1

Axle load path 2 – Load between stiffeners:

Figure 6.55: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 2 of variant 1

Figure 6.56: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
2 of variant 1
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Axle load path 3 – Load between axle load paths 1 and 2:

Figure 6.57: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 3 of variant 1

Figure 6.58: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
3 of variant 1

6.14.2. Critical points for heavy OSD variant based on S11

Axle load path 1 – Load on top of stiffener:

Figure 6.59: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 1 of variant 2

Figure 6.60: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
1 of variant 2
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Axle load path 2 – Load between stiffeners:

Figure 6.61: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 2 of variant 2

Figure 6.62: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
2 of variant 2

Axle load path 3 – Load between axle load paths 1 and 2:

Figure 6.63: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 3 of variant 2

Figure 6.64: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
3 of variant 2
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The stress perpendicular to weld toe (S11) is used for the calculation of hot-spot stress for the
critical points. From Figures 6.53 - 6.64, it can be observed that the shell+weld combined model is
the best in comparison to the other weld modelling approaches. The stress gradients obtained from
the shell+weld combined model is similar to the stress gradient obtained from the solid element model.
For the crossbeam, it is observed that the stress gradient of the regular shell model is steeper than
that of the solid model. For the stiffener, the stress gradients of both the regular shell and solid models
are flat. A comparison of stress gradients and stress value at 30 mm away from weld toe is made for
the numerical models. After comparing all the weld modelling approaches with shell elements, it is
found that the combined weld modelling approach is the best one in comparison to the solid model. In
Appendix-I, the same procedure is applied but with maximum principal stress. Table 6.7 and 6.8 shows
the ratio of SHSS for light and heavy variant OSD respectively.

Table 6.7: SHSS values and ratios for light variant OSD based on stress perpendicular to weld toe

Variant 1

(Light variant OSD)

Axle Load Path 1 Axle Load Path 2 Axle Load Path 3
Crossbeam Stiffener Crossbeam Stiffener Crossbeam Stiffener

Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima

Numerical Model SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

Solid 72.32 -86.02 22.78 -120.44 53.03 -31.56 114.54 -87.53 58.01 -68.54 62.23 -111.44
Shell 174.34 -73.93 19.12 -126.45 119.04 -42.16 122.00 -79.90 130.54 -53.90 62.72 -97.47

Shell shifted 25.58 -47.09 21.97 -112.79 41.08 -35.14 89.20 -77.21 18.97 -34.61 55.40 -99.74
Shell+weld IIW 92.44 -102.26 17.05 -131.05 48.62 -25.38 133.31 -89.90 73.27 -78.82 69.64 -109.44

Shell+weld Eriksson 65.95 -77.49 22.70 -121.71 49.12 -34.71 118.61 -85.97 54.08 -63.42 68.66 -110.13
Shell+weld IIW+Eriksson 83.51 -94.66 24.10 -120.33 54.62 -31.74 116.11 -87.09 65.07 -71.85 67.21 -110.54

Ratio
SHSS shell/solid 2.41 0.86 0.84 1.05 2.24 1.34 1.07 0.91 2.25 0.79 1.01 0.87

SHSS shell shifted/solid 0.35 0.55 0.96 0.94 0.77 1.11 0.78 0.88 0.33 0.50 0.89 0.90
SHSS shell+weld (IIW)/solid 1.28 1.19 0.75 1.09 0.92 0.80 1.16 1.03 1.26 1.15 1.12 0.98

SHSS shell+weld (Eriksson)/solid 0.91 0.90 1.00 1.01 0.93 1.10 1.04 0.98 0.93 0.93 1.10 0.99
SHSS shell+weld (IIW+Eriksson)/solid 1.15 1.10 1.06 1.00 1.03 1.01 1.01 0.99 1.12 1.05 1.08 0.99

Table 6.8: SHSS values and ratios for heavy variant OSD based on stress perpendicular to weld toe

Variant 2

(Heavy variant OSD)

Axle Load Path 1 Axle Load Path 2 Axle Load Path 3
Crossbeam Stiffener Crossbeam Stiffener Crossbeam Stiffener

Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima

Numerical Model SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

Solid 24.76 -33.32 9.15 -51.19 11.59 -14.75 26.06 -34.78 20.57 -27.40 17.88 -42.52
Shell 62.80 -33.69 7.80 -52.99 32.27 -15.50 30.30 -32.82 49.84 -26.10 15.13 -38.17

Shell shifted 13.22 -23.31 9.31 -45.61 3.97 -10.68 23.98 -31.58 9.84 -18.03 16.08 -39.22
Shell+weld IIW 30.55 -37.39 6.55 -55.07 13.36 -17.41 32.16 -37.23 26.35 -30.45 15.90 -43.19

Shell+weld Eriksson 23.07 -30.77 9.32 -46.13 11.94 -13.87 29.98 -35.29 20.71 -26.46 18.40 -43.31
Shell+weld IIW+Eriksson 28.26 -35.61 9.21 -52.18 11.68 -16.23 28.67 -34.82 21.82 -26.99 17.82 -41.52

Ratio
SHSS shell/solid 2.54 1.01 0.85 1.04 2.78 1.05 1.16 0.94 2.42 0.95 0.85 0.90

SHSS shell shifted/solid 0.53 0.70 1.02 0.89 0.34 0.72 0.92 0.91 0.48 0.66 0.90 0.92
SHSS shell+weld (IIW)/solid 1.23 1.12 0.72 1.08 1.15 1.18 1.23 1.07 1.28 1.11 0.89 1.02

SHSS shell+weld (Eriksson)/solid 0.93 0.92 1.02 0.90 1.03 0.94 1.15 1.01 1.01 0.97 1.03 1.02
SHSS shell+weld (IIW+Eriksson)/solid 1.14 1.07 1.01 1.02 1.01 1.10 1.10 1.00 1.06 0.99 1.00 0.98

From the above tables, it is clearly observed that the regular shell model is not suitable for hot-spot
stress determination for both the crack in crossbeam and the crack in stiffener. This is because it gives
either extremely overestimated or extremely underestimated SHSS results compared to the solid ele-
ment model. After application of a shift of weld leg length plus half the thickness of the attached plate,
the hot-spot stress did not improve with respect to the solid element model. Only after application of
weld modelling with shell elements, the hot-spot stress ratio improved. The consistency in the ratio of
hot-spot stress is explained in detail in the following sections.

It is also observed that there is a difference in hot-spot stress value calculated using maximum prin-
cipal stress (Appendix-I) and that calculated using stress perpendicular to weld toe. This is because,
the direction of the maximum principal stress varied for different critical load locations. The maximum
and minimum values of hot-spot stress obtained from shell+weld combined model, for both stiffener
and crossbeam are considered as acceptable when compared to the solid model.

Figures 6.65 and 6.66 shows a histogram where all the different strategies to model shell elements
are mentioned. This is done in order to have a visual representation of the improvement in the hot-spot
stress ratio with different weld modelling approaches with shell elements. There are three transverse
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axle load positions and for each load position there are four critical points (maximum SHSS and mini-
mum SHSS of crossbeam and stiffener). Thus, in total there are 12 critical points in the OSD. These
12 critical points are shown in the histogram.

Figure 6.65: Histogram of SHSS ratio for different numerical models of light variant OSD based on stress perpendicular to weld
toe

Figure 6.66: Histogram of SHSS ratio for different numerical models of heavy variant OSD based on stress perpendicular to weld
toe

From Figures 6.65 and 6.66, the bars represent the ratio of hot-spot stress obtained from a particular
modelling strategy to that from the solid model. It is clear, that the normal shell model does not give
proper hot-spot stress results compared to the solid model. After application of a shift of the weld leg
length plus half the thickness of plate, the results still did not improve compared to the solid model. It is
seen from both the histograms that the pink bars are very close to unity which represent the combined
approach of IIW and Eriksson. The deformed mesh and contour plots of stress and deformation are
shown in Appendix-H for all the numerical models of the OSD. Here also, the limits of the scale of the
contour plots have been taken to be the same for a better comparison between the numerical models.
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6.15. Calculation of statistical parameters
Coefficient of variation: In statistics, the coefficient of variation (CV), also known as relative standard
deviation (RSD), is a standardized measure of dispersion of a probability distribution or frequency
distribution. It is defined as the ratio of the standard deviation σ to the mean μ. The following equations
are used for the calculation of the statistical parameters.

Table 6.9 and 6.10 shows the coefficient of variation of SHSS ratios on crossbeam for the light and
heavy OSD variants. Similarly, Table 6.11 and 6.12 shows the coefficient of variation of SHSS ratios on
stiffener for the light and heavy OSD variants. It can be observed that the CV reduces to approximately
5.4% for crossbeam and to 4.0% for stiffener after using the combined approach of weld modelling with
shell elements. Also, the mean value of SHSS ratio data-set is found to be close to 1 in both stiffener
and crossbeam after weld modelling.

Table 6.9: Coefficient of variation for SHSS ratios in crossbeam for light OSD variant

Variant-1 (Light OSD)

Axle load Component Ratio SHSS
shell/solid

Ratio SHSS
shell shifted/solid

Ratio SHSS
shell+weld
(IIW)/solid

Ratio SHSS
shell+weld

(Eriksson)/solid

Ratio SHSS
shell+weld

(IIW+Eriksson)/solid
Axle load
path-1

Crossbeam (max) 2.41 0.35 1.28 0.91 1.15
Crossbeam (min) 0.86 0.55 1.19 0.90 1.10

Axle load
path-2

Crossbeam (max) 2.24 0.77 0.92 0.93 1.03
Crossbeam (min) 1.34 1.11 0.80 1.10 1.01

Axle load
path-3

Crossbeam (max) 2.25 0.33 1.26 0.93 1.12
Crossbeam (min) 0.79 0.50 1.15 0.93 1.05

Statistical
parameters

Mean (μ) 1.65 0.60 1.10 0.95 1.08
SD (σ) 0.74 0.30 0.19 0.07 0.06
CV 0.45 0.49 0.18 0.08 0.05

CV (%) 45.1% 49.2% 17.7% 7.9% 5.4%

Table 6.10: Coefficient of variation for SHSS ratios in crossbeam for heavy OSD variant

Variant-2 (heavy variant OSD)

Axle load Component Ratio SHSS
shell/solid

Ratio SHSS
shell shifted/solid

Ratio SHSS
shell+weld
(IIW)/solid

Ratio SHSS
shell+weld

(Eriksson)/solid

Ratio SHSS
shell+weld

(IIW+Eriksson)/solid
Axle load
path-1

Crossbeam (max) 2.54 0.53 1.23 0.93 1.14
Crossbeam (min) 1.01 0.70 1.12 0.92 1.07

Axle load
path-2

Crossbeam (max) 2.78 0.34 1.15 1.03 1.01
Crossbeam (min) 1.05 0.72 1.18 0.94 1.10

Axle load
path-3

Crossbeam (max) 2.42 0.48 1.28 1.01 1.06
Crossbeam (min) 0.95 0.66 1.11 0.97 0.99

Statistical
parameters

Mean (μ) 1.79 0.57 1.18 0.97 1.06
SD (σ) 0.87 0.15 0.07 0.04 0.06
CV 0.49 0.26 0.06 0.05 0.05

CV (%) 48.6% 25.9% 5.6% 4.5% 5.4%



6.15. Calculation of statistical parameters 118

Table 6.11: Coefficient of variation for SHSS ratios in stiffener for light OSD variant

Variant-1 (light variant OSD)

Axle load Component Ratio SHSS
shell/solid

Ratio SHSS
shell shifted/solid

Ratio SHSS
shell+weld
(IIW)/solid

Ratio SHSS
shell+weld

(Eriksson)/solid

Ratio SHSS
shell+weld

(IIW+Eriksson)/solid
Axle load
path-1

Stiffener (max) 0.84 0.96 0.75 1.00 1.06
Stiffener (min) 1.05 0.94 1.09 1.01 1.00

Axle load
path-2

Stiffener (max) 1.07 0.78 1.16 1.04 1.01
Stiffener (min) 0.91 0.88 1.03 0.98 0.99

Axle load
path-3

Stiffener (max) 1.01 0.89 1.12 1.10 1.08
Stiffener (min) 0.87 0.90 0.98 0.99 0.99

Statistical
parameters

Mean (μ) 0.96 0.89 1.02 1.02 1.02
SD (σ) 0.10 0.06 0.15 0.05 0.04
CV 0.10 0.07 0.15 0.04 0.04

CV (%) 9.9% 7.1% 14.5% 4.4% 3.6%

Table 6.12: Coefficient of variation for SHSS ratios in stiffener for heavy OSD variant

Variant-2 (heavy variant OSD)

Axle load Component Ratio SHSS
shell/solid

Ratio SHSS
shell shifted/solid

Ratio SHSS
shell+weld
(IIW)/solid

Ratio SHSS
shell+weld

(Eriksson)/solid

Ratio SHSS
shell+weld

(IIW+Eriksson)/solid
Axle load
path-1

Stiffener (max) 0.85 1.02 0.72 1.02 1.01
Stiffener (min) 1.04 0.89 1.08 0.90 1.02

Axle load
path-2

Stiffener (max) 1.16 0.92 1.23 1.15 1.10
Stiffener (min) 0.94 0.91 1.07 1.01 1.00

Axle load
path-3

Stiffener (max) 0.85 0.90 0.89 1.03 1.00
Stiffener (min) 0.90 0.92 1.02 1.02 0.98

Statistical
parameters

Mean (μ) 0.96 0.93 1.00 1.02 1.02
SD (σ) 0.12 0.05 0.18 0.08 0.04
CV 0.13 0.05 0.18 0.08 0.04

CV (%) 12.8% 5.0% 17.8% 7.7% 4.3%

Figure 6.67 shows the scattering of SHSS ratios in the form of a coefficient of variation (CV) his-
togram. The SHSS ratio of shell/solid and of shell shifted/solid showed a huge variation for the cross-
beam. However, for the stiffener, the shell+weld model developed using the IIW approach showed the
maximum amount of variation.

Figure 6.67: Coefficient of variation for SHSS ratios

From the coefficient of variation (CV) histogram of the current study, it can be seen that there is a
sufficient improvement of the difference of SHSS ratio after weld modelling with shell elements using
the combined approach. The critical points obtained from the influence line study from three transverse
axle load positions are also assessed for SHSS obtained from maximum principal stress in Appendix-H
as an additional study. However, it is observed that the angle of the maximum principal stress varied
for every load position. Thus, it is recommended to use the stress perpendicular to weld toe for finding
the SHSS of such details in OSDs.



7
Results and Discussion

“Everything should be made as simple as possible, but not simpler. If you can’t explain it
simply, you don’t understand it well enough.”

Albert Einstein

In this chapter, all the analyses results of the current study have been explained in a sequential
manner. A similar study is performed on the connection of longitudinal closed stiffener to crossbeam in
an OSD by Dennis van der Ende (Master thesis; MSc candidate, TU Delft) [19]. The results obtained
from the analyses on closed stiffener-to-crossbeam connection has also been stated in this chapter.
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7.1. Results and discussion
In Chapter-3, two different types of welded connections are validated and analysed. The first detail is a
single side fillet welded longitudinal plate joint (Śledziewski [54]). In this detail, the stress concentration
is observed at the base plate surface near the edge of the longitudinal attachment. The second detail
is a double side fillet welded transverse cruciform joint (Karabulut and Lombaert [31]). In, this detail,
the stress concentration is observed at the base plate surface near the middle of the transverse plate.
Thus, the hot-spot is of type-“a” for both the details. A brief discussion on the results obtained from the
analyses of these two details is mentioned as follows:

• Single side fillet welded longitudinal plate joint (detail type a): This detail is subjected to two
types of load cases, uniform tension and bending. At first, the solid element model is validated
with the numerical results of Śledziewski [54] for tension load case. Then the regular shell element
model and the shell model with welds simulated using the IIW [40] approach are developed. For
detail type a, both the linear and quadratic extrapolation methods gave SHSS values which were
quite close to each other with a difference within 4% for the solid model and within 5% for the
shell model for both the load cases. In the next step, a parametric study is performed where the
thickness of the two connected plates are varied. From the parametric study for tension load
case (Table 3.11), it is found that there is a difference in the ratio of SHSS shell/solid in the range
of 0.96-1.13. This difference however, did not reduce when the shell elements are modeled with
welds using the increased thickness method according to the IIW [28] for this load case. From the
parametric study for bending (Table 3.18), it is found that there is again a considerable amount
of variation in the ratio of SHSS shell/solid in the range of 0.91-1.15. However, this variation is
reduced to some extent from a coefficient of variation (CV) of 7.0% to 4.6% by modelling the
welds with shell elements using increased thickness at the welded region according to IIW [28].

• Double side fillet welded transverse cruciform joint (detail type b): This detail is subjected
to pure tension. Initially, the solid element model is developed and validated with experimental
results of Karabulut and Lombaert [31] (Table 3.20). The SHSS results from the solid model with
linear extrapolation is 4.2% lower than the measured SHSS of 87.6 MPa. The SHSS results
from the solid model with quadratic extrapolation is 1.6% lower than the measured SHSS. This
difference in results is considered as acceptable and thus the solid model gave good results of
SHSS. The SHSS results from the shell model with linear extrapolation is 10.7% lower than the
measured SHSS. The SHSS results from the shell model with quadratic extrapolation is 11.3%
lower than the measured SHSS. This difference in results cannot be acceptable as the underesti-
mation is large with shell elements. Furthermore, the SHSS values from the shell element model
are consistently lower compared to the solid element model for all element types and mesh sizes.
This is because there is no stress concentration in the shell element model under tension. There-
fore, it can be concluded that the shell elements cannot be used to find SHSS for these types
of joints loaded in pure tension. Even after application of weld modelling with shell elements,
there will be no improvement in the SHSS for such details loaded under pure tension. Thus, it is
recommended to use the nominal stress method for analysing such details with shell elements.

Chapter-4 consists of numerical modelling and validation of a complex fillet welded connection
between deck-plate, open stiffener and crossbeam with a cope hole. It is observed that the average
percentage difference between the strain results from the solid model and the experimental strain mea-
surements is about 9% for the hot-spot region HS1 under a load range of 200 kN (Appendix-H). It is
also observed that the average percentage difference between the strain results from the shell model
with welds according to IIW approach [28] [40] and the experimental strain measurements is about 15%
under the hot-spot region ’HS1’ for a load range of 200 kN (Appendix-H). It is thought that the difference
in numerical strains between the solid element model and the experimental measurement data might
occur due to the presence of misalignment in geometry in the actual test specimen. In the numerical
model, the weld is modelled using ideal geometry having constant throat thickness. Another reason
might be due to inaccurate placing of strain gauges at the locations close to weld toe. This might lead
to a different measured strain value.

The SHSS obtained from the quadratic solid model is 4% lower than the experimental SHSS which
is thus viewed as a good result as it is within +/-5%. The SHSS obtained from the shell element model
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is significantly higher than the SHSS obtained from the solid element model by a factor of 3.48. (Table
4.4). From the research of Akhlaghi [10], this ratio of SHSS of shell to that of solid is 3.80 (Table 4.3).
This difference occurred as the solid element model in the present research is developed more realis-
tically compared to that developed in the research of Akhlaghi [10].

A parametric study is performed on this complex fillet welded detail with three load cases: LC-1:
in-plane bending of crossbeam, LC-2: out-of-plane bending of crossbeam and LC-3: in-plane bending
of crossbeam with local load introduction on top of the stiffener. The analysis is performed and SHSS
is determined for three different numerical models: solid element model, shell element model and shell
element model with welds modelled using the IIW approach [40]. It is found that weld modelling with
shell elements with increased thickness at the weld location (using IIW approach [28]) results in a re-
duction in the SHSS value compared to the original shell element model. The main reason behind this
is due to the addition of extra stiffness at the weld location. This reduction of ratio of SHSS of shell to
solid is from 3.48 to 1.00 for LC-1 and from 3.48 to 1.14 for LC-3 as shown in Table 4.5.

For LC-2, the shell modelling with welds does not prove to be very effective as the original shell
model without welds has better results. The origin of stress extraction is taken at the weld toe for the
solid model and the intersection of mid-planes of the plates for the shell model. The stress gradient of
the crossbeam at the investigated detail for the shell element model with welds is better compared to
the normal shell models for the in-plane behaviour of the crossbeam (Figure 4.22 and 4.26). For the
out-of-plane behaviour of the crossbeam, there is a high peak in stress value which is observed in the
shell model with welds Figure 4.24. It is also observed that the stress values at a distance 30 mm away
from the weld toe are same for all the numerical models and for all the load cases.

In Chapter-5, two types of fillet welded cruciform joints loaded in bending, are analysed for hot-spot
stress with shell and solid elements. A parametric analysis is performed on two geometrical variants
of the cruciform joint. The first one having the same thickness of crossbeam and stiffener plates as
that from the light variant OSD. The second one having the same thickness of crossbeam and stiffener
plates as that from the heavy variant OSD. These two types of fillet welded details are mentioned below:

• Transverse fillet welded cruciform joint: For the transverse fillet welded cruciform joint, the
solid element model is first developed with a support at the middle line of the two end surfaces.
Then the shell element model is developed using the middle surface offset approach. A compar-
ison between the regular shell and solid element model gives an overestimation of SHSS ratio,
with a big scatter in the range of 1.17-1.24 (Table 5.2). This scatter is reduced to 0.98-0.99, after
modelling the welds with shell elements using the Eriksson’s approach [20]. Not only the SHSS
but also the stress values at 50 mm away from the weld toe of solid model are close to the corre-
sponding values from the shell+weld Eriksson model. Similar behaviour is observed for both the
geometrical variants of the detail.

• Longitudinal fillet welded cruciform joint - For the longitudinal fillet welded cruciform joint,
SHSS is calculated from the shell model with welds using all the three approaches: Eriksson’s
approach [20], IIW approach [28] and the combined IIW and Eriksson’s approach. In a similar
manner, the solid and shell element model is developed with appropriate boundary conditions. A
comparison between the regular shell and solid element model gave an overestimation of SHSS
ratio, with a big scatter in the range of 1.11-1.16 (Table 5.3). Again, a similar behaviour is observed
for both the geometrical variants of the detail.

– The scatter of SHSS ratio is reduced to a range of 0.98-1.03, after modelling welds with shell
elements using IIW approach [40]. The mean value is 1.01 and CV is 1.9%.

– The scatter of SHSS ratio is reduced to a range of 0.96-0.98, after modelling welds with shell
elements using Eriksson’s approach [20]. The mean value is 0.97 and CV is 0.7%.

– The scatter of SHSS ratio is reduced to a range of 0.96-0.99, after modelling welds with shell
elements using combined approach. The mean value is 0.97 and CV is 1.8%.

Thus, SHSS values obtained after each of the weld modelling approaches, are close to the corre-
sponding SHSS values calculated from the solid model within +/-5% for both the representative bending
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load cases and also for the load combinations. It is concluded that for such details, the shell model
with welds gives a good prediction of the behaviour of stresses and deformation compared to the solid
model for both representative bending load cases as well as load combinations. The deformation for
both in-plane and out-of plane loading, is consistent after modelling of welds with shell elements.

Chapter-6 encapsulates a preliminary and a detailed parametric study on the OSD. Both of these
studies have been described as follows:

• Preliminary parametric study: This study is performed based on some representative load
cases using solid elements and shell elements with and without weld as described in section
6.13.2: LC-1 (in-plane bending), LC-2 (out-of-plane bending), LC-3a (in-plane bending with load
application on top of stiffener) and LC-3b (in-plane bending with load application in between stiff-
eners). The SHSS ratio is within a range of 0.91-1.08 for the crossbeam and 0.92-1.08 for the
stiffener as seen from Table 6.4 after using the combined weld modelling approach. The coef-
ficient of variation in SHSS ratio for crossbeam is 6.8% and that for stiffener is around 5.1%.
The stress gradient of the shell model with welds using the combined approach are also in good
agreement with that of the solid models for all the load cases.

• Detailed parametric study: This study is performed based on the influence lines for determina-
tion of critical points on the OSD. From the histograms Figures 6.65 and 6.66, it can be clearly
seen that the regular shell model is not feasible for determination of SHSS for this detail. After
application of a shift of weld leg length plus half the plate thickness in the shell model, the SHSS
ratio is extremely underestimated. Several weld modelling techniques with shell elements have
been investigated for the 12 critical locations of the OSD. Using the combined weld modelling
technique with shell elements (IIW [28] and Eriksson[20]), a consistent ratio of SHSS is obtained.
The stress gradient of the shell model with the combined weld modelling approach is closer to
that of the solid model within a range of 5-10% for the crossbeam and 1-5% for the stiffener. The
focus of this study is on the following two crack locations on OSD:

1. Crack in connection between open stiffener to crossbeam - current study

– Crack in crossbeam near the cope hole parallel to the weld: For the crack in cross-
beam the regular shell model is not suitable for calculation of hot-spot stress from struc-
tural intersection point. Huge variation is observed in the ratio of SHSS obtained from
the regular shell and solid elements. After weld modelling with shell elements using the
combined approach, the mean value of the SHSS ratio data-set is 1.07 and the CV is
5.4% for the crossbeam.

– Crack in web of open stiffener parallel to the weld toe: For the crack in stiffener also
the weld modelling is performed using the combined approach which resulted in a mean
value of SHSS ratio data-set of 1.02. The CV of the SHSS ratio is 4% for the stiffener.

2. Crack in connection between closed stiffener to crossbeam - (Dennis van der Ende [19])
In this study, the same combined approach of weld modelling with shell elements was rec-
ommended. A comparison study of the SHSS ratio was also made between the shell+weld
combined model and the solid element model.
– Crack in crossbeam near the soft toe parallel to the weld: The crack in crossbeam
for closed stiffener OSDs is investigated by Dennis van der Ende (Master thesis; MSc
candidate, TU Delft) [19]. This crack in the crossbeam started at some distance away
from the soft toe, parallel to the weld toe. Weld modelling using the combined approach
is investigated and the SHSS ratios are obtained. The SHSS ratio between solid and
shell model is found to be 0.79 using the combined weld modelling approach The CV
for the light variant is found to be 10.1% and for the heavy OSD variant is 6.1%.

– Crack in closed stiffener web starting at the lower end of the weld toe: The crack in
stiffener for closed stiffener OSDs is also investigated by Dennis van der Ende (Master
thesis; MSc candidate, TU Delft) [19]. The SHSS ratio between solid and shell model
is found to be 1.04 using the combined weld modelling approach. The CV for the light
variant is found to be 0.8% and for the heavy OSD variant is 2.2%.



8
Conclusions and Recommendations

“Curiosity has its own reason for existence. One cannot help but be in awewhenhe contem-
plates the mysteries of eternity, of life, of the marvelous structure of reality. It is enough
if one tries merely to comprehend a little of this mystery each day.”

Albert Einstein

In this chapter the conclusions are presented. The end of this chapter will sum up the answers to
the research questions in Chapter-1 followed by recommendations for further research.
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8.1. Conclusions
In this report, SHSS results on various simple and complex fillet welded details are investigated with
shell and solid finite elements. Different weld modelling approaches of the increased thickness method
with shell elements have been explored. An answer is found on the following research question:

What is the most consistent method for finding the stress range for fatigue assessment us-
ing shell elements compared to the hot-spot stress range using solid elements in modelling the
connection between the open stiffener and crossbeam with a cope hole in OSD bridges?

The following conclusions are drawn from this research:

1. From the initial study on a single side fillet welded longitudinal plate joint (detail type a), it can
be concluded that with regular shell elements a consistent ratio of SHSS shell/solid cannot be
obtained. There is a scatter in the ratio of SHSS between shell and solid elements in the range
of 0.96-1.13 for tension and 0.91-1.15 for bending. This scatter is dependent on type of loading
and thickness of connected plates. For this detail under bending, the coefficient of variation
(CV) of the SHSS ratio reduced from 7.0% to 4.6% with a mean value close to 1, after using
the weld modelling approach according to IIW [28]. Thus, it can be concluded that the weld
modelling approach with shell elements following the IIW recommendations [40] improves the
in-plane bending behaviour of detail type a. From the analysis of the transverse cruciform joint
under tension (detail type b), it is observed that for such details, the shell models and the shell
models with welds cannot be used to calculate the hot-spot stress. This is because, there is no
stress concentration at the connection between the plates. Thus, nominal stress approach is
recommended for shell models of detail type b.

2. The weld modelling approach of IIW [28] is then extended to the complex fillet welded detail of
deck-plate, crossbeam and stiffener with the presence of a cope hole. From the in-plane load
cases (LC-1 and LC-3), it can be concluded that the stress profile and the stress gradient of the
shell model with welds is similar to that of the solid model. Not only the SHSS value but also the
stress at a distance of 30 mm away from weld toe showed a good match between the solid and
shell model with welds. Similar behaviour is however, not observed for the out-of-plane load case
(LC-2). This is because, the weld modelling approach using shell elements from IIW [28], only
improved the in-plane stiffness of the joint and not the out-of-plane stiffness.

3. A parametric study on transverse and longitudinal cruciform joints with different load cases is
performed on two geometrical variants. From this analysis, it is found that the combined approach
of weld modelling using both the recommendations of IIW and Eriksson together gave a good
match of SHSS and deformations when they are compared with the solid model. The stress
values from solid model at a distance of 50 mm away from weld toe is also very well captured
by the shell model with welds. This is observed for all the standard load cases as well as for
combinations of those load cases. Thus, the combined approach of weld modelling using the
recommendations of IIW and Eriksson, improved both the in-plane and out-of-plane stiffness for
this detail.

4. The parametric study on OSD is divided into two parts: a preliminary parametric study and a
detailed parametric study.

• The influence of the effect of loading and geometry on the SHSS of OSD is studied by
performing a preliminary parametric study with heavy and light OSD variants. For the crack
in the crossbeam of OSD, it is recommended to define it as a “type-c” hot-spot instead of
“type-b” since the stress distribution through the thickness is non-uniform. From this study,
it is found that after weld modelling with shell elements using the combined approach of IIW
and Eriksson, less scatter is observed in the SHSS ratios. The mean value of SHSS ratio
for crossbeam is 1.02 and for stiffener is 1.01 for the reference load cases of the preliminary
parametric study. The coefficient of variation (CV) of the crossbeam is 6.8% and that of the
stiffener is around 5.1%.
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• From the detailed parametric investigation, it is found that SHSS obtained from the light OSD
variant is larger compared to the heavy OSD variant by a factor of approximately 3 for both
crossbeam and stiffener. The mean value of the SHSS ratio data-set is 1.07 for crossbeam
and 1.02 for the stiffener. The coefficient of variation (CV) of the SHSS ratio is 5.4% for
the crossbeam and 4% for the stiffener. From the stress profiles of the critical points, it is
observed that stress gradient of the shell model with the combined weld modelling approach
is closer to that of the solid model.

For the details having cope holes in OSD, the normal shell elements are not suitable for fatigue
assessment from hot-spot stress method using surface extrapolation. This is due to the insufficient
stiffness at the weld region and this can be solved by modelling welds with shell elements to incorporate
the additional weld stiffness. The solid elements provided enough accuracy in the determination of
hot-spot stress for both simple details, complex details and for the OSD. It is thus concluded that
the combined weld modelling technique with shell elements could be used for accurate fatigue life
assessment of the investigated detail using hot-spot stress method, where the measure of accuracy is
with respect to solid elements.

8.2. Recommendations
Based on the results presented in this report, some aspects which require more detailed investigation
have appeared. Those recommendations for further research have been presented in this section.

• Further research is required on calculation of SHSS in case of multi-axial stress state in welded
details. In order to correctly use the hot-spot stress to predict multi-axial fatigue strength, it should
be resolved into two stress components: one perpendicular to weld toe and the other one parallel
to the weld toe. This is because, from this research, it is observed that for bi-axial stress state,
some differences occur between the stress perpendicular to weld toe, the maximum principal
stress and the minimum principal stress components.

• A detailed investigation of different types of cope holes is required. In this thesis, circular shaped
cope holes have been studied. It is recommended to also perform a similar investigation for other
shapes and geometries of cope holes to check if the combined weld modelling approach with
shell elements give similar improvements in stress results.

• More research on different methods of finding the hot-spot stress apart from surface stress ex-
trapolation is necessary. This thesis is primarily focused on surface stress extrapolation as the
procedure could be easily used for validation of numerical models with experimental measure-
ments. However, other methods of determining hot-spot stress should be studied for such details
in order to have a comparison with surface stress extrapolation method. These methods include
through thickness linearization, Dong method [17][18], the approach proposed by Xiao and Ya-
mada [48] and the one point hot-spot method.

• Some more study on the new approach of weld modelling with shell elements having increased
thickness at the weld region is required. This new approach has been preliminarily investigated for
the critical locations of OSD in Appendix-K. However, a more detailed investigation is necessary
especially for the out-of-plane bending on the OSD.

• Further research on other weld modelling strategies with shell elements is important in order
to have greater accuracy for determination of SHSS in comparison to solid elements. This is
important as it will result in a lot of saving in computational time and reduce the modelling effort
which is always present with solid elements.

• The results of this research show that the combined weld modelling technique with shell elements
using the IIW and the Eriksson’s method reduce the scatter of the hot-spot stress ratio shell/solid
for the investigated detail. In order to check whether this reduction of scatter is also valid for other
fatigue details of the OSD, further research is recommended using the combined weld modelling
approach with shell elements.



A
Deformed mesh for shell and solid

element models
This chapter displays the deformed meshes of the shell and solid element models for different load
cases. A structured mesh was used at the location of interest. Care was taken to limit the amount of
distorted elements to a minimum as they tend to have an influence on the stress results.
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A.1. Deformed mesh for shell models for different load cases
The deformed mesh and vertical deformation of OSD is shown in Figures A.1-A.4. The scale of defor-
mation is taken as 1:200 and the limits of the deformation contours were taken to be same for both the
load cases.

Figure A.1: Deformed mesh of OSD under LC-1 (in-plane loading) for global shell model

Figure A.2: Deformed mesh of OSD under LC-2 (out-of-plane loading) for global shell model

Figure A.3: Deformed mesh of OSD under LC-3a (in-plane loading with local load introduction: load on top of stiffener) for global
shell model

Figure A.4: Deformed mesh of OSD under LC-3b (in-plane loading with local load introduction: load in between two stiffeners)
for global shell model
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A.2. Deformed mesh for solid models for different load cases

Figure A.5: Deformed mesh of OSD under LC-1 for solid model

Figure A.6: Deformed mesh of OSD under LC-2 for solid model

Figure A.7: Deformed mesh of OSD under LC-3a for solid model



B
Mesh and element sensitivity study for

simple fillet welded details
This chapter encapsulates the mesh and element sensitivity study for simple fillet welded details.
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B.1. Fillet welded T-joint
Mesh sensitivity with reduced integration for tension

Figure B.1: Mesh sensitivity with reduced integration for tension

Mesh sensitivity with full integration for tension

Figure B.2: Mesh sensitivity with full integration for tension
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Mesh sensitivity with reduced integration for bending

Figure B.3: Mesh sensitivity with reduced integration for bending

Mesh sensitivity with full integration for bending

Figure B.4: Mesh sensitivity with full integration for bending
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Element type investigation of same mesh size for tension

Figure B.5: Element type study with same mesh size of 2 mm for tension

Element type investigation of different mesh sizes for tension

Figure B.6: Element type study with different mesh sizes of 1 mm and 2 mm for tension

Element type investigation of same mesh size for bending

Figure B.7: Element type study with same mesh size of 2 mm for bending

Element type investigation of different mesh size for bending

Figure B.8: Element type study with same mesh size of 2 mm for bending
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B.2. Fillet welded cruciform joint
Mesh sensitivity with reduced integration for tension

Figure B.9: Mesh sensitivity with reduced integration for tension

Element type investigation for same mesh size

Figure B.10: Element type investigation for tension



C
Mesh and element sensitivity study for

complex fillet welded details
This chapter encapsulates the mesh and element sensitivity study for complex fillet welded details.
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C.1. Detail of open-stiffener to crossbeam connection with a cope
hole

Mesh sensitivity with the solid model

Figure C.1: Stress distribution perpendicular to weld toe for linear and quadratic solid elements of different mesh sizes

Figure C.2: Maximum principal stress distribution for linear and quadratic solid elements of different mesh sizes

Mesh sensitivity with the shell model

Figure C.3: Stress distribution perpendicular to weld toe for linear and quadratic shell elements of different mesh sizes

Figure C.4: Maximum principal stress distribution for linear and quadratic shell elements of different mesh sizes
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Mesh sensitivity with the shell model with welds according to IIW

Figure C.5: Stress distribution perpendicular to weld toe for linear and quadratic shell elements with welds having different mesh
sizes

Figure C.6: Maximum principal stress distribution for linear and quadratic shell elements with welds having different mesh sizes

Element type study with the numerical models

Figure C.7: Stress distribution perpendicular to weld toe of different element types in solid model (left) and shell model (right)

Figure C.8: Maximum principal stress of different element types in solid model (left) and shell model (right)



D
Mesh and element sensitivity study of

the OSD
This chapter encapsulates the mesh and element sensitivity study for an orthotropic steel deck (OSD).
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D.1. Mesh sensitivity study on geometry variant-1 (based on old/light
OSD)

Figure D.1: Mesh sensitivity study with shell elements for geometry variant-1 (old/light OSD) under LC-1

Figure D.2: Mesh sensitivity study with solid elements for geometry variant-1 (old/light OSD) under LC-1

Figure D.3: Mesh sensitivity study with shell elements for geometry variant-1 (old/light OSD) under LC-2

Figure D.4: Mesh sensitivity study with solid elements for geometry variant-1 (old/light OSD) under LC-2
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Figure D.5: Mesh sensitivity study with shell elements for geometry variant-1 (old/light OSD) under LC-3a

Figure D.6: Mesh sensitivity study with solid elements for geometry variant-1 (old/light OSD) under LC-3a

D.2. Mesh sensitivity study on geometry variant-2 (based on new/heavy
OSD)

Figure D.7: Mesh sensitivity study with shell elements for geometry variant-2 (new/heavy OSD) under LC-1

Figure D.8: Mesh sensitivity study with solid elements for geometry variant-2 (new/heavy OSD) under LC-1
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Figure D.9: Mesh sensitivity study with shell elements for geometry variant-2 (new/heavy OSD) under LC-2

Figure D.10: Mesh sensitivity study with solid elements for geometry variant-2 (new/heavy OSD) under LC-2

Figure D.11: Mesh sensitivity study with shell elements for geometry variant-2 (new/heavy OSD) under LC-3a

Figure D.12: Mesh sensitivity study with solid elements for geometry variant-2 (new/heavy OSD) under LC-3a



E
Validation of numerical models

The validation of the complex fillet welded connection of deck-plate, crossbeam and open stiffener with
the experimental strain measurements has been presented in this chapter.
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E.1. Strain validation of detail of open stiffener-crossbeam with a
cope hole

Solid element model: It is observed that the average percentage difference between the strain
results from the solid model and the experimental strain measurements is about 9% for the hot-spot
region HS1 under a load range of 200 kN. The strain results of the quadratic solid element model are
shown below. The stress values are also computed from the strains.

Table E.1: Percentage difference in measure strains between the solid model and experimental measurements at HS1

Strain measurement
points -

Distance from
weld toe (mm)

Test specimen Solid_C3D20R_4mm Percentage
Difference

(%)Measured strains
along x-direction

Measured stress
from strains

along x-direction
(MPa)

Strain along
x-direction

Measured stress
from strains

along x-direction
(MPa)

4.00 3.2E-04 68.0 3.0E-04 62.2 8%
5.00 3.0E-04 63.0 2.9E-04 61.2 3%
6.00 2.9E-04 60.0 2.9E-04 60.1 0%
7.50 2.6E-04 55.0 2.8E-04 58.5 -6%
8.50 2.5E-04 53.0 2.7E-04 57.4 -8%
9.50 2.5E-04 52.0 2.7E-04 56.4 -9%
10.50 2.4E-04 50.0 2.6E-04 55.4 -11%
11.75 2.2E-04 47.0 2.6E-04 54.2 -15%
13.00 2.2E-04 46.0 2.5E-04 52.7 -14%
14.00 2.1E-04 45.0 2.4E-04 51.4 -14%

Average 9%

Shell element model with welds using the IIW approach: It is observed that the average percent-
age difference between the strain results from the shell model with welds according to IIW approach
[28] [40] and the experimental strain measurements is about 15% under the hot-spot region HS1 for a
load range of 200 kN. The strain results of the quadratic solid element model are shown below. The
stress values are also computed from the strains.

Table E.2: Percentage difference in measure strains between the shell model with welds and experimental measurements at
HS1

Strain measurement
points - Distance from

weld toe (mm)

Test specimen Shell+weld_S8R_2mm Percentage
Difference

(%)Measured strains
along x-direction

Measured stress
from strains

along x-direction
(MPa)

Strain along
x-direction

Measured stress
from strains

along x-direction
(MPa)

4.00 3.2E-04 68.0 3.8E-04 80.2 -18%
5.00 3.0E-04 63.0 3.2E-04 67.1 -6%
6.00 2.9E-04 60.0 2.6E-04 53.9 10%
7.50 2.6E-04 55.0 2.3E-04 47.3 14%
8.50 2.5E-04 53.0 2.1E-04 44.1 17%
9.50 2.5E-04 52.0 2.0E-04 42.1 19%
10.50 2.4E-04 50.0 1.9E-04 40.8 18%
11.75 2.2E-04 47.0 1.9E-04 40.1 15%
13.00 2.2E-04 46.0 1.8E-04 38.6 16%
14.00 2.1E-04 45.0 1.8E-04 37.3 17%

Average 15%



F
Verification of finite element models

This chapter consists of some preliminary hand calculations for the complex welded detail of deck-plate,
crossbeam and open stiffener which is required for the verification of the finite element models.
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F.1. Calculation of stresses and beam deflections for verification
of FE model of the complex welded detail

Dimensions of the cross section: The dimensions of the test specimen are shown below.

Properties of the cross section



F.1. Calculation of stresses and beam deflections for verification of FE model of the complex welded
detail 145

Shear force and moment in the section S-S

Maximum bending stress in the bottom flange in section S-S
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Maximum nominal bending stress in the deck plate in section S-S

Maximum deflection at the mid-span



F.2. Verification of finite element model 147

F.2. Verification of finite element model
Table F.1 shows the maximum deflection at the mid-span and the sum of support reactions for the
numerical models of the complex welded detail under a load range of 400 kN in-plane loading.

Table F.1: Verification of maximum deformation and equilibrium check for an applied load of 400 kN

Model Mesh
type

Mesh size
(mm)

Element
type

δ_max_
mid_span
(mm)

% difference
from hand
calculation

Sum of
support
reactions

(kN)
Shell Coarse 4 S8R 0.320 1.6% 400.000
Shell Fine 1 S8R 0.310 -1.6% 400.000
Solid Coarse 4 C3D20R 0.300 -4.8% 399.996
Solid Fine 1 C3D20R 0.305 -3.2% 399.996



G
Calculations for nominal stress method

This chapter presents the fatigue damage calculation for the complex welded detail of deck-plate, cross-
beam and open stiffener, using the Palmgren Miner’s rule as had been discussed in Chapter-2 using
the nominal stress method.

148



G.1. Fatigue life assessment based on nominal stress method for complex welded joint 149

G.1. Fatigue life assessment based on nominal stress method for
complex welded joint

The calculation is based on chapter 9 of Eurocode 3. The detail category investigated is 56 based on
Table 8.9 (orthotropic decks with open stringers) of the Eurocode [2].

Dimensions of the cross-section

Properties of the cross-section
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G.1. Fatigue life assessment based on nominal stress method for complex welded joint 151

Shear force and bending moment in section S-S

Fatigue classes for the assessment points in section S-S: The point A and B belong to Fatigue
Class 56 (Table 8.9, second detail category) and point C belong to Fatigue Class 80 (Table 8.4, first
detail category) [2].
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Calculation of fatigue damage in point ‘A’
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Calculation of fatigue damage in point ‘B’
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Calculation of fatigue damage in point ‘C’



H
SHSS based on maximum principal

stress for OSD
In this chapter, the SHSS values are computed based on the maximum principal stress for the or-
thotropic steel deck (OSD). At first the reference load cases are investigated according to the pre-
liminary parameter study. At a later stage, the critical points based on SHSS influence lines of three
transverse axle load positions are studied.
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H.1. Study on reference load cases LC1, LC2, LC3a and LC3b
Load case 1: Pure in-plane behaviour of the crossbeam

Figure H.1: Maximum principal stress under LC-1

Load case 2: Pure out-of-plane behaviour of the crossbeam

Figure H.2: Maximum principal stress under LC-2
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Load case 3: Pure in-plane behaviour of the crossbeam with local load introduction

Load directly on top of the stiffener (LC3a):

Figure H.3: Maximum principal stress under LC-3a

Load in between the stiffeners (LC3b):

Figure H.4: Maximum principal stress under LC-3b
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The SHSS values computed based on maximum principal stress are summarised in Table H.1.

Table H.1: Summary of SHSS results of preliminary parametric investigation for four load cases based on maximum principal
stress

Geometry
variant Location Load case Solid Shell Shell+weld

IIW
Shell+weld
Eriksson

Shell+weld
IIW+Eriksson Ratio

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

Ratio SHSS
shell/solid

Ratio SHSS
shell+weld
IIW/solid

Ratio SHSS
shell+weld

Eriksson/solid

Ratio SHSS
shell+weld

IIW+Eriksson/solid

Variant 1

(light variant
OSD)

Crossbeam

LC1 -39.4 -47.9 -40.2 -36.7 -40.4 1.22 1.02 0.93 1.03
LC2 -114.1 -126.3 -142.7 -105.5 -134.3 1.11 1.25 0.92 1.18
LC3a -29.9 -51.1 -25.9 -24.9 -26.5 1.71 0.87 0.83 0.89
LC3b 22.8 35.7 22.7 40.5 37.2 1.57 1.00 1.78 1.63

Stiffener -
horizontal

LC1 -140.0 -132.1 -147.5 -137.1 -147.9 0.94 1.05 0.98 1.06
LC2 8.6 12.6 15.8 7.1 8.6 1.46 1.83 0.82 0.99
LC3a 15.6 28.4 12.2 10.9 13.0 1.83 0.78 0.70 0.83
LC3b 39.3 42.6 42.0 48.5 46.5 1.08 1.07 1.23 1.18

Variant 2
(heavy variant

OSD)

Crossbeam

LC1 -16.7 -7.0 -12.9 -12.4 -14.6 0.42 0.78 0.75 0.88
LC2 -44.4 -49.7 -51.3 -57.0 -46.7 1.12 1.15 1.28 1.05
LC3a -12.4 -15.1 -7.5 -7.8 -10.9 1.23 0.61 0.63 0.88
LC3b 8.7 17.4 17.9 9.8 7.9 2.01 2.07 1.14 0.91

Stiffener -
horizontal

LC1 -54.6 -54.4 -62.6 -62.4 -53.1 1.00 1.15 1.14 0.97
LC2 4.8 3.7 3.1 4.1 3.8 0.78 0.66 0.86 0.80
LC3a 9.3 13.6 10.2 7.2 7.8 1.47 1.10 0.78 0.84
LC3b 11.7 11.8 11.7 14.1 13.0 1.01 1.00 1.21 1.12

H.2. Critical points for light OSD variant based on maximum prin-
cipal stress

Axle load path 1 – Load on top of stiffener:

Figure H.5: Principal stress for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load path 1 of variant 1

Figure H.6: Principal stress for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path 1 of variant 1
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Axle load path 2 – Load between stiffeners:

Figure H.7: Principal stress for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load path 2 of variant 1

Figure H.8: Principal stress for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path 2 of variant 1

Axle load path 3 – Load between axle load paths 1 and 2:

Figure H.9: Principal stress for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load path 3 of variant 1

Figure H.10: Principal stress for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path 3 of variant 1
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H.3. Critical points for heavy OSD variant based onmaximum prin-
cipal stress

Axle load path 1 – Load on top of stiffener:

Figure H.11: Principal stress for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load path 1 of variant 2

Figure H.12: Principal stress for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path 1 of variant 2

Axle load path 2 – Load between stiffeners:

Figure H.13: Principal stress for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load path 2 of variant 2

Figure H.14: Principal stress for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path 2 of variant 2
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Axle load path 3 – Load between axle load paths 1 and 2:

Figure H.15: Principal stress for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load path 3 of variant 2

Figure H.16: Principal stress for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path 3 of variant 2

Table H.2: SHSS ratios of light OSD variant based on maximum principal stress

Variant 1

(Light variant OSD)

Axle Load Path 1 Axle Load Path 2 Axle Load Path 3
Crossbeam Stiffener Crossbeam Stiffener Crossbeam Stiffener

Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima

Numerical Model SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

Solid 79.88 -140.62 27.39 -123.84 51.34 -34.60 112.15 -88.33 68.48 -115.53 69.02 -112.64
Shell 174.79 -81.32 26.24 -128.29 79.09 -28.50 152.15 -79.96 134.86 -83.69 85.17 -99.32

Shell shifted 29.87 -103.70 25.33 -115.72 41.82 -38.87 97.71 -77.58 21.98 -82.36 62.67 -100.48
Shell+weld IIW 101.29 -155.62 23.27 -139.07 86.91 -29.43 140.59 -91.92 82.00 -122.92 78.14 -112.77

Shell+weld Eriksson 67.28 -124.63 26.20 -125.38 48.94 -39.71 126.98 -86.79 52.31 -98.19 75.98 -111.63
Shell+weld IIW+Eriksson 92.63 -149.36 26.38 -121.34 51.18 -36.60 130.63 -87.04 73.25 -117.22 77.78 -110.58

Ratio
SHSS shell/solid 2.19 0.58 0.96 1.04 1.54 0.82 1.36 0.91 1.97 0.72 1.23 0.88

SHSS shell shifted/solid 0.37 0.74 0.92 0.93 0.81 1.12 0.87 0.88 0.32 0.71 0.91 0.89
SHSS shell+weld (IIW)/solid 1.27 1.11 0.85 1.12 1.69 0.85 1.25 1.04 1.20 1.06 1.13 1.00

SHSS shell+weld (Eriksson)/solid 0.84 0.89 0.96 1.01 0.95 1.15 1.13 0.98 0.76 0.85 1.10 0.99
SHSS shell+weld (IIW+Eriksson)/solid 1.16 1.06 0.96 0.98 1.00 1.06 1.16 0.99 1.07 1.01 1.13 0.98

Table H.3: SHSS ratios of heavy OSD variant based on maximum principal stress

Variant 2

(Heavy variant OSD)

Axle Load Path 1 Axle Load Path 2 Axle Load Path 3
Crossbeam Stiffener Crossbeam Stiffener Crossbeam Stiffener

Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima

Numerical Model SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

SHSS
(MPa)

Solid 25.77 -49.33 12.75 -51.05 12.44 -25.29 34.70 -35.22 21.07 -42.42 21.03 -43.14
Shell 64.34 -46.78 13.28 -54.22 29.56 -20.78 44.35 -32.97 50.93 -41.10 26.59 -39.23

Shell shifted 14.01 -41.64 11.45 -47.46 4.55 -21.05 28.77 -31.92 10.90 -33.13 20.90 -39.80
Shell+weld IIW 32.67 -54.64 11.55 -60.02 14.47 -26.91 38.85 -38.50 28.62 -43.64 24.08 -45.42

Shell+weld Eriksson 23.96 -47.95 11.36 -48.24 10.66 -23.47 35.16 -35.78 18.36 -36.86 23.38 -44.11
Shell+weld IIW+Eriksson 28.61 -52.74 11.61 -48.97 12.65 -25.57 37.49 -36.28 23.72 -40.57 23.57 -41.66

Ratio
SHSS shell/solid 2.50 0.95 1.04 1.06 2.38 0.82 1.28 0.94 2.42 0.97 1.26 0.91

SHSS shell shifted/solid 0.54 0.84 0.90 0.93 0.37 0.83 0.83 0.91 0.52 0.78 0.99 0.92
SHSS shell+weld (IIW)/solid 1.27 1.11 0.91 1.18 1.16 1.06 1.12 1.09 1.36 1.03 1.15 1.05

SHSS shell+weld (Eriksson)/solid 0.93 0.97 0.89 0.94 0.86 0.93 1.01 1.02 0.87 0.87 1.11 1.02
SHSS shell+weld (IIW+Eriksson)/solid 1.11 1.07 0.91 0.96 1.02 1.01 1.08 1.03 1.13 0.96 1.12 0.97

Figures H.17 and H.18 shows histograms of SHSS ratios based on maximum principal stress. The
CV (%) is also obtain for these SHSS ratios (Figure H.19). It is found that the CV of SHSS ratio data-
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set is around 5.3-6.2% for the crossbeam and 7.9-8.5% for the stiffener after application of the weld
modelling technique with shell elements using the combined IIW and Eriksson’s method.

Figure H.17: Histogram of SHSS ratio for different numerical models of light variant OSD based on maximum principal stress

Figure H.18: Histogram of SHSS ratio for different numerical models of heavy variant OSD based on maximum principal stress

Figure H.19: Coefficient of variation of SHSS ratios based on maximum principal stress



I
Contour plots

This chapter shows the contour plots of stresses and deformations for all the different numerical models
analysed in this thesis.
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I.1. Fillet welded T-joint loaded in tension

Figure I.1: Stress and deformation contour plot of T-joint with solid elements in tension

Figure I.2: Stress and deformation contour plot of T-joint with shell elements in tension

Figure I.3: Stress and deformation contour plot of T-joint with shell elements including welds in tension
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I.2. Fillet welded T-joint loaded in bending

Figure I.4: Stress and deformation contour plot of T-joint with solid elements in bending

Figure I.5: Stress and deformation contour plot of T-joint with shell elements in bending

Figure I.6: Stress and deformation contour plot of T-joint with shell elements including welds in bending
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I.3. Fillet welded cruciform joint loaded in tension

Figure I.7: Stress perpendicular to weld toe plot of cruciform joint with solid and shell elements in tension

Figure I.8: Absolute maximum principal stress contour plot of cruciform joint with solid and shell elements in tension

Figure I.9: Maximum principal stress contour plot of cruciform joint with solid and shell elements in tension

Figure I.10: Minimum principal stress contour plot of cruciform joint with solid and shell elements in tension
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Figure I.11: Mid principal stress contour plot of cruciform joint with solid and shell elements in tension

Figure I.12: Deformation (U1) contour of cruciform joint with solid and shell elements in tension
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I.4. Detail with deck plate, crossbeam and open-stiffener with a
cope-hole

I.4.1. Stress contour plots of the numerical models

Figure I.13: Stress contour plot of the numerical models for LC1 (left) and LC2 (right)
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I.4.2. Deformation contour plots of the numerical models

Figure I.14: Deformation contour plot (U1) of the numerical models for LC1 (left) and LC2 (right)
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I.5. Fillet welded transverse and longitudinal cruciform joint

I.5.1. Transverse cruciform joint

Figure I.15: Contour plots of deformation under LC-1 (left) and LC-3 (right) for transverse cruciform joint variant-1
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I.5.2. Longitudinal cruciform joint

Figure I.16: Contour plots of deformation under LC-1 (left) and LC-2 (right) for longitudinal cruciform joint variant-1
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I.6. Orthotropic steel deck parameter model variant - 1 (based on
old OSD)

I.6.1. Deformed mesh of shell and solid models

Figure I.17: Deformed mesh of shell and solid model for load case LC-1 (in-plane loading) in global coordinate system

Figure I.18: Deformed mesh of shell and solid model for load case LC-2 (out-of-plane loading) in global coordinate system
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I.6.2. Stress contour plots of shell and solid elements

Figure I.19: Contour plot of stress perpendicular to weld toe for LC-1 (in-plane loading)

Figure I.20: Contour plot of stress perpendicular to weld toe for LC-2 (out-of-plane loading)

I.6.3. Deformation contour plots of shell and solid elements

Figure I.21: Contour plot of U1 for LC-1 (in-plane loading)
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Figure I.22: Contour plot of U2 for LC-1 (in-plane loading)

Figure I.23: Contour plot of U1 for LC-2 (out-of-plane loading)

Figure I.24: Contour plot of U2 for LC-2 (out-of-plane loading)



J
Further investigation of out-of-plane

bending
In this chapter, the out-of-plane load case has been further investigated for both simple fillet welded
cruciform joint and OSD. In addition to this, a study on boundary conditions is performed with the solid
element model of the simple fillet welded detail detail.
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J.1. Double side fillet welded transverse cruciform joint
In this section, in addition to the edge path, four different paths perpendicular to weld line, having a
spacing of 6 mm are investigated for all the numerical models subject to out-of-pane loading around z
following the global coordinate system. This is shown in Figure J.1.

Figure J.1: Different paths perpendicular to weld line for load case 3 (LC-3)

A separate study is performed with the boundary conditions of the solid model. The following bound-
ary conditions are investigated with the solid model (Figure J.2).

Figure J.2: Boundary condition study with the solid element model (geometry based on light variant OSD)

The stress results are compared with the stress values obtained from the shell model and the shell
model with welds using the Eriksson’s approach [20]. In both the shell models, the boundary conditions
are applied at the mid-surface of the model as shown in Figure J.3.

Figure J.3: Boundary condition study with the shell element model (geometry based on light variant OSD)
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The following Figures 35 – 39, shows the stress distribution perpendicular to weld toe for the nu-
merical models for the different paths (path-2 (edge) – path-6) (Figure J.4)

Figure J.4: Stress perpendicular to weld toe for different paths of light variant OSD under LC-3

It is observed that the shell model with welds using the Eriksson’s approach [20] gave a slight
underestimation of stress compared to the solid model with BC-1 and BC-3. However, it is also seen
that the shell model with welds slightly overestimated the stress compared to the solid model with BC-
2. This is further explained after calculation of the hot-spot stress values for the numerical models as
shown in Table J.1 for all the 3 boundary conditions of the solid model. In all the solid models, the
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surface stresses are extracted from the top surface of the plate as shown in Figure J.1.

Table J.1: Summary of SHSS values for different paths and different boundary conditions of solid model

Geometry
Variant

Load
Case Path SHSS (MPa) Ratio BC-1 Ratio BC-2 Ratio BC-3

Solid
BC-1

Solid
BC-2

Solid
BC-3 Shell Shell+weld

Eriksson

SHSS
shell/solid
(BC-1)

SHSS
shell+weld/solid

(BC-1)

SHSS
shell/solid
(BC-2)

SHSS
shell+weld/solid

(BC-2)

SHSS
shell/solid
(BC-3)

SHSS
shell+weld/solid

(BC-3)

Variant-1 LC-3

Path-2 84.3 74.2 79.4 99.7 75.9 1.18 0.90 1.34 1.02 1.26 0.96
Path-3 79.4 71.1 75.9 99.5 75.7 1.25 0.95 1.40 1.06 1.31 1.00
Path-4 57.5 51.8 55.2 72.2 53.2 1.25 0.92 1.39 1.03 1.31 0.96
Path-5 33.2 30.0 31.9 41.3 30.4 1.24 0.91 1.38 1.01 1.29 0.95
Path-6 8.3 7.5 8.0 10.3 7.6 1.24 0.91 1.37 1.01 1.29 0.95

Variant-2 LC-3

Path-2 49.9 43.6 46.7 60.5 44.4 1.21 0.89 1.39 1.02 1.30 0.95
Path-3 47.4 42.3 45.2 62.5 43.4 1.32 0.92 1.48 1.03 1.38 0.96
Path-4 34.9 31.4 33.5 46.4 31.4 1.33 0.90 1.48 1.00 1.39 0.94
Path-5 20.3 18.3 19.5 26.8 18.6 1.32 0.92 1.47 1.02 1.38 0.96
Path-6 5.1 4.6 4.9 6.7 4.6 1.32 0.90 1.46 0.99 1.37 0.93

It is evident from Table J.1 and all the above figures that the average ratio of SHSS of shell model
with welds to solid model is slightly overestimated (+2%) with BC-2 and slightly underestimated (-5%)
with BC-3. Both these values are considered to be acceptable as they are within +/-5%. In order to
have a better judgement of the behaviour of the shell model with welds using the Eriksson’s approach,
the stress values at a distance of 50 mm away from weld toe are compared with that of the solid model
as shown in Table J.2.

Table J.2: Summary of stress values at 50 mm away from weld toe for different paths and different boundary conditions of solid
model

Geometry
Variant

Load
Case Path Stress at 50 mm away from weld toe (MPa) Ratio BC-1 Ratio BC-2 Ratio BC-3

Solid BC-1 Solid BC-2 Solid BC-3 Shell Shell+weld
Eriksson

Stress
at 50 mm
shell/solid
(BC-1)

Stress
at 50 mm

shell+weld/solid
(BC-1)

Stress
at 50 mm
shell/solid
(BC-2)

Stress
at 50 mm

shell+weld/solid
(BC-2)

Stress
at 50 mm
shell/solid
(BC-3)

Stress
at 50 mm

shell+weld/solid
(BC-3)

Variant-1 LC-3

Path-2 6.1 1.4 2.8 2.4 2.7 0.39 0.45 1.69 1.96 0.84 0.97
Path-3 5.2 1.3 2.7 2.3 2.6 0.44 0.51 1.72 1.98 0.85 0.98
Path-4 3.8 1.0 2.1 1.7 2.0 0.45 0.53 1.74 2.03 0.83 0.97
Path-5 2.3 0.6 1.3 1.0 1.2 0.46 0.54 1.75 2.08 0.82 0.97
Path-6 0.6 0.2 0.3 0.3 0.3 0.46 0.55 1.76 2.09 0.81 0.96

Variant-2 LC-3

Path-2 4.4 0.8 2.4 2.1 2.3 0.47 0.51 2.55 2.77 0.85 0.93
Path-3 3.9 0.8 2.3 2.0 2.2 0.52 0.57 2.58 2.80 0.87 0.94
Path-4 2.9 0.6 1.8 1.6 1.7 0.54 0.59 2.63 2.87 0.86 0.94
Path-5 1.7 0.4 1.1 0.9 1.0 0.53 0.60 2.57 2.94 0.81 0.93
Path-6 0.4 0.1 0.3 0.2 0.3 0.52 0.61 2.54 2.96 0.79 0.92

From Table J.2 and all the above figures, the average ratio of stress at 50 mm of shell model with
welds to solid model is slightly underestimated (-5%) with BC-3. This is considered as acceptable as it
is within +/-5% for BC-3. The stress values (at 50 mm) from the solid model having BC-1 are more than
that from shell model with welds and the stress values from the solid model having BC-2 are less than
that from shell model with welds for all the 5 different paths. The stress values (at 50 mm) from solid
model having BC-3 is comparable to that of the shell model with welds. Thus, for the solid models,
BC-3 is regarded as an appropriate boundary condition in order to have a good comparison with all the
other numerical models.

J.2. OSD
For the out-of-plane load case in OSD as shown in Chapter-6 (Figure 6.2), the combined weld modelling
strategy with shell elements using the combination of IIW [28] and Eriksson’s method [20] is further
investigated with thee combinations (Figure J.5).

Figure J.5: Combination of weld modelling with shell elements having different thickness of weld tip
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For the first combination, the Eriksson’s method [20] is followed. For the second combination, the
thickness of the triangular plate is increased by twice the throat thickness. For the third combination,
there is no increase of plate thickness. This is shown in Figure J.5. The thickness of the triangular part
of the weld with shell elements is varied in order to check the difference in stress gradients compared to
that of the solid model which is shown in Figure J.6 and J.7 for the crossbeam and stiffener respectively.

Figure J.6: Stress profiles of numerical models for crossbeam under out-of-plane loading

Figure J.7: Stress profiles of numerical models for stiffener under out-of-plane loading

From the stress profiles it can be seen that the stress values far away from the weld toe (for example
at 30 mm) are similar for the solid model and the shell model after weld modelling approach. The
influence of the change of thickness of the triangular part of the shell element is negligible for the
stiffener Figure J.7. The SHSS values and the corresponding SHSS ratios of the three combinations
are summarised in Table J.3. From the table, the ratio of SHSS clearly indicated that the combined
weld modelling approach is sensitive to the thickness of the triangular weld end with shell elements.

Table J.3: SHSS ratio for different numerical models subject to out-of-plane load case

Numerical Model Crossbeam Stiffener
SHSS (MPa) SHSS ratio SHSS (MPa) SHSS ratio

Solid -93.68 - -1.93 -
Shell -134.72 1.44 -9.08 4.70

Shell+weld IIW+Eriksson-a -100.82 1.08 -1.88 0.97
Shell+weld IIW+Eriksson-b -105.97 1.13 -1.91 0.99
Shell+weld IIW+Eriksson-c -96.29 1.03 -1.80 0.93



K
Other weld modelling approaches with

shell elements
In this chapter, a new approach of weld modelling approach with shell elements has been presented.
This approach also involves increase of thickness of shell elements at the weld region.
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K.1. New approach of weld modelling with shell elements
This approach is similar to the Eriksson’s method [20] of weld modelling with shell elements. The
only difference is that the increase of thickness of one plate at the weld region also depend on the
thickness of the other plate and vice versa. The modelling approach is shown in Figure K.1, for a fillet
welded transverse cruciform joint where the second plate is continuous. The coefficients k1 and k2
are dependent on the type of joint. For example, for a single side fillet welded transverse plate joint
(T-joint), k1=1 and k2=0.5. For a double side fillet welded transverse plate joint (cruciform joint), k1=1
and k2=1.

Figure K.1: New approach of weld modelling using shell elements with increased thickness at weld region

Light OSD variant: The stress profiles of the critical points from three transverse axle load positions
of the light OSD variant are shown in Figures K.2-K.7.

Figure K.2: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 1 of variant 1 with new approach of weld modelling

Figure K.3: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
1 of variant 1 with new approach of weld modelling
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Figure K.4: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 2 of variant 1 with new approach of weld modelling

Figure K.5: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
2 of variant 1 with new approach of weld modelling

Figure K.6: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 3 of variant 1 with new approach of weld modelling

Figure K.7: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
3 of variant 1 with new approach of weld modelling
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Heavy OSD variant: The stress profiles of the critical points from three transverse axle load posi-
tions of the heavy OSD variant are shown in Figures K.8-K.13.

Figure K.8: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 1 of variant 2 with new approach of weld modelling

Figure K.9: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
1 of variant 2 with new approach of weld modelling

Figure K.10: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 2 of variant 2 with new approach of weld modelling

Figure K.11: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
2 of variant 2 with new approach of weld modelling
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Figure K.12: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in crossbeam for axle load
path 3 of variant 2 with new approach of weld modelling

Figure K.13: Stress perpendicular to weld toe for maximum SHSS (left) and minimum SHSS (right) in stiffener for axle load path
3 of variant 2 with new approach of weld modelling

K.2. Tabulated results
From Table K.1, it can be seen that the shell model with welds modelled with the new approach is
always conservative compared to the solid model in terms of SHSS for the light variant OSD.

Table K.1: SHSS ratio using the new approach of weld modelling with shell elements for variant-1

OSD
Variant

Numerical
Model

Axle load path 1 Axle load path 2 Axle load path 3
Crossbeam Stiffener Crossbeam Stiffener Crossbeam Stiffener

Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima

Variant 1
(Light OSD)

Solid 72.32 -86.02 22.78 -120.44 53.03 -31.56 114.54 -87.53 58.01 -68.54 62.23 -111.44
Shell+weld

new approach 88.22 -93.44 23.59 -126.57 53.51 -33.42 132.47 -90.74 68.67 -70.79 74.74 -115.72

Ratio 1.22 1.09 1.04 1.05 1.01 1.06 1.16 1.04 1.18 1.03 1.20 1.04

From Table K.2, it can be seen that the shell model with welds modelled with the new approach is
always conservative compared to the solid model in terms of SHSS for the heavy variant OSD.

Table K.2: SHSS ratio using the new approach of weld modelling with shell elements for variant-2

OSD
Variant

Numerical
Model

Axle load path 1 Axle load path 2 Axle load path 3
Crossbeam Stiffener Crossbeam Stiffener Crossbeam Stiffener

Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima Maxima Minima

Variant 2
(Heavy OSD)

Solid 24.76 -33.32 9.15 -51.19 11.59 -14.75 26.06 -34.78 20.57 -27.40 17.88 -42.52
Shell+weld

new approach 28.13 -36.30 9.34 -51.24 12.37 -15.69 31.33 -38.36 23.98 -28.73 19.90 -45.80

Ratio 1.14 1.09 1.02 1.00 1.07 1.06 1.20 1.10 1.17 1.05 1.11 1.08

The mean value of SHSS ratio for crossbeam is 1.10 and for stiffener is 1.09. The coefficient
of variation (CV) of the SHSS ratios is 5.9% for crossbeam and 6.4% for stiffener. Thus, it can be
concluded that with this approach of weld modelling, the SHSS values obtained is consistent with that
from solid model.
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